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3D RAY TRACING FOR OPTIMIZING THE SIZE OF SURFACE
TILES ON A COMPOUND PARABOLIC CONCENTRATOR
Casiana B. Lwiwa1, and Ole J. Nydal 1
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Abstract: Solar concentrators can provide high temperature heat
for cooking and frying and the thermal energy can be available
at off-sun hours if a heat storage is included. A heat transfer loop
is then required, between the absorbers of the concentrators and
the heat storage units. A double reflector system has previously
been tested for direct illumination of a heat storage, avoiding the
heat transfer loop. As solar tracking is still required, a Compound
Parabolic Concentrator (CPC) is here evaluated as an alternative.
A stationary CPC can capture solar rays for quite wide
acceptance angles. Ray tracing is used for assessment of a 3D
CPC to illuminate the top part of a small scale heat storage,
which is designed for capacity to cook 1-2 kg of beans. The
storage has a 20 cm diameter aluminum top plate with
conducting fins into a latent heat storage (Solar Salt Nitrate
mixture with melting point 220°C). The storage has previously
been charged with electric heating elements. The purpose of the
ray tracing is to perform a sensitivity analysis on the dimensions
of mirror tiles on the CPC surface. The results show that uniform
tile sizes up to 15 cm gives quite similar interception ratios (less
than 10% changes) compared with the smooth surface. Larger
and non-uniform tiles discretized in terms of rings and sectors
can give similar results.

tracking is required, a Compound Parabolic Concentrator (CPC)
can be an attractive alternative, as a stationary CPC can capture
solar rays for a quite wide range of acceptance angles.
The performance of the solar concentrators can be expressed in
terms of interception ratios (𝜂), the ratio of the sun rays hitting
the reflector and reflecting on the absorber. The interception ratio
depends on the geometry of the optical systems and the sun
angles [1], the solar tracking errors and varies for smooth and
tiled surfaces [1, 5]. The comparison of the interception ratios
for the parabolic dish with smooth continuous surface and mirror
tiles with 1 cm and 2 cm were described by [1]. Results showed
slightly higher interception ratios for the smooth surface as
compared to the tiled surface.
The optimum CPC performance depends on the geometric
design that encompasses aperture size (concentration ratio),
acceptance angle and the type of absorber. The aperture size and
the acceptance angle are inversely related. Moreover, CPC
performance depends on the properties of materials used to build
reflectors and absorbers. Various CPC absorber designs such as
bifacial, wedge, cylindrical or flat [6], spherical [7] and Vshaped [8], have been proposed for optical and thermal
performance of the CPC.

Keywords: Ray tracing; 3D CPC; mirror tiles; discretized
reflector; interception ratios; solar cooker
1.

The novelty of this study is the consideration of the 3D CPC and
an insulated cylindrical heat storage unit with a cooking plate on
top. The 20 cm diameter aluminum top plate has conducting fins
into a latent heat storage (Solar Salt Nitrate mixture with melting
point 220°C). The storage has the capacity to cook 1-2 kg of
beans over several hours, and the storage is fitted with electrical
heating elements. A double reflector system has been considered
for direct illumination of the top plate on the heat storage as an
alternative to the electrical heating [1, 9]. However, one
challenge with a double reflector system is the sensitivity to the
optical quality of the components, the precision in the surfaces
and their alignments, and the requirements for accurate solar
tracking. Fig.1 shows the setup for the heat storage illuminated

Introduction

Solar concentrators (lenses or reflectors) are used for thermal
solar energy conversion as well as for Photo Voltaic
applications. Solar concentrators have been used in various
forms for direct solar cooking or frying [1-4]. The thermal
energy can be available at off-sun hours if a heat storage is
included. Integrated heat storage solutions provides flexibility
for the user but tend to become more complex as they require
solar tracking, heat transfer between the focal points of the
concentrators and suitable heat storage methods. Since solar
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Compound Parabolic Concentrator, CPC

with a double reflector system.

The principles of a CPC is described in [10, 11]. A 2D CPC is
based on two parabolic reflectors being rotated (the acceptance
angle) and shifted in space. The CPC is defined as the inner
bounding walls of the two reflectors. The resulting CPC reflector
allows the incident rays within the acceptance angle to be
collected at the lower exit opening. Rays with the angle of
incidence higher than the acceptance angle are reflected back to
the aperture.
A 3D CPC results from the 2D CPC shape, but now revolved
around the vertical z axis. 3D effects come into play, and the
performance of a 3D CPC deviates from the 2D case, which can
have ideal performance.
In order to analyze a 3D CPC for the current case of illuminating
a heat storage, an existing ray tracer was extended with 2D and
3D CPC components.
Fig. 1. Heat storage illuminated with a double reflector
system [9]

2.

A CPC is designed to reflect the incoming rays to exit the bottom
aperture. An absorber with 20 cm diameter and 15 cm long was
positioned inside the CPC, with 5 cm of the absorber extending
below the reflector, as illustrated in Fig. 2(a), allowing for
insulation on the lower part of the storage unit. Fig. 2(b) shows
the ray tracing for the top illumination of the heat storage unit
with the CPC. For large solar angles, the CPC works better for
longer absorbers, however this also gives larger thermal losses
from the absorber. When the cylindrical absorber is further
shifted down, interception on the absorber is reduced. Using ray
tracing, a smooth reflecting surface is compared with a mirror
tiled surface, and the effect of tilting the reflector at intermediate
times is assessed.

Ray tracing of 3D CPC

A ray tracer algorithm is implemented in C++ with Qt and the
Open Graphics Libraries (Tracelt [1]). The Qt library provides
the basis for the user interface, and the OpenGL library for the
3D graphical visualization. A model view of the data is included,
where panels can be selected for translation, rotation or deletion.
Panels are the base elements in the ray tracer and they can be
absorbers, reflectors or refractors. The side of a reflector which
reflects the rays can be inverted, to become the absorbing side.
The sun is defined as an assembly of rays, with a uniform
distribution on a user defined square grid. Uniformity of the grid
rays facilitates efficient computations of interception ratios of
the sun rays reaching the absorber.
The ray tracer was programmed and extended based on needs
arising when working with solar reflection systems for heat
collection. A recurring question is the effect of tiled surfaces vs.
smooth surfaces and the sensitivities on solar tracking
accuracies, in particular for compound systems with several
reflectors. The reflectivity in this work is assumed to be 100%
such that mirror imperfections are ignored. The difference in
reflectivities between mirror tiles (high) and aluminum based
smooth reflectors (typically 0.9-0.95) should also be taken into
account in a more detailed design study.
Data generated by the ray tracer are saved and post-processed
with MATLAB for better graphical presentation than what is
implemented in the TraceIt program.

(a)

(b)
The main equation solved in a ray tracer is to find the
intersections between a line and a surface and then to compute
the reflected ray from the incoming ray and the surface normal

Fig. 2(a) 3D CPC with heat storage, 20 cm diameter,
vertical sun and sun points. (b) Heat storage illuminated
with the CPC
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vector at the intersection point. An intersection point (P) on the
surface can be reached from the ray origin point (S) having u
units in length and direction vector (d).
𝑃⃑ = 𝑆 + 𝑢𝑑

angles, but leads to lower concentration ratios (ratio between
reflector opening and absorber area). The aperture diameters of
CPCs are limited (the reflector walls become vertical). For the
current case:

(1)

For acceptance angle 15 degrees: aperture diameter=1.0 m
For acceptance angle 30 degrees: aperture diameter= 0.60 m

A surface, which can be cylinder, sphere, flat plate etc. can be
described by an algebraic relation. For a CPC this relation is [12]:

Exit opening

𝑓(𝑟, 𝑧) = (𝑟𝑐 + 𝑧𝑠)2 + 2𝑎(1 + 𝑠)2 𝑟 − 2𝑎𝑐(2 + 𝑠)2 𝑧 −
𝑎2 (1 + 𝑠)(3 + 𝑠) = 0
(2)

An exit opening diameter of 0.30 m was selected, in order to
achieve reasonable apertures of the CPC, small exit openings
give small CPC apertures and low energy collection rates. The
CPCs were then extended to encompass an absorber diameter
less than the exit opening (0.20 m cylinder diameter). This also
means that the absorber needs to extend somewhat into the CPC,
and parts of the absorber sides will be illuminated as well. The
current work is based on an existing absorber diameter (a CPC
heat storage container), ray tracing could also be used to
optimize the shape and position of another heat storage
geometry.

where 𝑐 = 𝑐𝑜𝑠𝜃𝑖 , 𝑠 = 𝑠𝑖𝑛𝜃𝑖 , 𝜃𝑖 , =acceptance angle, a= radius of
exit opening
Equation 1 on component form is substituted into Equation 2 (for
the coordinates x, y, z) to give an equation for u. Having a normal
vector (𝑛⃑) calculated at the point of intersection (P), the reflected
ray has the direction ( 𝑟) given by:
𝑟 = 𝑑 − 2(𝑑 ∙ 𝑛⃑)𝑛⃑

(3)

Mirror tiled and smooth surfaces

For a 2D CPC, the solution for u can be obtained analytically,
but for a 3D surface, the solution for u was made numerically,
applying a bisect iteration scheme.

One CPC fabrication option is to attach flat plate mirrors to a
frame. The considered mirror sizes are 5, 10, 15 cm square
mirrors, as well as larger non-uniform mirrors for a rings and
sector based tiled surface.

A screen shot of the ray tracer is shown in Fig. 3, with a set up
for top illumination of the heat storage.

Absorber
A cylindrical absorber with 0.20 m diameter and 0.15 m length
(the heat storage) is applied. The considered CPC have exit
openings larger than the absorber diameter. The cylinder is
therefore inserted slightly into the CPC, and captures rays on the
side walls, which would otherwise be reflected back from the
CPC receiver. This gives higher concentration ratios than for
CPCs designed with the exit aperture equal to the cylinder
dimension.
Fig. 3. A screen shot of the Tracelt program. Set up for top
illumination of a heat storage, 3D sun and sun points

Sun dimension
A high density of sun rays gives longer computation times. A sun
grid size of 2 cm seemed to be sufficient for our purposes. This
gives low simulation times and acceptable number of rays for the
visualization.

Cases for simulation
The base cases for comparisons are:
Acceptance angles
Higher acceptance angles capture rays over wider incident sun
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3.

Results and Discussions

3.1.

Choice of the CPC acceptance angles

concentrator system, the power on the absorber , 𝑃𝑎𝑏𝑠 , is equal
to the incoming solar power 𝑃𝑖𝑛 , on the aperture of the
concentrator, 𝐴𝑖𝑛 . Thus:
𝑃𝑎𝑏𝑠 = 𝑃𝑖𝑛 = 𝐼𝑠𝑢𝑛 𝐴𝑖𝑛 𝜂
(5)

The ray tracing for the two CPC dimensions are shown in Fig. 4
in terms of interception ratios (the ratio of rays entering the CPC
opening to rays terminating on the absorber). The interception
values vs the sun angles are recorded for sun angles also
exceeding the design values for the 15 degree CPC.

Fig. 5 shows the ratio of the intensity on the absorber to the sun
intensity (𝐼𝑎𝑏𝑠 ⁄𝐼𝑠𝑢𝑛 ) vs sun angles for 15 and 30 degrees CPC.
The increase in power to the absorber, going from the small
aperture CPC (30 degree) to the large aperture CPC (15 degree)
is a factor 2.7.

Fig. 4. Interception on the absorber for CPC with 15 and 30
degrees acceptance angles
The interception values start to decrease well before the sun
angles reach the design limit of the acceptance angles. This is
due to the fact that a 3D CPC is not ideal, as compared with a 2D
CPC, and to the fact that the absorber diameter is less than the
design exit aperture of the CPC.

Fig. 5. Ratio of the absorber intensity to the sun intensity
for CPC with 15 and 30 degrees acceptance angles
If changes in the concentrator angle can be made every hour (15
degrees), then we are better off with a larger aperture size (1.0
m) at smaller half acceptance angle (15 degrees) than a smaller
aperture diameter (0.6 m opening) and larger acceptance angle
(30 degrees).

Fig. 4 can at first sight indicate that a 30 degree CPC is
preferrable over a 15 degree CPC. However, the 30 degree CPC
has a lower concentration ratio (smaller reflector opening) than
the 15 degree CPC, and will provide less energy to the absorber.
The intensity at the absorber, 𝐼𝑎𝑏𝑠 , relates to the sun intensity,
𝐼𝑠𝑢𝑛 , with the interception ratio, 𝜂, and the concentration ratio,
𝐶𝑟 by:
𝐼𝑎𝑏𝑠 = 𝐼𝑠𝑢𝑛 𝜂𝐶𝑟
(4)

3.2. Sensitivity analysis on the dimensions of mirror
tiles on the CPC surface
The ray tracing are made for a 15 degree CPC with flat mirror
tiles. The tiles are rectangular in shape, and approach square
shapes as the mirror tiles are made smaller. The target length of
the mirror tiles along a sector line was 5 cm, 10 cm and 15 cm.
An algorithm has been implemented to give the closest value,
which will deviate more from the target value as the tiles are
made larger (up to 10% in our worst case). The same applies to
the tile dimensions in the ring direction. Fig. 6 shows that using
tile sizes up to 15 cm gives quite similar interception results (less
than 10% changes) compared with the smooth surface.

The product of the interception ratio and the concentration ratio
can be optimized. The CPC aperture diameter is limited and
increases with the decreasing acceptance angles. Thus, for 30
degrees acceptance angle, the maximum aperture diameter is 0.6
m, and 1.0 m for 15 acceptance angle using radius opening of
0.15 m in both cases. Going from 0.6 m to 1.0 m diameter
increases the concentration ratio by a factor of 3, which means
some decrease in interception ratio can be tolerated.
Assuming no optical losses, due to imperfect reflectivity on the
concentrator surface, to rays not hitting the absorber as a result
of surface irregularities and to the geometrical design of the
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Fig. 7. A screen capture of an example of the tile
configuration with 4 rings and 8 sectors on a CPC surface

Fig. 6. Interception on the absorber: Comparison of CPC
surface and tiled CPC with different tile sizes

Table 1 shows the uniform tile sizes and their estimated
corresponding number of tiles.
Table 1: Uniform tile size for sensitivity tests
Tile size

5 cm

10 cm

15 cm

Number of tiles

960

240

125

The small tile size of 5 cm means that a very large number of
tiles are needed to cover the reflector surface. Even for the case
of 15 cm tile size, 125 tiles need to be produced and mounted on
the surface. Instead of targeting uniform tile sizes on the surface
of the CPC, tiles discretized in terms of rings and sectors have
been tested. This gives larger tile sizes along the sector lines of
the CPC. Fig. 7 shows examples of tile configurations and Fig. 8
gives the interception results for the case of varying the number
of rings and sectors.

Fig. 8. Interceptions on CPC absorber for smooth surface
and varying number of rings and sectors
The results shows that at higher sun angles, beyond the CPC
acceptance angles, interception values for 3/6 and 4/8 rings and
sectors are slightly higher than 8/16 rings and sectors. But, for
interception values within an acceptance angle of CPC, the
higher the number of rings and sectors, the higher the
interception values. The differences in interception ratios are not
very large, about 15% and 9% for 3/6 and 4/8 rings and sectors
respectively. This means that, to save the costs of mirror tiles,
the CPC can be built with few rings and sectors (eg. 4/8 or 3/6 in
our case) and still provides good interception ratios, more than
80%.

Tiles discretized in terms of rings and sectors and their respective
number of tiles is shown in Table 2. The number of tiles is
obtained by multiplying the selected number of rings and their
corresponding number of sectors.
Table 2: Rings and sector tiles for sensitivity tests
Rings/Sectors

8/16

4/8

3/6

Number of tiles

128

32

18

12

3.3.

Effects of tilting the CPC

When the sun angle exceeds the acceptance angle, the
interception values decreases rapidly. To capture further solar
radiation on the absorber, the CPC needs to be tilted relative to
the constant vertical absorber axis, for a 15 degree CPC this
means about every second hour. Fig. 9 shows a screen capture of
the CPC tilted 15 degree, the vertical sun and sun reflecting
points at the CPC.

Fig. 10. Effects of tilting the CPC to the interceptions on the
cylindrical absorber

8

Conclusion

Ray tracing has been applied for comparisons of 3D Compound
Parabolic Reflectors for a case of direct illumination of the top
of a 20 cm diameter cylindrical heat storage. Good interception
ratios (80-100%) and good concentration ratios (above 20) can
be achieved if the cylindrical absorber is positioned slightly into
a CPC with 15 degrees acceptance angle.

Fig. 9. CPC tilted 15° relative to the absorber axis

Fig. 10 shows the resulting interceptions for the tilted CPC at 15
and 30 degrees. When the CPC is tilted, the absorber will be at
an angle with the reflector axis during the traversing of the sun.
Tilting of the CPC reflector is equivalent to one hour sun angle
change (15 degrees). From Fig. 10, the effect of tilting is not very
strong, as the interception values are slightly reduced and the
curves to some extent non-symmetric around the normal sun
angles. The tilting of the CPC from 15 to 30 degrees resulted to
quite low interception loss, about 8%.

Sensitivity simulations shows that uniform tile sizes up to 15 cm
reduces the interception ratios with less than 10%. Larger and
fewer tiles, from the divisions of the CPC in rings and sectors
gives higher interception ratios, more than 80%.
If the CPC can be tilted and the absorber be kept stationary, the
performance losses due to the reflector being at an angle with the
absorber, is in the order of 8%.
The ray tracing shows that a concept with a rather small
acceptance angle (15 degrees) and tilting of the reflector every
hour can be a practical and simple solution for converting solar
energy to thermal energy with a minimum of solar tracking.
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Abstract: The solar-dish Brayton cycle considered in this paper
includes a tubular receiver, micro-turbine, recuperator and
thermal storage (embedded in the solar receiver). The overall
efficiency of the cycle is influenced significantly by the heat
losses from the receiver. The heat losses from the receiver are to
be minimised through the use of a glass window cover with air
cooling using air from the compressor outlet line. By minimising
the heat losses, the efficiency can be increased, and the size and
cost of the components can be reduced. The solar receiver with
the glass window was modelled numerically by means of the first
law and heat transfer equations. SolTrace was used to determine
the solar heat flux distribution on the receiver with the window.
The window was divided into sections and the equations were
solved numerically for the net heat transfer rates and surface
temperature distribution. Overall, the glass-window receiver
reduced the heat losses by about 95% compared to the standard
receiver’s heat losses when operating at an average temperature
of 927 °C at the inner cavity wall. The average glass temperature
was about 270 °C, well below the maximum continuous
operating temperature of the considered glass types. The glass
window with air cooling could be feasible and lead to a decrease
in component size and cost within the system. The pressure drop
induced by the cooling flow for a 6.8 mm channel, was in the
order of 1 kPa, which was acceptable for the low-pressure
turbomachinery with pressure ratios of about 2 to 3 (relative to
the ambient pressure in an open cycle). A Brayton cycle benefits
from individual component optimisation to achieve its peak
efficiency and therefore, there is room for further optimisation
of the glass window geometry as part of the total cycle.

Brayton cycle (STBC) is derived from the closed Brayton cycle,
which has been in existence since the early 1930s, when it was
developed for electricity generation and aircraft gas turbines [1].
The open and direct STBC considered in this paper was
considered in Ref. [2]. Further investigations were conducted
where commercial off-the-shelf turbochargers and a plate-style
recuperator were considered [3-5]. The complete cycle with a
glass cover (considered in this work) is shown in Fig. 1. The
solar receiver was made of a coiled stainless steel tube
encapsulated by thermal storage material [5]. The thermal
storage consisted of a phase-change material, thus keeping a
constant surface temperature on the inside of the receiver. The
receiver was also thermally insulated on the outside; however, a
large portion of the heat was still lost to the environment through
radiation and convection when a glass cover was not present at
the receiver aperture. Since glass is transparent to solar radiation
and opaque to infrared radiation, it is an excellent candidate for
minimising radiation heat losses. However, the challenge was to
keep the glass cool enough without shattering.

5

Keywords: Brayton cycle, solar, cavity receiver, glass, heat loss
modelling
Fig. 1. Recuperated STBC with receiver window cooling [4]

1. Introduction

The simplest implementation of a window cover is to cover the
aperture completely with a glass pane. However, the glass must
withstand reradiation from the receiver walls as well as
extremely concentrated solar irradiation and thus extreme

1.1. Background
The growing concern about global warming has sparked
developments in affordable renewable energy. The solar thermal
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temperatures. A typical property of glass is its thermal expansion
coefficient. The higher the temperature of the glass, the more it
tends to expand [6]. Thus, the glass must also be able to
withstand high stresses due to thermal expansion. Various
strategies have been researched to ensure the safety and
durability of a glass cover solution for a solar receiver. These
strategies include manufacturing the glass with different shapes
to relieve some of the thermal tension, or cooling the glass
through convection with an appropriate heat transfer fluid (HTF)
[7].

2. Methodology
The main focus of the investigation in this work was the
temperature profile of the glass window as well as the net heat
transfer rate to the HTF. The contributing factors can be
categorised as geometry-dependent and temperature-dependent.
For the purpose of this paper, the geometry-dependent factors as
set out in [4] were used as constants. The temperature-dependent
factors were reradiation from the inner-cavity walls, as well as
radiation and convection heat loss from the glass window to the
environment. Two glass panes on the inside of each cavity wall
were used to form a channel through which the cooling air
flowed. This study was a numerical investigation to determine
whether the proposed concept would be feasible.

A 250 kWhth tubular cavity receiver with a 3 mm thick flat
uncoated quartz glass cover was investigated by Ref. [8]. The
authors showed that an increase of 17% in the receiver thermal
efficiency was possible. In another study, a 5 mm thick
selectively coated quartz glass cover was simulated on a tubular
receiver. The simulations showed that the heat losses were 36%
less than for an uncovered solar receiver [9]. Another notable
study was done by [7] in which the authors used a doublewindow concept. The aperture was covered with a glass pane and
a second glass pane was placed a certain distance from the
aperture inside the cavity. The total efficiency increased when
the cavity size, inner-window thickness, emissivity of the inner
walls and the distance between the two windows increased [7].
The peak temperature of the outer window was 39 to 83 K lower
than in a configuration with only one window cover [7].

Fig. 2. Window cover concept (section view).

A windowed volumetric solar receiver with cooling was
investigated by [10]. The cooling air was pumped from a
compressor and fed back into the cycle. The design was
numerically (finite volume method) and experimentally (three
all-day tests) investigated [10]. The largest differences between
the experimental and theoretical results were 9.4% and 2.3% for
the back-wall temperature and outlet air temperature,
respectively. An outlet air temperature of 1 003 K and thermal
efficiency of 63.1% were observed [10]. In another study, a
dome-shaped pressurised volumetric receiver with a quartz
inner-window cover cooled with air was designed, simulated and
experimentally tested by [11]. The outlet gap geometry and inlet
temperature were altered until the most efficient cooling, lowest
pressure drop and mass flow rate were achieved. The design
proved to work well and the experimental results were close to
the simulation results [11].

2.1. Receiver modelling
The receiver was modelled using the first law of
thermodynamics. Fig. 2 shows radiation and convection heat
losses (𝑄̇𝑙𝑜𝑠𝑠,𝑟𝑎𝑑 and 𝑄̇𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑣 in Eq. (1)) from the glass to the
environment. The rectangular cavity had a size of a = 0.25 m
(aperture of 0.25 m × 0.25 m). This aperture size was found to
provide the highest receiver efficiency for the solar dish with
diameter of 4.8 m, which was considered in Ref. [4], with a
tracking error of 1° and 10 mrad optical error. The depth of the
receiver was 0.5 m. The net heat transfer rate at the glass window
is given by:
𝑄̇𝑛𝑒𝑡 = 𝑄̇ ∗ − 𝑄̇𝑙𝑜𝑠𝑠,𝑟𝑎𝑑 − 𝑄̇𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑣

(1)

The term 𝑄̇ ∗ in Eq. (1) is the sum of the net absorbed solar heat
flux, as found by means of the Monte Carlo ray-tracing program,
SolTrace [12], as well as the absorbed infrared reradiation from
the inner-cavity walls. SolTrace allows the user to compile a
script that remodels the receiver and concentrating dish each
time the script is executed. This allows for easy control over
various geometrical aspects. A pillbox sun-shape was assumed
with the parameter for the pillbox, the flat distribution, simply
chosen as the half-angle width of 4.65 mrad. The cavity walls
were modelled as oxidised stainless steel with an assumed

Analyses done in Ref. [5] showed that for a receiver surface
temperature of 1 200 K, the radiation, convection and
conduction heat losses amounted to 6 kW, 3 kW and 1 kW
respectively. The aim of this paper was to numerically
investigate the introduction of a glass cover on the inside of a
receiver, which was cooled with air from a compressor (as shown
in Fig. 1 and Fig. 2).
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reflectance of 15% [4]. The glass panes had an assumed
reflectivity of 8% and assumed transmissivity of 86% for solar
radiation [13]. Each of the glass panes was modelled with a
refraction index of 1.5, with an air entity on each side with a
refraction index of 1. This was done to capture the refraction of
light as it travelled through the glass (see Ref. [12]). A seed value
of ‘123’ was used along with a million sun rays. The dish surface
was modelled as having a reflectivity of 85%.

Table 1. Constants used in Eq. (4) from [14]

2.1.1.Radiation model

𝒂𝒊 (−)

𝒃𝒊 (−)

𝝍𝒊 (−)

1

4.08

5.41

-0.11

2

-1.17

7.17

-0.30

3

0.07

1.99

-0.08

cavity dimensions as well as the inclination angle of the receiver
[15]. The index, i, in Table 1 depended on three length scales of
the receiver: width, depth and aperture size. The modified
Nusselt correlation had the following form [14]:

Radiation heat loss rate from a surface can typically be calculated
with Eq. (2):
𝑄̇𝑙𝑜𝑠𝑠,𝑟𝑎𝑑 = 𝜀𝜎𝐴(𝑇𝑠4 − 𝑇∞4 )

𝒊

(2)

𝑁𝑢𝐿 = 0.0196 𝑅𝑎𝐿0.41 𝑃𝑟 0.13

When calculating the surface temperature of the glass, the view
factor is a very important aspect to consider. The view factor
determines how much a certain part of the glass ‘sees’ the
aperture, inner-cavity wall or the other glass panes. The radiation
heat loss rate and heat gain rate at different sections of the innerreceiver wall were calculated by using Eq. (3) [4]:

The Rayleigh and Prandtl numbers in Eq. (5) were evaluated at
the film temperature: in this case, the average between the glass
surface temperature 𝑇𝑠 and the ambient temperature 𝑇∞ . The heat
transfer coefficient was then calculated by rearranging Eq. (6):
𝑁𝑢 =

𝑁
4
4
𝑄̇𝑙𝑜𝑠𝑠,𝑟𝑎𝑑,𝑛 = 𝐴𝑛 ∑ 𝐹𝑛−𝑗 (𝜀𝑛 𝜎𝑇𝑠,𝑛
− 𝜀𝑗 𝜎𝑇𝑠,𝑗
)

(3)

ℎ𝐿
𝑘

(6)

The heat loss due to convection is given by Eq. (7):

𝑗=1

𝑄̇𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑣 = ℎ𝐴𝑔𝑙 (𝑇𝑠,𝑎𝑣𝑒 − 𝑇∞ )

The radiation heat loss rate from the receiver depended on the
emissivity of the receiver wall. The emissivity of the inner-cavity
wall was assumed to be 0.7 for oxidised stainless steel at 1 000 K
[5]. Eq. (3) was also used to determine the radiation heat loss
rate from the glass to the aperture.

(7)

Forced internal convection occurs on the inside of the channel
that is formed by two glass panes on the inside of a cavity wall.
This convection depends on the Reynolds number of the flow.
For internal forced convection, most flows are considered to be
turbulent for a Reynolds number greater than 4 000 and laminar
for a Reynolds number smaller than 4 000 [13]. The Reynolds
number depends on the velocity and characteristic length. When
the geometry under consideration is rectangular, the Reynolds
number needs to be altered by using the hydraulic diameter.
However, more recent work by [17] indicates much more
specific ranges for different flow regimes. From initial
calculations, it was found that the flow is in the quasi-turbulent
range, for which the Nusselt number is given by Eq. (8) [17]:

2.1.2. Convection model
Convection heat transfer will occur on the inside of the cavity,
on the inside of the cooling channel and on the inside of the air
gap between the window and the cavity wall. Natural convection
on the inside of the cavity is a relatively complex phenomenon
to describe and has been researched by many authors over the
last decade. A correlation proposed by [14] showed small
differences between the new correlation and numerical
simulation results. This correlation used a Nusselt number
correlation, based on the Rayleigh and Prandtl numbers for
receivers, which was derived through free convection heat loss
simulations [14]. It was proved that a parameter described as the
ensemble cavity length scale, 𝐿𝑠 , could be used to account for the
effects of cavity geometrical parameters and inclination [15, 16].
This proposed ensemble length is given by Eq. (4):

1

𝑁𝑢 = 0.013𝑅𝑒 0.867𝑃𝑟 3

(8)

The convection heat transfer in the enclosure (between the innercavity wall and a glass pane) depends on the aspect ratio and
Rayleigh number of the enclosure. In CFD simulations by [18],
Nusselt number correlations were developed by fitting curves to
simulation data. Eq. (9) is applicable to air as HTF:

3

𝐿𝑠 = |∑ 𝑎𝑖 𝑐𝑜𝑠(𝜙 + 𝜓𝑖 )𝑏𝑖 𝐿𝑖 |

(5)

(4)

𝑁𝑢 = 1.46 × 10−5 (𝐴𝑅)0.19 (ln(𝑅𝑎))3.228

(9)

𝑖=1

2.1.3.Pressure drop

The constants 𝑎𝑖 , 𝑏𝑖 and 𝜓𝑖 are summarised in Table 1. The
constants were found by fitting a curve to the computational fluid
dynamics (CFD) simulation results. Eq. (4) depended on the

For fully developed flow in a straight circular duct, the pressure
drop is caused by the friction and is given by the Darcy-
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Weisbach equation:
𝛥𝑃 = 𝑓

2
𝐿 𝜌𝑉𝑎𝑣𝑔
𝐷 2

negligible. However, conduction heat losses through the
insulation do contribute to the total heat loss of the receiver. A
more detailed study on the heat losses of the specific receiver
was done by [27].

(10)

The friction factor 𝑓 is a function of the absolute surface
roughness, Reynolds number and duct dimensions. The absolute
roughness for glass and other materials can be found in [19]. The
friction factor can be calculated by means of the Colebrook
equation:
𝜀
2.51
𝐷
= −2.0 log (
+
)
3.7 𝑅𝑒𝑑 √𝑓
√𝑓
1

(11)

However, Eq. (11) is an implicit equation which requires
iteration to solve for the friction factor. A clever explicit equation
was derived by Haaland [20]. Because the STBC considered in
this paper uses commercial micro-turbines that are very sensitive
to pressure differences, a limit of 1 kPa was set for the pressure
drop in the window cooling channel. The channel width was then
chosen specifically to adhere to the pressure drop requirement.

Fig. 3. Regression line for Ts,n4
2.3. Numerical methods
This study was preliminary to a more in-depth analysis of the
complete solar thermal Brayton cycle with the glass ‘channels’
included. The preliminary study was done to determine whether
the numerical method proposed to solve the surface temperatures
and net heat transfer rate to the HTF was viable. The temperature
profile of the glass was determined by dividing each of the four
glass panes into a number of equally sized sections (see Fig. 4).
Each of the four sides of the rectangular receiver was divided
into five sections, which gave each section a height of 0.1 m. The
top section was also covered with glass in the simulation (with
its own air inlet from the compressor) to account for the view
factor to the top.

2.2. Assumptions
The phase-change material had the purpose of keeping the innercavity walls (as well as the wall of the coiled tube) at a constant
surface temperature for thermal storage purposes. Therefore, it
was assumed that the phase-change material as well as the innercavity walls was at a constant temperature. As a preliminary
study, the glass thickness was used as 3 mm. For solar radiation,
glass with 3 mm thickness has transmissivity, reflectivity and
absorptivity of 0.86, 0.08 and 0.06 respectively [13]. For infrared
radiation, the assumed transmissivity, reflectivity and
absorptivity are 0.1, 0.8 and 0.1 respectively, when considering
Ref. [13] and Ref. [21]. Since there are two glass panes per
channel, the effective transmissivity becomes negligible. It is
therefore assumed that the reflectivity and absorptivity is 0.85
and 0.15, respectively. The emissivity of the glass was assumed
to be constant at 0.88 [22]. These properties, along with the
emissivity, are functions of angle of incidence. However, for
simplicity, the glass properties were assumed to be constant here
for a 0° angle of incidence. A 45° angle of incidence will be
considered in future work. Considering Eq. (3), the surface
temperature was raised to the fourth power. To be able to use
4
Gaussian elimination, the term 𝑇𝑠,𝑛
was assumed to have the
form 𝑚1 𝑇𝑠,𝑛 + 𝑐1 [4] for radiation heat loss between 500 K and
800 K (a linear regression line can be made). This has an error
of about 𝑅2 = 0.96 (see Fig. 3). It was also assumed that wind
had no effect on the convection heat transfer coefficient on the
inside of the cavity. In reality, this plays a very large role in the
amount of heat lost from the receiver cavity according to Refs.
[3-5, 23-26]. Conduction heat losses from the cooling window
were not considered in this study and were expected to be
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Fig. 4. Numbering system used for glass sections.
Fig. 4 shows the numbering system used for the glass sections,
where the top section was added to the end of the numbering
system. The proposed method was based on the method put
forward by Ref. [4], the main difference being that the flow was
not modelled to flow in a coil but rather from the bottom to the
top of the receiver. The temperature profile and the net heat
transfer rate of the glass were found by:
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𝑄̇𝑛𝑒𝑡,𝑖
) − 𝑇𝑖𝑛,0 )
𝑚̇𝑐𝑝0
1
1
(
+
)
ℎ𝐴𝑛 2𝑚̇𝑐𝑝0

3.1. Temperature profile and net heat transfer rate of
glass

(𝑇𝑠,𝑛 − ∑𝑛−1
𝑖=1 (
𝑄̇𝑛𝑒𝑡,𝑛 =

(12)

The temperature at different positions of the glass panes and net
heat transfer rate available to the cooling flow depended on the
receiver size, mass flow rate of the cooling flow, channel width,
cooling air inlet temperature and dish reflectivity. The channel
width was chosen to be 6.8 mm to satisfy the channel pressure
drop requirement, which was calculated with Eq. (10). The air
mass flow rate used in this study was 0.1 kg/s with each channel
seeing a fifth of the mass flow rate, i.e. 0.02 kg/s. Eq. (12) and
Eq. (15) were solved simultaneously using Gaussian elimination.
The view factors for the different glass sections were found with
relations available in Ref. [28]. Fig. 7 and Fig. 8 show the results
of the numerical analysis. This analysis was done with an innercavity temperature assumption of 800 K and an air inlet
temperature of 373 K. The outlet air temperatures plotted in Fig.
7 and Fig. 8 were calculated with Eq. (16), with the inlet
temperature of the bottom section of each side being equal to
373 K.

Eq. (12) was derived from the definitions of fluid temperature at
the centre of a control volume and convection heat transfer, see
Eqs. (13) and (14).
𝑇𝑓,𝑛 = 𝑇𝑖𝑛,𝑛 +

𝑇𝑜𝑢𝑡,𝑛 − 𝑇𝑖𝑛,𝑛
𝑄̇𝑛𝑒𝑡,𝑛
= 𝑇𝑖𝑛,𝑛 +
2
2𝑚̇𝑐𝑝0

(13)

and
𝑄̇𝑛𝑒𝑡,𝑛 = ℎ𝐴𝑛 (𝑇𝑠,𝑛 − 𝑇𝑓,𝑛 )

(14)

Eq. (12) used the outlet temperature of the compressor as 𝑇𝑖𝑛,0
(see Fig. 1). The outlet air temperature 𝑇𝑜𝑢𝑡,𝑛 was then
calculated from the heat gained at the previous glass section. Eq.
(9) was used to calculate the heat transfer coefficient in Eq. (12).
Using Eq. (3) and Eq. (7) and substituting them into Eq. (1), Eq.
(15) could be found, which was in terms of the unknown net heat
transfer rates and surface temperatures. It was also noted that for
the radiation heat loss term, the radiation from one glass side to
another and the radiation to the aperture had to be included. This
equation could be simplified further by using the linear
approximation, as well as rearranging the terms for better
reading:
𝑁

𝑄̇𝑛𝑒𝑡,𝑛 = 𝑄̇𝑛∗ − 𝐴𝑛 𝜀𝜎(𝑚1 𝑇𝑠,𝑛 + 𝑐1 ) + 𝐴𝑛 𝜀𝜎 ∑ 𝐹𝑛−𝑗 (𝑚1 𝑇𝑠,𝑗 + 𝑐1 )
𝑗=1

+

𝐴𝑛 𝜀∞ 𝜎𝐹𝑛−∞ 𝑇∞4
−ℎ𝑛 𝐴𝑛 (𝑇𝑠,𝑛 − 𝑇∞ )

(15)

Fig. 5. Solar heat flux at different divisions of the glass panes
for tracking error of 0°.

Eq. (5) was used to calculate the heat transfer coefficient in Eq.
(15). By using Gaussian elimination and Octave, the surface
temperatures (𝑇𝑠,𝑛 ) and net heat transfer rates (𝑄̇𝑛𝑒𝑡,𝑛 ) could be
calculated. The outlet air temperature of the cooling window was
also an important quantity because the outlet air was directly fed
back into the Brayton cycle (point 3 in Fig. 1). The outlet air
temperature was calculated by rearranging Eq. (16) and solving
for 𝑇𝑎,𝑜𝑢𝑡 :
𝑄̇𝑛𝑒𝑡 = 𝑚̇𝑐𝑝 (𝑇𝑎,𝑜𝑢𝑡 − 𝑇𝑎,𝑖𝑛 )

(16)

Eq. (16) could be used to check the accuracy of the Gaussian
elimination function, because 𝑄̇𝑛𝑒𝑡 also had to be equal to
Eq. (14) to satisfy the energy balance.

Fig. 6. Solar heat flux at different divisions of the glass panes
for tracking error of 1°.

3. Results and discussion

Note that the inlet temperature of each section is equal to the
outlet temperature of the previous section. Only the outlet
temperatures are plotted in Fig. 7 and Fig. 8. For a tracking error
of 0°, it is clear that there is symmetry between the four sides.

Fig. 5 and Fig. 6 show the solar heat flux profile for different
tracking errors as obtained by SolTrace. A solar beam irradiance
of 𝐼 = 1000 𝑊/𝑚2 was used to generate the results.
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The opposite can be said for the 1° tracking error (both in
azimuth and elevation), where there is only symmetry between
two sides. As shown in Fig. 7 and Fig. 8, the temperature of the
HTF increased by about 90 °C, which meant that about 1 800 W
of the heat was transferred to the air from an individual glass
channel, according to Eq. (16).

temperatures on the glass surface temperature. The average
difference was between 1.6% and 3.5%. The higher the innercavity wall temperature, the higher the radiation heat transfer
would be from the inner-cavity wall to the glass panes. This
would increase the amount of heat that the glass panes would
absorb: the 𝑄̇𝑛∗ term in Eq. (15). Thus, the surface temperature of
the glass panes would increase. However, glass has a different
absorption coefficient in the infrared spectrum from that in the
solar spectrum, which is why the differences between the
temperatures are so small for different inner-cavity wall
temperatures.

Fig. 7. Temperatures and net heat transfer rates with a receiver
temperature of 800 K and tracking error of 0° (only one side
shown).
Fig. 9. Glass surface temperature as a function of assumed
receiver temperature.
3.2. Comparison with standard receiver
One of the main goals of this study was to minimise the heat loss
to the environment. The standard receiver with thermal storage
(and without a window) at 1 200 K, has radiation and convection
heat losses of about 7 kW and 3 kW, respectively. The results of
this study indicated 0.3 kW and 0.9 kW for the radiation and
convection heat losses. This was a decrease of about 95 %
radiation heat loss and 67 % in convection heat loss. The large
decrease in the radiation heat loss is due to the much smaller
transmissivity and high reflectivity of glass in the infrared
wavelength spectrum. With the current configuration, the
receiver inner walls absorbed about 46 % of the incident solar
irradiation, according to SolTrace.

Fig. 8. Temperatures and net heat transfer rates with a receiver
temperature of 800 K and tracking error of 1° (only two sides
shown).
For both the 0° and 1° tracking error cases, the net heat transfer
rate profile looks the same as the solar heat flux profile as seen
in Fig. 5 and Fig. 6. The maximum solar heat flux occurred on
the third of the five sections, the topmost section lost less heat to
the environment and the HTF gained a lot of heat by the time it
reached the top section. The maximum glass temperature for the
0° tracking error case was about 327 °C and for the 1° tracking
error case, the maximum temperature was about 365 °C. Quartz
and borosilicate glass both have very low thermal expansion
coefficients and also very high transformation temperatures [29].
Based on this initial study, the aforementioned glasses would be
suitable. Fig. 9 shows the influence of different inner-cavity wall

4. Conclusion
This initial investigation proved that a glass cooling window
would be effective in reducing the radiation and convection heat
losses to the environment by up to 95 % compared to a standard
receiver without a glass cover. The cooling flow kept the glass
cool at about 365 °C, which is in a temperature range that is safe.
The glass channel width was chosen to be about 6.8 mm, which
led to a pressure drop of about 1 kPa, and an air temperature
increase of about 90°C. In future work, the developed code could
be incorporated into an already existing STBC optimisation
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[14]

routine, as developed by [5]. This would allow the researchers to
extract meaningful data with respect to the effect on overall
efficiency and power output of the cycle.
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Abstract: Particle size and shape has a significant influence on
the pressure drop and heat transfer characteristics of packed beds
used as thermal energy storage for solar thermal power stations.
The design and thermal capacity of rock beds depend on reliable
predictions of the fluid flow paths and temperature profiles in the
bed. Particle shape characterization is key in predicting flow
paths and temperature profiles in the bed. The work reported
here concerns the characterization of crushed rock particles,
using 2D protocols. Results from the 2D protocols were
validated against 3D scans of a subset of particles. Earlier work
suggested that mon-dispersed ellipsoidal particles under-predict
pressure drop and particles were separated into three different
classes depending on their size and shape. Classifying particles
into a few distinct shapes allows one to extract information on
the packing structure and particle orientation from a discrete
element model, whilst heat transfer and pressure drop
information for a packed bed can be gleaned from computational
fluid dynamics modelling of the flow in the interstitial volumes.

down, focus on the inherent high thermal efficiency associated
with central receiver systems, and reducing component costs
(Boretti, 2018). One way of driving cost down is to use rock bed
thermal energy storage, rather than molten salt. Allen (2014)
estimated that the cost of rock bed storage should be about an
order of magnitude lower than that of a molten salt thermal
energy storage system.
Heller et al (2017) proposed a combined cycle, comprising of a
solarized Brayton cycle, to be operated during the day, coupled
asynchronously to a Rankine cycle that operates during the night
or periods of extensive cloud cover. A rock bed energy storage
system serves to store heat rejected by the Brayton cycle for later
use. Using waste heat from the Brayton cycle not only increase
the overall thermal efficiency of the plant but also enable it to
deliver electricity on demand. Heller et al (2017) advocated the
use of a dual pressure air receiver to overcome the limitations of
a single receiver. The high-pressure side of the receiver feeds
the gas turbine, whilst the low-pressure side dumps excess solar
energy directly into the rock bed. A concept of a rock bed
thermal energy storage system for utility-scale applications
(Allen, 2014) is shown in figure 1. One can deduct from the
figure that the flow through the rock bed will be fully three
dimensional.

Keywords: Thermal energy storage, crushed rock, particle
characterization
1. Introduction
Rapid depletion of fossil fuel resources and greenhouse gas
emissions from their combustion spurred a drive towards
renewable energy in the last two decades. Of the competing
renewable energy sources, wind, hydro, solar photovoltaic (PV)
and solar thermal are commercially deployed on large scale. In
arid regions, there is limited potential for hydro energy, whilst
wind- and solar PV energy require massive battery storage to
become fully dispatchable. There is a massive drive worldwide
to develop cheap battery storage on a utility-scale (IRENA,
2017) with limited commercial success thus far.

Figure 1. Concept of large rock bed thermal energy store.
Rock bed energy storage is still in the experimental phase, and
test facilities (Okello et al, 2016; Klein, 2016; Allen, 2014)
usually comprise small, prismatic beds subject to near plug flow
conditions. Most researchers present their results in terms of
packing density and spherical particles. The particle diameter is
usually the volume equivalent diameter of the rocks. This is

Solar thermal already benefits from large thermal energy storage
(Labordena and Liliestam, 2015), but is more expensive than its
competitors. Efforts to drive the cost of solar thermal energy
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become feasible (Gan, 2015; Jafari, 2008; Li, 2019; Linsong,
2018), and the challenge has shifted to the proper
characterization of irregular particles. Prescribing an ellipsoidal
shape (Gan, 2015; Li et al, 2019; Taylor, 2006) to crushed rock
particles have met with some success in capturing anisotropy in
the flow field, but tend to under-predict the pressure drop
(Hoffmann and Lindeque, 2019; Li et al, 2019).

understandable, as the bulk of the work in this field followed the
lead of Ergun and Orning (1949), with a significant focus on wall
channelling in later years (Achenbach, 1995; Hunt and Tien,
1990; Van Antwerpen et al, 2010), to name but a few. Laubscher
et al (2017) considered flow through a conical rock pile.
Although one would expect significant radial flow in this
configuration, they did not attempt to isolate the contribution to
pressure drop due to the radial and axial components of the flow.
Efforts to compensate for the higher pressure drop through
packed beds of irregular particles usually account for particle
drag coefficient via a shape factor, of which sphericity is the
most common (Singh et al, 2010). These results are not
applicable where there is a significant deviation from plug flow
conditions.

Particle shape classification is an important topic, but it seems
no consensus on the best shape descriptors has been reached.
Galindo-Torrez et al (2012) state that the tortuosity tensor is a
complex function of particle morphology, and implore
researchers to pay attention to it. They introduced anisotropy
into their packing by varying particle aspect ratio. Du et al
(2016) found a strong correlation between particle sphericity and
void size distribution that by implication should influence
pressure drop through a packed bed. Li et al (2019) pointed out
that particle orientation has a “profound effect” on pressure drop,
something that sphericity on its own can’t capture. Radoicic et
al (2014) observed that small particles in a quartz sand sample
(0.8 mm < Dve < 1.25 mm) has higher sphericities (∼ 0.85) than
large particles (∼ 0.7). They manually sorted particles into two
groups, as shown in figure 6 in their paper. Coetzee and Nel
(2014) proposed four groups, namely equant (cubic) particles (L
≈ I ≈ S), elongated particles (L » I ≈ S), flattened particles (L ≈ I
» S) and intermediate particles that do not fit any of the other
groups. L, I and S are the long, intermediate and short axes of
the particle. L, I and S are orthogonal to each other. In a later
paper, Coetzee (2016) proposed spherical (21 % of the sample),
elongated (42 % of the sample) and tetrahedral (37 % of the
sample) particles, based on laser scans of about 300 crushed rock
particles up to 40 mm in size. These choices were informed by
the capabilities of the discrete element (DEM) code PFC3D,
where the shapes were formed by single spherical particles
(spheres), a clump of two spheres joined to each other
(elongated) and a clump of four spheres at the corners of the
tetrahedron. Coetzee (2016) found that by using more spheres
to capture the shape of irregular particles, his DEM model’s
accuracy in predicting the bulk density of a packed bed of
crushed rock increases.

Following dimensional analysis, Hoffmann and Lindque (2019)
argue that the pressure drop tensor for a packed bed of crushed
rock particles should be given by
�⃗�𝑣𝑣𝑗𝑗 �
𝑆𝑆𝑖𝑖 = −�∑3𝑗𝑗=1 𝐷𝐷𝑖𝑖𝑖𝑖 𝜇𝜇𝑣𝑣𝑗𝑗 + ∑3𝑗𝑗=1 𝐶𝐶𝑖𝑖𝑖𝑖 12𝜌𝜌�𝑉𝑉

(1)

Where the coefficients Dij and Cij should depend on a
characteristic length, say volume equivalent diameter, Dve,
sphericity, particle aspect ratio (taken as the ratio between the
minimum and maximum cross-sectional area of the
representative ellipsoid), surface roughness, ξ, overall bed length
Lb and diameter Db, the void fraction (porosity) ε and packing
structure β, as well as the flow alignment with the particles, θ.
The latter may be replaced by Herman’s orientation factor (Li et
al, 2019) in packed beds. The best fit to experimental results was
found for the alignment angle being the angle between the short
axis of the ellipsoid, LS, and the mean flow direction. As aspect
ratio and sphericity are both dimensionless, sphericity is
interpreted as dependent on aspect ratio, and Hoffmann and
Lindeque (2019) omitted sphericity from their final correlation.
They also noted that an unambiguous description for packing
structure does not seem to exist.
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Allen (2014), confirmed that the flow resistance in the pour
direction of the crushed rock particles differs from that in the
other directions, and concluded that it can be attributed to the
way irregular particles pack down. To overcome the plug flow
limit, Di Felice (1994) suggested that pressure drop should be
correlated in terms of packing density and the drag coefficient of
the particles in a free stream. Hölzer and Sommerfeld (2008)
offer a simple correlation for the drag coefficient of irregular
particles that depend on particle orientation. This approach is
well suited for a representative unit cell formulation of packed
beds (Du Plessis and Woudberg, 2008). With the advance in
computational power, pore-scale modelling of packed beds has

In this paper, two-dimensional methods for particle
characterization suggested by Taylor (2006), Bagheri et al
(2015) and Diogaurdi and Mele (2015), applied to crushed
dolerite rock particles, is described.
Particles are by
representative ellipsoids, as this shape best capture the effect of
its orientation relative to the flow through the bed, as suggested
by Li et al (2019). Particle characterization is seen as a necessary
precursor to successful modelling of packed beds, which will
lead in turn to better bed design in solar thermal power
applications
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2. Methodology
Dolerite is imminently suited for rock bed thermal energy
storage. Allen (2014) has shown that after 1 500 thermal cycles,
where the temperature was changed at a rate of 2 °C/min between
350 °C and 530 °C, dolerite shows no physical deterioration,
except for some discolouration. Dolerite deposits largely
overlap the region with the best solar resource in South Africa.
The rock samples considered in this paper was randomly selected
by hand from a 20-ton pile of crushed dolerite rock in a size
range from 53 mm to 75 mm. The rock pile has been exposed
for more than five years to the elements, and most dust was
washed away by rain. Individual particles were hand-selected;
operators strived to ensure a random selection. Operator A
(Hoffmann and Lindeque, 2019) selected 120 particles (sample
I) and operator B (current work), 254 (sample II). A subset of
18 particles from sample II was selected for 3D scans (sample
III).

Figure 2. Calibrating the scale in Image-J.

Particles from sample III were weighed, and their volume
extracted from 3D scans. This was used to calculate particle
density. We found that the density of the particles is 2 909 kg/m3
with a standard deviation of 40 kg/m3 (1.4 %). This is in good
agreement with densities recorded by Sloane (1991) for
Tasmanian dolerite (2 850 – 3 010 kg/m3), but about 9 % higher
than those reported by Allen (2014) (2 567 kg/m3). A constant
particle density of 2 909 kg/m3 was adopted in this study.

Figure 3. Capturing particle perimeter in Image-J.

For the first batch of rocks (sample I), the particle mass was
measured to within 0.01 g using a digital scale. The minimum
bounding box (LL × LI × LS) was measured to within 0.1 mm
using a Vernier calliper. The particle volume V was calculated
from the mass and assumed a constant density of 2 657 kg/m3
after Allen (2014). From the particle volume, the diameter of the
volume equivalent sphere was calculated. After averaging, a
representative ellipsoidal particle was defined such that
𝐴𝐴
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For the second batch of rocks (sample II), the minimum
bounding box and mass were measured as before. Following a
suggestion by Bagheri et al (2015) that three orthogonal
projections offer a good compromise between accuracy and
processing time, measurements were expanded by taking images
in three orthogonal planes of the particles. These images were
processed, using the freeware product Image-J. For each image,
the scale has to be set, using graph paper (figure 2). Image-J
could not capture the particles automatically, and the outline of
the particle had to be captured (figure 3) by hand. Capturing and
processing three orthogonal images of a particle took between 5
and 10 minutes. Image-J outputs the projected area A, perimeter
P, minimum bounding box, aspect ratio and Cox circularity of
the projected particle. The latter is defined by

(3)

with A, B and C the long, intermediate and short axes of the
ellipsoid respectively. The volume of the ellipsoid corresponds
to the mean volume equivalent diameter of the particles through
𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
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𝜙𝜙 =

These monodispersed representative ellipsoids were used in
experimental work and CFD/DEM simulations by Hoffmann and
Lindeque (2019). Although they found good agreement between
the experiments and simulations, their pressure drop was about a
factor of two lower than that measured by Allen (2014) for
crushed rock.

4𝜋𝜋𝜋𝜋
𝑃𝑃2

(5)

Rather than φ, we used 𝜙𝜙� for which A and P is averaged over all
three projections of the same particle. Bagheri et al (2015) also
suggested that circularity 𝜙𝜙� (a 2D shape descriptor) is a good
estimate of sphericity ψ (a 3D shape descriptor), and thus one
can estimate the surface area, SA, of the particle from the
definition of sphericity

24

𝑆𝑆𝑆𝑆 =

𝜓𝜓

2
𝜋𝜋𝐷𝐷𝑣𝑣𝑣𝑣

(6)

with Dve the diameter of the volume equivalent sphere. The latter
is derived from the particle mass, assuming a constant density of
2 909 kg/m3, as determined from sample III.

Figure 5. Comparison of particle sphericity measure by 2D
projections versus 3D scans

3. Results and Discussion
There is good agreement between the three samples as far as
elongation, here defined as LL/LI (i.e. the inverse of Bagheri et
al’s definition) and flatness are concerned, as shown in table 1.
A larger difference (12 %) in particle equivalent diameter (in
mm) was observed, which is partly explained by the different
densities used, and partly by operator-related errors that may be
as high as 5 % according to Bagheri et al (2015). The difference
persisted even after the density of sample I was adjusted [sample
I(a)]. Further interrogation of the data revealed that sample I
contains a significantly higher percentage (75 %) of particles
with LL > 75 mm (upper sieve size) than sample II (56 %). One
explanation is that during the two-year interval that elapsed
between the two samplings, about 1.5 m3 of rocks were
frequently added to or removed from the rock pile for other tests.
Samples were taken from the top of the pile.

Figure 4. CAD rendering of particle shapes captured by 3D
scanning.
The 2D projections were validated against 3D scans of a subset
of 18 particles from sample B, as shown in figure 4. Particles
were scanned, using an HP 3D Structured Light Scanner S3 Pro,
with a resolution of 0.05 mm. Full 30° scanned profiles were
exported to CAD software, where the surface area and volume
of the scanned particles were extracted. The error in volume
between the 3D scans (reference) and weight-based
measurements ranged from -3.8 % and +2.5 % (average -0.01
%), whilst the error in surface area ranged from -14.0 % to +9.1
% (average -3.2 %). Errors in sphericity ranged from -16.0 % to
+7.5 %, with an average error of -3.7 %. A plot of the sphericity
measured in the 3D scans versus the 2D projections is given in
figure 5. The dashed line represents the best linear fit on the data.
The dashed line is forced through the origin of the graph. Our
results support Bagheri et al’s (2015) observation that projected
area based protocols based upon three orthogonal projection give
results with an accuracy of ± 10 %.

Figure 6 shows that for particles in samples II and III, there is
some correlation between aspect ratio and sphericity, as one
would expect, but no discernible groupings. Sphericity range
from about 0.6 to 0.9, with an average of 0.779. This is
significantly higher than the values reported by Okonta and
Magagula (2015) (0.67, with a standard deviation of 0. 094) from
3D scans of crushed rock samples from a dolerite quarry in
Newcastle, South Africa. However, Okonta and Magagula
measured only 10 particles, and their statistics are not expected
to be representative of that the product from the quarry.
Furthermore, their sample was meant for railway ballast, and
contain a considerable amount of fines. As shown in figure 7,
there is little correlation between particle size, as expressed by
the diameter of its volume equivalent sphere, and sphericity.
Sphericity for sample I was not calculated as the surface area was
not measured.
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Table 1. The mean particle aspect ratio for all samples
Sample
I

Sample
I(a)

Sample
II

Sample
III

Sample
I & II

(LL/LI)

1.505

1.479

1.480

1.465

1.488

(LS/LI)

0.641

0.630

0.639

0.616

0.640

59.5

57.7

51.0

53.0

51.3

De

𝐿𝐿�

𝐿𝐿�
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(8)
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As seen from table 2, the bounding boxes of the ellipsoid and
crushed rock particle are within 3 % of each other, whilst that of
the brick is 21.7 % smaller than that of the crushed rock particle.
The surface area of the representative ellipsoid is 8.4 % lower
than that of the mean surface area of all the particles, and the
surface area of the brick, 8.0 % higher. Due to its rounded shape,
the sphericity of the ellipsoid is 14.5 % higher, and that of the
brick 3.9 % lower than the mean sphericity of the crushed rock
particles.
At face value, these numbers do not support one shape above the
other. Discrete element modelling suggests that the ellipsoidal
particles pack with a packing density of 34 %. Hoffmann and
Lindeque (2019) reported an experimental value of 44 % for the
packing factor for the ellipsoidal particles, whilst Allen (2014)
reported a packing factor ranging between 41 and 47 % for
crushed rock particles. By contrast, the packing factor for bricks,
derived from discrete element modelling is 67 %.
Following the idea of Di Felice (1994), the drag force FD on a
particle in a packed bed is given by

Figure 6. A plot of particle sphericity versus elongation.

(9)

𝐹𝐹𝐷𝐷 = 𝑓𝑓(𝜀𝜀)𝐹𝐹𝐷𝐷0

FD0 is the drag force on the particle in a free stream, and f(ε) a
function of the particle superficial Reynolds number only.
According to this formulation, the pressure drop across the more
densely packed bed of ellipsoids will be 2.5 – 3.5 times higher
than that across the less densely packed bed of bricks, despite the
bricks having a much larger drag coefficient than the ellipsoids.
Hoffmann and Lindeque (2019) found that the packed bed of
ellipsoids under predicts the pressure drop across a packed bed
of crushed rock. Thus, we conclude that bricks are not an
appropriate approximation of rock shape when considering the
pressure drop across rock beds.
The surface area of the ellipsoid used in this study is given by a
simplified Knud Thomsen formula (Michon, 2020)

Figure 7. A plot of particle sphericity versus volume
equivalent diameter.

𝑆𝑆𝑆𝑆 ≈ 4𝜋𝜋 �

We evaluated two different representative monodispersed
shapes, namely an ellipsoid and a brick (L × W × H, with L the
length, that corresponds to LL, W the width that corresponds to LI
and H the height of the brick) to see how well they capture
crushed rock particle characteristics captured in sample II. In
both cases, the representative particle has the same volume,
elongation and flatness as the crushed rock particles. The brick
is defined such that
𝐿𝐿

𝑊𝑊

=

and

𝐿𝐿�𝐿𝐿
𝐿𝐿�𝐼𝐼

𝑎𝑎𝑎𝑎𝑎𝑎

𝐻𝐻

𝑊𝑊

=

𝐿𝐿�𝑆𝑆
𝐿𝐿�𝐼𝐼

(𝐴𝐴𝐴𝐴 ⁄4)8⁄5 +(𝐴𝐴𝐴𝐴 ⁄4)8⁄5 +(𝐵𝐵𝐵𝐵 ⁄4)8⁄5
3

�

5⁄8

(10)

with A, B and C the long, intermediate and short axes of the
ellipsoid respectively. The accuracy of the equation above is
within 1.5 %.
Particles from sample I and II combined were split into three
groups, and their characteristics are listed in table 3. Group 1
represents particles that have LL > 75 mm, meaning that they
could only pass through a sieve with 75 × 75 mm aperture with
LL more or less perpendicular to the plane of the sieve. Group 2
comprised particles that have LL < 75 mm and LI > 53 mm,
meaning that they would always be retained on a sieve with a 53

(7)
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weak correlation (R2 = 0.019) between sphericity and volume
equivalent diameter. A much stronger correlation (R2 = 0.227)
exists between sphericity and elongation, but the scatter in the
data is still significant. Since sphericity also fails to capture any
effects of particle orientation in a packed bed, we concluded that
sphericity is not a good indicator of particle shape, for our
intended application at least.

× 53 mm aperture. Particles in group 3 have LI < 53 mm, and
could theoretically pass through the sieve with 53 × 53 mm
aperture if their LL was more or less perpendicular to the plane
of the sieve, but were somehow retained on the sieve. Group 1
contains mostly large (where large refers to the diameter of their
volume equivalent spheres), elongated particles, group 2 large
compact particles, and group 3 small elongated particles.
Flatness shows the least variation across all groups. We did not
observe the increase in sphericity with decreasing particle size,
reported by Radoicic et al (2014).

Following ideas from Li et al (2019) and Hoffmann and
Lindeque (2019), we decided on ellipsoids as representative
shapes for crushed dolerite rock particle shape. Given that
mono-dispersed ellipsoidal particle under-predicts the pressure
drop across a bed of crushed rock articles, this work is aimed
towards poly-dispersed particles. We have separate particles
into three classes: those that could only pass the 75 mm sieve
with their long axes perpendicular to the sieve, those that could
pass the 75 mm sieve in orientation but would always be retained
on the 53 mm sieve, and those that could have passed through
the 53 mm sieve given the right orientation, but were retained.
Based on the number of particles per group, 61 % of particles
ended up in the first group, 12 % in the second, and 27 % in the
third group. The elongation of the second group differs
significantly from the other two groups, whilst flatness remains
almost the same across all groups. Particle equivalent volume
decreases continuously from group 1 to 3.

Table 2. Comparison of mean particle parameters of
crushed rock particles and approximate shapes
Crushed rock

Ellipsoid

Brick

LL [ mm ]

80.5

78.1

63.0

LI [ mm ]

55.2

53.6

43.2

LS [ mm ]

34.0

33.0

26.6

11 235

9 687

11 491

0.779

0.892

0.748

SA [ mm2 ]

ψ

Table 3. Particle shape descriptors after classification into
groups based on size and shape.
Group 1

Group 2

Group 3

L L / LI

1.589

1.151

1.406

1.488

L S / LI

0.618

0.634

0.691

0.640

De

56.8

50.0

39.7

51.3

N

228

44

102

374

0.763

0.814

0.794

0.779

Sphericity*
*

Although brick-shaped particles could theoretically capture
particle orientation in a packed bed, discrete element modelling
results suggests that the packing density for bricks is much lower
than that of ellipsoids. According to Di Felice (1994), the effect
of packing density on the pressure drop across a packed bed is
more significant than that of the drag coefficient of the particles
themselves. As a result, we discarded bricks as representative
shapes for crushed rock particles when the interest is on the
pressure drop across the bed.
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Abstract: Fruits are an essential human dietary requirement for
body growth and development. Most fruits are seasonal,
perishable and will not be available until the next season. The
perishability accounts for most of the losses encountered by the
farmers. The big players in fruits value chain use refrigeration
and refrigerated trucks in their logistics to preserve the fruits.
Canning has also been used with preservatives being added to
the fruits as suppliers try to prolong the shelf life of fruits,
thereby making the fruits available all year round, but at times
the costs are inhibitive. Drying of fruits is still a new concept in
Zimbabwe that need to be introduced for small scale fruit
producers for them to preserve their fruits and sell them
throughout the season. This paper is a documentation of the
projected design of a solar multi-fruit dryer. The project explores
the use of solar thermal energy for drying fruits in line with the
Solar Thermal Roadmap and Implementation Plan for Zimbabwe
to utilise solar for heating purposes. Drying experiments for
different fruits were conducted in the laboratory to determine the
drying parameters that were used in the design. The optimum
drying temperature was found to be between 60 °C and 70 °C
under a relative humidity of between 30 % and 40 % with an
average of 3 mm fruit slice thickness and an airflow of 3.5 m/s.
The control system of the dryer was also developed.

energy is available for free. Several solar drying initiatives have
been implemented with process automation [3]. Natural
convention solar drying has been used since ancient times but it
has always been less efficient due to low buoyancy induced air
flow and therefore forced convection solar drying is the most
appropriate [4]. Another challenge that comes with the solar
drying systems is the need for excess energy storage which can
be used during times where there is less or no solar radiation [5].
A design that recirculates the air and feeds it into a heat
exchanger using a heat storage medium was adopted.
2. Materials and Methods
The following section describes the various materials and
methods that were used during the experimental setup.
2.1. Experimental Setup
An experimental setup was carried out to determine the optimum
drying parameters for different fruits. The setup made use of a
Thermotec 40 litre laboratory oven shown in Fig 1 operating at
a temperature range of 0 - 150℃ and a constant airflow rate of
1.5 m/s. A weighing scale was used to weigh the specimen before
and after the drying period and a stopwatch was used to measure
the drying time for the various experiments. The effect of
different temperatures on the drying time as well as fruit quality
was investigated.

Keywords: Solar drying; fruit drying; flat plate air collector;
drying chamber
1. Introduction
In Zimbabwe, post-harvest losses for root crops, fruits and
vegetables are estimated to be between 40 and 50 %. The largest
contributing factors to losses being poor storage, processing
facilities, inefficient transportation and handling systems [1].
Njaya [2] advises small scale farmers to diversify into value
addition of their products to sustain their livelihoods in the rural
areas of Zimbabwe. Farmers in Zimbabwe can use fruit drying
to preserve and add value their produce so as to generate
additional income. The abundance of solar energy in most parts
of the country makes fruit drying a lucrative business as solar

Fig. 1. Experimental Setup
1
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Due to the nature of the experiment, there was limited control of
other parameters in the oven. Two factors i.e., drying air
temperature and fruit slice thickness were investigated and the
suitable number of levels for the experiment was selected
according to the Taguchi Design of Experiments as shown in
Table 1 below.

The quality aspects of the dried fruit after drying were evaluated
using final moisture content, colour changes and physical
changes (shrinkage, texture, taste and aroma) of the dried
product. As shown in Fig 4 below drying temperatures above 70
℃ led to discolouration and off-flavours due to overheating. A
temperature range of 60-70 ℃ maintained fruit quality at the
same time achieving faster rates of drying.

Table 1. Control Parameters
Levels
Factors

1

2

3

Slice Thickness(mm)

3

6

9

Air Temperature (℃)

60

70

80

Fig 4: Overheated Fruit Slices

The mass loss was recorded at 20-minute intervals using a digital
weigh balance and ambient room conditions until the moisture
content of 10±1.5% (wet basis) which is approximately equal to
the equilibrium moisture content of the selected fruits was
attained. The results from the experiments are as shown in Fig. 2
and Fig. 3.

By applying the smaller is better criterion, the points that yielded
the highest points are then selected and these are evaluated
against the quality criteria. Table 2 below summarises the
optimum drying parameters from the experiments.
Table 2. Summary of Solar Fruit Dryer Parameters
Air Temperature

60-70℃

Slice Thickness

3mm

Final Moisture Content

10 ± 1.5% (wet basis)

2.2. System Design
The design was made up of a flat plate solar collector, heat
storage, a blower, a drying chamber, as well as a control unit. A
number of designs may be used for the collectors but in this case
a flat plate collector is more applicable [7]. Ambient air enters
through the heat exchanger into the flat plate solar collector
where it moves into the drying chamber either by natural
convection or by the forced draught of the blower/fan. into the
drying chamber tray area from the bottom as shown in Fig 4. The
exhausted warm moist air is then emitted through the automatic
louvre shutter into the gas-to-gas heat exchanger where the
residual heat is recycled and channelled back to the solar
collector. Microcontroller based temperature sensors detect
temperature changes and actuate the auxiliary heating system to
maintain the optimum drying temperature. A humidity sensor
RH measures changes in the relative humidity and if it rises
above the setpoint it then actuates the automatic louvre shutter to
let out the humid air. Knowledge of the drying characteristics of
different fruits enables accurate estimates of the drying times and
after the drying time has elapsed, the dry batch is removed and a
new batch is placed.

Fig. 2. Drying Rate Vs. the Drying Time for Apples
Fig 2 shows the moisture content against the drying time for
apples at various temperatures and layer thicknesses.

A solar PV system with an inverter and a charge controller is
connected to the electrical components of the system to achieve
automatic control. A heat storage section made up of rocks of
high thermal mass is placed underneath the flat plate solar
collector to store the excess heat to be used during the time where

Fig. 3. Drying Rate Vs. the Drying Time for Oranges
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there is no/less solar radiation. A backup heating system aids in
maintaining a constant temperature during cloudy/ rainy weather
to avoid food spoilage.

𝑚𝑤 =
𝑚𝑤 =

𝑚𝑝 (𝑀𝑖 −𝑀𝑓 )

(1)

(100−𝑀𝑓 )

100(80 − 10)
= 𝟕𝟕. 𝟕𝟖 𝒌𝒈
(100 − 10)

Where 𝑚𝑤 is the mass of water to be removed, 𝑚𝑝 is the initial
mass of the product to be dried, 𝑀𝑖 and 𝑀𝑓 represent the initial
and final moisture content of the product in kg [6][4].
The quantity of heat, Q that is required to evaporate the water is
calculated as:
𝑄 = 𝑚𝑤 ℎ𝑓𝑔

(2)

𝑄 = 77.78 × 2308𝑘𝐽/𝑘𝑔 = 𝟏. 𝟕𝟗𝟓 × 𝟏𝟎𝟓 𝒌𝑱
Where 𝑚𝑤 is the mass of water to be evaporated, ℎ𝑓𝑔 is the latent
heat of vaporisation in kJ/kg.
The average drying rate for the drying system is calculated as
follows:
𝑚𝑑𝑟 =

Fig. 5. Fruit Dryer Concept
2.3. System Design Analysis

•

•

•

•

𝑡𝑑

(3)

77.78
= 𝟕. 𝟐 × 𝟏𝟎−𝟑 𝒌𝒈/𝒔
3 × 60 × 60
Where 𝑡𝑑 is the total time to reach the equilibrium moisture
content in seconds, determined experimentally [4].
The mass flow rate of air required for the drying process is
evaluated using the equation below by [4]:
𝑚𝑑𝑟 =

This chapter gives detailed design calculations for this project.
The solar fruit dryer is made up the following sections as shown
on the schematic on Fig 5:
•

𝑚𝑤

The Drying Chamber - which contain the fruit trays
where the fruit slices to be dried are stacked. The operating
conditions within the chamber are to be maintained for
optimal drying.
The Flat Plate Solar Collector - upon which the sun’s
rays are incident and will be converted to heat energy that
heats the air that is then transferred to the drying chamber.
Fan Design and Sizing - the fan is responsible for creating
a forced ventilation system and also enhances control of
airflow into and out of the drying chamber. This increases
the drying rate.
The Heat Exchanger - which is responsible for waste heat
reuse to improve drying efficiency of the system and also
reducing fluctuations under varying sunlight radiation
conditions and also minimising heating costs.
Solar PV System - which is the system that generates
electrical energy that is required by all the electrical
components in the system i.e., the fan and the control
equipment.

𝑚̇ =

𝑚̇ =

𝑚𝑑𝑟

(𝑤𝑓 −𝑤𝑖 )

(4)

7.2 × 10−3
= 𝟎. 𝟎𝟐𝟖𝟓𝟗 𝒌𝒈/𝒔
(0.27916 − 0.027329)

Where 𝑚𝑑𝑟 is the average drying rate, 𝑤𝑓 and 𝑤𝑖 are the final and
initial humidity ratios determined from the Thermodynamic
Properties of Moist Air [4].
The dryer outlet temperature 𝑇2 , is calculated from the equation:
𝑚𝑤 ℎ𝑓𝑔 = 𝑚𝑎 𝐶𝑝 (𝑇1 − 𝑇2 )

(5)

1.795 × 105 = 0.02859 × 30 × 60 × 60 × 1.006 × 103
× (70 − 𝑇2 )
1.795 × 108
(70 − 𝑇2 ) =
0.02859 × 30 × 60 × 60 × 1.006 × 103
𝑻𝟐 = 𝟒𝟗℃
Where 𝑚𝑤 is the mass of water to be evaporated, ℎ𝑓𝑔 is the latent
heat of vaporisation, 𝑚𝑎 is the mass of the drying air in kg, 𝐶𝑝 is
the specific heat capacity of air and 𝑇1 and 𝑇2 are the drying
chamber inlet and outlet temperatures in ℃.

2.3.1.Drying Chamber Design Considerations
The amount of moisture to be removed from the fruit in kg is
calculated as follows:
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The total solar energy flux on the collector in W/m2 is calculated
using Equation 10:

The total heat energy required to evaporate the water and dry the
fruit to the required moisture content for the total drying process
is calculated as follows [6]:
𝐸 = 𝑚𝑝 𝐶𝑓 (𝑇𝑓 − 𝑇𝑖 ) + 𝑚𝑤 ℎ𝑓𝑔
(6)
8
𝐸 = 100 × 3.19 × (70 − 30) + 1.795 × 10
𝑬 = 𝟐. 𝟎𝟒𝟖 × 𝟏𝟎𝟓 𝒌𝑱

𝐼𝑇 = 𝛼𝐼𝑡𝑑

Where 𝛼 is the collector surface absorptivity, I is the sum of the
direct and diffuse component of the solar radiation in W/m2 and
𝑡𝑑 is the total drying time in seconds.

Where 𝑚𝑝 is the mass of a fruit batch in kg, 𝐶𝑓 is the average
specific heat capacity of the fruits to be dried (taken from
Unfrozen Composition Data, Initial Freezing Point, and Specific
Heats of Foods), 𝑇𝑓 and 𝑇𝑖 are the final and initial temperatures
of air during the drying process, 𝑚𝑤 is the mass of the water to
be removed during drying and ℎ𝑓𝑔 is the latent heat of
vaporisation in kJ/kg [4][6].

The sum of the direct and diffuse component of the solar
radiation in W/m2 is calculated using Equation 11:
𝐼 = 𝐼𝐷𝑁 𝑐𝑜𝑠𝜃 + 𝐼𝐷𝑆

𝜂=

𝑇1 −𝑇2
𝑇1 −𝑇0

× 100%

The direct solar component in W/m2 is calculated as follows:
−(𝐵⁄𝑠𝑖𝑛𝛽)

𝐼𝐷𝑁 = 𝐴𝑒
(7)

𝐼𝐷𝑁 = 1262.3 × 𝑒 −(

70 − 48
× 100% = 𝟓𝟓%
70 − 30

0.177⁄
𝑠𝑖𝑛20)

(12)

= 𝟕𝟓𝟐. 𝟑𝟑 𝑾/𝒎𝟐

Where A is the average apparent solar air irradiation at air mass
zero = 1262.3 W/m2, B is the atmospheric extinction coefficient
= 0.177m-1 (from the Empirical Solar Coefficient Values) and 𝛽
is the angle between the sun’s rays and the horizontal ground [4].

Where 𝑇0 , 𝑇1 , 𝑇2 are ambient, inlet and outlet temperatures of
the drying system measured in °C.

The diffuse solar component in W/m2 is calculated as by [4]
follows:

The heat loss through the wall is evaluated using Fourier’s
equation as follows:
𝑄 = 𝑈𝐴(𝑇𝑖 − 𝑇𝑂 )

(11)

Where 𝜃 is the incident angle in ° [4].

The drying efficiency is calculated as follows:
𝜂=

(10)

𝐼𝐷𝑆 = 𝐶𝐼𝐷𝑁 𝐹

(8)

(13)

𝐼𝐷𝑆 = 0.057 × 752.33 × 0.8907 == 𝟑𝟖. 𝟏𝟗𝟒𝑾/𝒎𝟐

𝑄 = 0.393 × [2(7.5 × 2.05) + 2(1.5 × 2.05) + 2(7.5 × 1.5)]
× (70 − 30) = 𝟎. 𝟗𝟑𝟒𝒌𝑱

Where C is the diffuse to direct normal irradiation from
Empirical Solar Coefficient Values and F is the angle factor
between the surface and the sky also evaluated by [4] as follows:

Where U is the overall heat transfer coefficient for the composite
wall in W/m2K, A is the total surface area of the drying chamber
in m2, 𝑇𝑖 and 𝑇𝑜 and the inner and outer temperatures of the
drying chamber in ℃ [8].

𝐹=
𝐹=

2.3.2. Flat Plate Solar Collector Design

1+𝐶𝑜𝑠𝛽

(14)

2

1 + 𝐶𝑜𝑠38.62
= 𝟎. 𝟖𝟗
2

The heat energy requirement is equal to the total amount of total
heat energy required to raise the air temperature to the drying
temperature and also that required to evaporate the water and dry
the fruit to the required moisture content was previously
calculated using Equation 6 and found to be 𝟐. 𝟎𝟒𝟖 × 𝟏𝟎𝟓 𝒌𝑱

The sum of the direct and diffuse component of the solar
radiation in W/m2 is calculated using Equation 11 as follows:

The best angle of tilt for maximum solar radiation is calculated
using Equation 9 [6]:

Where the angle of incidence 𝜃 is taken as 0 i.e., during noon
where the sun is directly facing the collector surface [4].

𝛽 = 10° + 𝐿𝑎𝑡𝜙

𝐼 = 𝐼𝐷𝑁 𝑐𝑜𝑠𝜃 + 𝐼𝐷𝑆
𝐼 = 752.33 × 𝑐𝑜𝑠0 + 38.194 == 𝟕𝟗𝟎. 𝟓𝟐𝟒 𝑾/𝒎𝟐

(9)

The total solar energy flux on the collector is calculated as
follows:

𝛽 = 10° + 28.62° = 𝟑𝟖. 𝟔𝟐°

𝐼𝑇 = 𝛼𝐼𝑡𝑑

Where 𝐿𝑎𝑡𝜙 is the latitude angle of the collector location taken
as 28.62° (Bulawayo, Zimbabwe)

(15)

𝐼𝑇 = 0.9 × 790.524 × 3 × 60 × 60 = 𝟕. 𝟔𝟖𝟒 × 𝟏𝟎𝟑 𝒌𝑾/𝒎𝟐
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The fan efficiency for all fan types ranges between 45 and 85%,
taking the fan efficiency as 85%, and taking the average altitude
above sea level as 4500ft. The working temperature i.e., 70℃ =
158℉ and approximately 25.37 Inches Hg (From the Altitude to
Barometric Pressure Table).

Where 𝛼 is the solar collector absorptivity and 𝑡𝑑 is the average
drying time.
The overall heat loss coefficient for the flat plate solar collector
is evaluated using Equation 18 [10]:
1
𝑈𝐿

=

1

+

[ℎ𝑐𝑝𝑔 +ℎ𝑟𝑔𝑎 ]

1

[ℎ𝑤 +ℎ𝑟𝑔𝑎 ]

+

𝐿𝑔
𝑘𝑔

(16)

2.3.4.Heat Exchanger Design
Assuming no heat losses in the duct that transfers heat from the
drying chamber exhaust to the heat exchanger, the amount of
heat energy received by the heat exchanger is calculated by [8]
as follows:

1
1
1
3 × 10−3
=
+
+
= 𝟗. 𝟎𝟏𝟑 𝑾/𝒎𝟐 𝑲
𝑈𝐿 [10 + 5] [15 + 10]
0.7
Where ℎ𝑐𝑝𝑔 is the convective heat transfer coefficient between

𝑄 = 𝑚̇𝑎 𝐶𝑎 ∆𝑇𝑙𝑚

the glass cover and the absorber plate (W/m2K), ℎ𝑟𝑔𝑎 is the

𝑄 = 0.02859 × 1.006 × 103 × (49 − 30) = 𝟖𝟑𝟒𝑾

radiative heat transfer coefficient between the glass cover and
the ambient air (W/m2K), ℎ𝑤 is the wind heat transfer coefficient

Where 𝑚𝑎 is the mass flow rate of air, 𝐶𝑎 is the specific heat
capacity of air at constant pressure and ∆𝑇 is the heat exchanger
change in air temperature in ℃.

in W/m2K, 𝐿𝑔 is the glass cover thickness in m, and 𝑘𝑔 is the
thermal conductivity of the glass cover in W/mK [10].
The collector area is therefore evaluated as follows:
𝐴𝑐 =

(𝛼𝜏)𝐼𝑇 −𝑈𝐿 (𝑇𝑐 −𝑇𝑎 )
𝑄𝑢

The logarithmic mean temperature difference of the heat
exchanger is found using the following equation:

(17)

∆𝑇𝑚 =

6

(0.9 × 0.9) × 7.684 × 10 − 9.013 × (70 − 30)
𝐴𝑐 =
2.048 × 105
= 𝟏𝟖. 𝟑𝟖𝒎𝟐

∆𝑇𝑚 =

Where 𝛼𝜏 is the absorptance-transmittance product of the
collector material, 𝐼𝑇 is the total solar energy flux on the
solar collector, 𝑇𝑐 and 𝑇𝑎 are the collector and ambient air
temperatures respectively, and 𝑄𝑢 is the useful energy absorbed
by the collector which is equated to the drying energy
requirement (E) [11].

ln[

The volumetric flow rate required for the drying rate is evaluated
by [6] as follows:
𝑚̇

𝐴=

(18)

Where 𝑚̇ is the mass flow rate of air in kg/s obtained from

𝐹𝑎𝑛 𝐻𝑃 =

834
= 𝟏𝟎. 𝟒𝟑 𝒎𝟐
5.7 × 14.022

A voltage of 12V was used as the nominal operating voltage of
the PV system. The DC fan power consumption is 0.215𝐻𝑝 ≈
160𝑊𝑎𝑡𝑡𝑠 as the system has to be overdesigned. The control
system and all the sensory devices were approximated to have a
total power requirement of 150Watts. A daily operational time
of 3 hrs yields the following daily energy requirement.

Fan power is then evaluated using the below equation [6]:
6320×𝐹𝑎𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

(22)

2.3.5. Solar PV System Sizing

calculations above and 𝜌𝑎 is the density of air at 70℃ [6].

𝐴𝑖𝑟 𝐹𝑙𝑜𝑤×𝑆𝑡𝑎𝑡𝑖𝑐 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝑄
𝑈∆𝑇𝑙𝑚

Where Q is the total heat energy received by the heat exchanger
in W, U is the overall heat transfer coefficient in W/m 2K and
∆𝑇𝑙𝑚 is the logarithmic mean temperature difference between the
two fluid streams in the heat exchanger [8].

0.02859
= 𝟎. 𝟎𝟐𝟐𝟒 𝒎𝟑 /𝒔
1.2754

𝐹𝑎𝑛 𝐻𝑃 =

(21)

The overall heat exchange area is therefore evaluated as follows:
𝐴=

𝜌𝑎

(∆𝑇ℎ𝑜𝑡 )
]
(∆𝑇𝑐𝑜𝑙𝑑 )

(49 − 40) − (40 − 30)
= 𝟏𝟒. 𝟎𝟐𝟐℃
(49 − 40)
ln [
]
(40 − 30)

2.3.3. Fan Sizing

𝑉𝑎 =

(∆𝑇ℎ𝑜𝑡 )−(∆𝑇𝑐𝑜𝑙𝑑 )

Where ∆𝑇ℎ𝑜𝑡 is the temperature difference of the hot stream of
the heat exchanger and ∆𝑇𝑐𝑜𝑙𝑑 is the temperature difference of
the cooler stream of the heat exchanger given the heated air, the
temperature is assumed to rise to 40℃ as per system requirement
[8].

collector, 𝑈𝐿 is the overall heat loss coefficient for the flat plate

𝑉𝑎 =

(20)

(19)

45.585 × 25.37
= 𝟎. 𝟐𝟏𝟓𝑯𝑷
6320 × 0.85
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𝐷𝑎𝑖𝑙𝑦 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 = (160 + 150) × 8ℎ𝑜𝑢𝑟𝑠
= 𝟐𝟒𝟖𝟎𝑾𝒉/𝒅𝒂𝒚
Some of the components in the PV system such as the charge
controller and the battery make use of energy to perform their
functions and additional energy is regarded as system losses and
a factor of 20% is included to compensate for the losses.
𝑇𝑜𝑡𝑎𝑙 𝐷𝑎𝑖𝑙𝑦 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 = 2480𝑊ℎ/𝑑𝑎𝑦 × 1.2
= 𝟐𝟕𝟗𝟔𝑾𝒉/𝒅𝒂𝒚
The total Watt Peak (Wp) of the PV capacity needed is calculated
by as follows according to the following equation by [6]:
Total Watt Peak of Panel =

𝑡𝑜𝑡𝑎𝑙 𝑑𝑎𝑖𝑙𝑦 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑛𝑡
𝑝𝑎𝑛𝑒𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

Total Watt Peak (Wp) of PV panel =

2796
3.1

(23)

RH2 represents the measured relative humidity inside the drying
chamber, Setpoint Rhum represents the relative humidity
setpoint, T1 and T2 are the inlet and outlet temperatures
respectively.

= 𝟗𝟔𝟎𝑾𝒑

Taking 3.1 as the power generation factor for Bulawayo,
Zimbabwe.

2.4. Detailed Design

The battery capacity is calculated using the following equation
[6] [9]:

The 3D representation of the developed system is as shown in
Fig 5 and Fig 6. The design was made up of a flat plate solar
collector, heat storage, a blower, a drying chamber, as well as a
control unit. Ambient air enters through the heat exchanger into
the flat plate solar collector where it moves into the drying
chamber either by natural convection or by the forced draught of
the blower/fan. The two temperature sensors are located at the
dryer inlet and outlet and the humidity sensor is placed at the
central position of the drying chamber. The automatic louvre
shutter opens and closes the dryer exit area to allow air in or out
of the drying chamber depending on the conditions inside the
dryer. A solar PV system with an inverter and a charge controller
is connected to the electrical components of the system to
achieve automatic control. The system reuses the excess heat
from the dryer exhaust gases. A heat storage section made up of
rocks of high thermal mass is placed underneath the flat plate
solar collector to store the excess heat to be used during the time
where there is no/less solar radiation. A backup heating system
aids in maintaining a constant temperature during cloudy/ rainy
weather to avoid food spoilage.

(24)
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =

310 × 8
× 3 ≈ 𝟏𝟐𝟎𝟎𝑨𝒉
0.85 × 12 × 0.6

Where DOA represents Days of Autonomy = 3 days and DOD
represents the Depth of Discharge = 0.6.
2.3.6.Control System Design
The drying of fruits is a parameter sensitive process and realtime monitoring and control of the drying parameters i.e.,
temperature, humidity and airflow rate is critical to maintain and
preserve the desired food quality and also it results in more
efficient and faster drying at the same time maintaining product
quality. The control system creates an autonomous off-grid solar
PV system and an automatic control of the system.
The system consists of two temperature and relative humidity
sensors for detection of the inlet and drying chamber temperature
and relative humidity values. The information from the two
sensors is sent to the microcontroller. The selected
microcontroller is the Arduino Uno which generates the logic for
the operation of the system and the actuation of the devices
(drying fan, auxiliary heating system and the and the automatic
louvre shutter) that are used to control the system conditions as
summarised in the table below.

3. Results Summary
The dryer design has a capacity of drying 100 kg of fruit to a
final moisture content of 10 % at an average time of 3 days. An
average optimum drying temperature of 70 ℃ is to be
maintained in the drying chamber. An average slice thickness of
3 mm is to be maintained for all fruits. The total collector area
was determined to be 18.4 m2, and the drying chamber volume
was determined to be approximately 18 m 3. The solar dryer has
an average drying efficiency of 55 % and the flat plate solar

Table 1. Drying Control System Pseudocode
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collector efficiency of 50.2 % based on the calculations from the
system modelling.
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Fig. 6. Fruit Dryer Concept

Fig. 7. Fruit Dryer Concept Views
4. Conclusion
This project provides a cost-effective design of a solar automatic
multi-fruit drying system with waste heat recovery. The project
gives an in-depth analysis of the effects of the various drying
parameters on the drying curve of various fruits and the design
of a more efficient drying chamber will lead to improved product
quality and profitability of the dried fruit business at large. The
system parameters were based on mathematical modelling of the
system backed by experimental data. It provides a solution to the
current problem of fruit spoilage due to poor post-processing and
preservation facilities by the Zimbabwean small-scale fruit
farmers. This leads to the value addition of their products thereby
sustaining and improving their livelihoods.
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Abstract: The energetic and the exergetic performances of four
packed bed thermal energy storage systems of identical volumes
are compared at three flow-rates (4 ml/s, 8 ml/s and 12 ml/s). The
systems are: a latent heat thermal energy (LHTES) system made
up of packed bed of encapsulated adipic acid, a sensible heat
thermal energy storage (SHTES) system made up of a packed
bed of gravel, a combined thermal energy storage system with
encapsulated adipic acid on top of a gravel bed (combined 1) and
a combined thermal energy storage system with gravel on top of
a bed of encapsulated adipic acid. Low flow-rate favour better
performances of all the systems during charging/discharging.
The LHTES system gave the best performance due to its higher
thermal energy storage density while the SHTES had the worst
performance. The combination of both phase change sensible
heat storage materials in a single thermal energy storage system
is best with the former on top of the layer of the latter. The
combined thermal energy storage system may give advantage in
terms of the reduction of the cost of a thermal energy storage
system but at a reduced efficiency compared to an identical
LHTES system.

controlled applications. Medium temperature domestic
applications like cooking of food can benefit from the use of
liquid based LHTES and SHTES systems to cater for the
mismatch between energy supply and demand. Few applications
of LHTES systems suitable for domestic medium temperature
cooking applications using liquid heat transfer fluids have been
presented in recent years to alleviate the problems associated
with the use of air [1-5]. The packed bed configuration is a
simpler heat transfer enhancement design as compared to others
such as the shell-in-tube for latent heat storage as it also presents
a much higher storage efficiency as reported recently by Lin et
al. [6]. Combined thermal energy storage (CTES) offers the
advantages of both LHTES and SHTES, and it is comparably
cheaper as compared to a pure LHTES system. There is still
limited recent studies reported about TES systems using this
innovation [7-10]. Also, limited work has been done on packed
bed TES systems using oil as the HTF in either LHTES or
SHTES configurations, thus more experimental work evaluating
these type of TES systems will provide great insights. A CTES
packed bed system using oil as the HTF has rarely been reported.
The HTF chosen for this particular study is Sunflower Oil
because of its advantages of being food grade, non-toxic, cheap
and having characteristics that are comparable to other
commercial HTFs as previously investigated in [11-12]. Recent
studies have suggested adipic acid as a suitable PCM for medium
temperature applications since it also food-grade and will not
contaminate food if used for a solar cooking application [13-14].
Despite the reported potentials, the use of adipic acid as a PCM
in a packed bed TES system has been rarely reported [15]. This
paper seeks to compare experimentally the thermal performances
of a LHTES system with the performances of a SHTES system
and two CTES systems.

Keywords: Combined systems; energy; exergy; latent heat;
sensible heat; thermal energy storage.
1. Introduction
Thermal energy storage (TES) is useful in addressing the
mismatch between the supply and demand of thermal energy.
The most economically viable options for domestic storage
applications are sensible heat thermal energy storage (SHTES)
and latent heat thermal energy storage (LHTES). SHTES is
cheaper than LHTES but it has a lower energy storage density.
Another advantage of LHTES is the nearly constant temperature
profile during storage and release of heat for temperature
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All the PCM capsules were heated up in an oil bath to ensure that
there were no leakages when the PCM melted. Table 1 shows the
thermo-physical properties of adipic acid.

2. Experimental setup and procedure
2.1. Encapsulation of PCM and thermo-physical
properties

2.2. Thermo-physical properties of the sensible heat
storage material

Forty spherical aluminum capsules were filled with adipic acid.
Each capsule had an approximate diameter of 0.05 m and a wall
thickness of around 0.001 m. The spherical capsules were hollow
spheres with holes at the top to allow for pouring of the PCM.
80 % of the internal volume of the capsule was filled up with
PCM to allow for thermal expansion. A small measuring
cylinder was used to carefully pour the PCM into each capsule.
It was ensured that approximately the same mass of PCM was
poured into each capsule by measuring the mass of the capsules
before and after pouring of the PCM with a mass balance. The
mass of the PCM in each capsule was about 40 g. Four capsules
with embedded K-thermocouples were used to measure the PCM
temperatures. The other remaining PCM capsules had screw caps
to seal them. Two PCM capsules with and without
thermocouples respectively are shown in Fig. 1.

Granites pebbles are used as the sensible heat storage material
and the properties are given in Table 2. These were determined
experimentally and the details of the experiments are reported in
[16]. A photograph of the granite pebbles with an average
longitudinal particle size of 31.9 mm is shown in Fig. 2.

Fig. 2. A photo of granite pebbles.
Table 2. Thermo-physical properties of the granite pebbles
Void fraction of
pebbles in the
storage tank (-)

Density (kgm-3)

Specific Heat
Capacity (Jkg-1K1
)

0.43

2634

798

Fig. 1. (a) Screw cap sealed PCM capsule. (b)
Thermocouple screw cap sealed PCM capsule.
2.3. Experimental setup
The schematic diagram of the experimental setup is shown in
Fig. 3. For the LHTES system, forty spherical PCM capsules
were put into the TES tank (a) and Sunflower Oil was used to fill
up the void in the tank up to Level A. The void fraction of the
PCM capsules in the storage tank was 0.49 as shown in Table 1.
Granite pebbles with an average longitudinal size of 31.9 mm
constituted the sensible heat storage system with a void fraction
of 0.43 in the storage tank. These pebbles were inserted up to
Level A and Sunflower Oil was used to fill up the void between
the pebbles. For the first combined system, the upper half of
storage tank (Levels A and B) was filled with the PCM capsules
while the bottom half was filled with granite pebbles (Levels C
and D) in a volume storage ratio of 1:1 (i.e., 50 % encapsulated
adipic acid capsules and 50 % granite pebbles). For the second
combined system, the upper levels of the storage tank (Levels A
and B) were filled granite pebbles and the bottom levels were
filled with PCM capsules (Levels C and D) in the same storage
ratio (i.e., 50 % granite pebbles at top and 50 % encapsulated
adipic acid capsules at the bottom). The heating unit (g)

Table 1. Thermo-physical properties of EPCM
Property
Melting Temp. (oC)

Value
150-152

[24]

Specific Heat Capacity
(kJ/kgK)

1.59 (20 oC), 2.26 (150 oC] [24]

Phase change enthalpy
(kJ/kg)

213–260 [25]

Density(kg/m3)

1360 (20 oC), 1093 (163 oC) [25]

Thermal conductivity
(W/mK)

0.142-0.162 [26]

Mass of PCM in
capsule (g)

~40 ± 0.5

Void fraction in TES
tank

0.49
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temperature: 150 oC, ± 1% of the measured value) connected to
heat exchanger (e) which cooled it so that its maximum operating
temperature of 150 oC was not exceeded. The data acquisition
unit (j) logged data to the personal computer (i) which monitored
the temperature profiles of the TES systems and the PCMs. The
data-logging interval was 10 s.

consisted of two heating coils with embedded copper spiral coil
for circulating oil. The electrical coils each had a power rating
900 W when supplied with a voltage of 220 V. A TZN4S
temperature controller (display accuracy: ±0.3% (h)) controlled
the maximum temperature of the heating unit. The diameter of
the insulated TES tank (a) was 0.3 m and its height was 0.54 m.
The inlet and outlet temperatures to and from the storage were
measured with K-type of thermocouples calibrated to an
accuracy of ±2 oC.

Valves (1), (2), (4) and (7) were closed while valves (3), (5), (6)
and (8) were opened for the charging processes. The bottom
temperatures of the storages (TD) were around 170 oC when
charging was terminated. For the discharging experiments,
valves (2), (4) and (7) were opened while valves (1), (3), (5), (6)
and (8) were kept closed. For the discharging processes, the
outlet temperatures of the storages were around 80 oC when
discharging was terminated. To investigate the effect of the flowrate during charging, the heater temperature was set to 260 oC
and three flow-rates were used (4 ml/s, 8 ml/s and 12 ml/s). After
charging experiments, discharging experiments were carried out
with the same flow-rates of 4 ml/s, 8 ml/s and 12 ml/s
respectively. The discharging unit (d) was an insulated 5 litre
stainless steel water pot with a copper spiral coil immersed in it
so that heat from the storage tank was transferred to the water.
Charging and discharging experiments were performed from the
top to the bottom of the storage tank.

Fig. 3. Schematic diagram of experimental setup.

3. Experimental thermal analysis

consisted of two heating coils with embedded copper spiral coil
for circulating oil. The electrical coils each had a power rating
900 W when supplied with a voltage of 220 V. A TZN4S
temperature controller (display accuracy: ±0.3% (h)) controlled
the maximum temperature of the heating unit. The diameter of
the insulated TES tank (a) was 0.3 m and its height was 0.54 m.
The inlet and outlet temperatures to and from the storage were
measured with K-type of thermocouples calibrated to an
accuracy of ±2 oC. Three radial temperatures for each axial level
(Levels A-D) were measured to evaluate the average axial
temperature. The radial temperatures were measured with Ktype thermocouples placed at radial distances of 0.013 m, 0.038
m and 0.064 m, respectively. The PCM temperatures in the
latent heat storage system was monitored by four capsules with
K-type of thermocouples. Each capsule with a thermocouple was
placed centrally at each of the axial levels. For the top half PCM
combined storage system, two PCM capsules with
thermocouples were placed centrally at Levels A and B. For the
other combined system, two PCM capsules were placed centrally
at Levels C and D. The accuracy of the thermocouples was
around ±2 oC. Sunflower Oil was circulated during experiments
by using a magnetic-drive pump (b) which was controlled setting
a desired frequency for the required flow-rate using an electronic
micro drive (c)(maximum error: 0.8% of full scale). The flowrate was measured with a flow meter (f) (maximum operating

3.1. Thermal performance parameters
The following thermal performance parameters used to evaluate
and compare the performance of the four TES systems.
Charging energy rate (W),

(

.
E ch = ρ av c av V ch Tchin − Tchout

)

(1)

Total energy stored (J),

(

)

.
tf
EST =  ρav cav V ch Tchin − Tchout dt
tini

(2)

Charging exergy rate (W),

. 
 T 
E xch = ρav cav V ch  Tchin − Tchout − Tamb ln  chin 
 Tchout 


(

)

(3)

Total exergy stored (J),

. 
T

tf
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4. Results and Discussion
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4.1. Charging Experiments
0

For the lowest flow-rate (4ml/s), the four TES systems show the
energy rates initially rising to peak values as the temperature
differences are large between the top and the bottom of the TES
tanks (Fig. 4). As time progressed, the outlet storage
temperatures began to rise causing the energy rates to drop from
the peak values. The sensible heat packed pebble-bed rises to a
greater peak value of about 950 W due to the greater degree of
thermal stratification along the height of the storage during the
initial stages of charging. A rapid decline in the energy rates
however followed from the peak value. Combined system 1 (top
half PCM) shows a slightly greater peak energy rate of about 900
W as compared to the other combined system and the LHTES
system. This is due to the larger degree of thermal stratification
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Fig. 4: Energy rate profiles at a charging flow-rate of (A) 4
ml/s, (B) 8 ml/s and (C) 12 ml/s for the four TES systems.
of in the combined system 1 tank. The effect of latent heat is
clearly seen with the three storages with PCMs from about 80
mins to about 110 mins where the energy rates seem to rise to
slightly higher values when the phase change processes are
occurring. This happens because of the temperature profiles at
the bottom outlet ports are almost constant during phase change,
whereas at the top inlet temperatures are still rising causing a rise
in the temperature difference between the top and the bottom of
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the storage tanks. Combined system 1 shows greater energy rate
values during this phase change transition period rising slowly
to secondary peak of around 700 W induced by the larger
temperature difference between the top and the bottom of its
storage tank. This is followed by the pure LHTES system which
rises slowly to around 630 W, and lastly by combined system 2
which rises slowly to around 550 W because of its least thermal
gradient between the top and the bottom of the storage tank after
phase change occured at the bottom. Slightly greater peak values
are achieved in the four TES systems at earlier times with the
increase in the charging flowrate due to the increase in the heat
transfer rate into the TES tanks.
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The peak energy rates for the CTES systems and the SHTES
system are comparable at 8 ml/s with peak values greater than
950 W. The packed bed of adipic acid shows lower values of the
energy rates due to lower axial thermal gradient induced by
phase change transitions through the whole storage tank. The
SHTES system also shows the greatest drop from the peak value
due to its lower thermal energy storage density which allowed
the temperature at the bottom of the tank to rise faster. The
combined system with PCM at the top also shows greater energy
rate values after the peak values as with the lower flow-rate. The
slow rise of the energy rate values is also depicted by the profiles
of combined system 2 (with bottom half PCM) and the LHTES
system.
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The highest flow-rate (12 ml/s) resulted in even greater heat
transfer rate such the temperature differences between the inlet
and outlet temperatures became smaller thus lowering the energy
rates as compared to the other cases. There is an evident higher
drop in peak energy rate for the LHTES to the SHTES because
the PCM attain phase change temperature faster causing lower
axial thermal gradients. In contrast to this, the combined systems
seem to maintain higher thermal gradients such that the drop
from the peak energy rate values is less pronounced. Combined
system 1 shows greater energy rates from around 25 mins to 100
mins as compared to the other TES systems. Combined system 2
shows greater energy rate values after 100 mins until the end of
charging. This is possibly due to the greater thermal gradients in
the sensible heat part of the storage after melting of the PCM for
this system. The result supports the idea of charging a CTES
system with PCM at the bottom requires high flow-rates in order
to achieve greater energy storage rates.
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Fig. 5: Exergy rate profiles at a charging flow-rate of (A) 4
ml/s, (B) 8 ml/s and (C) 12 ml/s for the four TES systems.
also shows the greatest drop from the peak value due to the
greater degree of heat transfer induced by its lower void fraction.
Increasing the flow-rate from 4 ml/s to 8 ml/s increased the heat
transfer rate such that peak exergy values are obtained earlier.
The peak exergy rates with a flow-rate of 8 ml/s are almost
identical to the ones obtained with a flow-rate of 4 ml/s for both
CTES systems and the SHTES system. The flow-rate thus has
only a marginal effect on the peak exergy values for the

The exergy rate profiles for the four TES systems are shown in
Fig. 5. Exergy rate profiles show more or less the same variations
as the energy rate profiles depicted in Fig. 6. The exergy rate
profiles have lower values than the energy rate profiles since heat
losses are accounted for. For the lowest flow-rate, combined
system 1 shows larger exergy rates after the drops from the peak
values as is the case with the energy rates. The SHTES system
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combined systems and the sensible heat system. On the otherhand, for the LHTES system, the first peak exergy rate is
considerably lower (around 450 W) for the high flow-rate as
compared to 600 W for the lower flow-rate. This suggests that
the quality of energy delivered to the LHTES system became
lower with increase in the flow-rate. However, once the PCM
completely melted, the exergy rate profiles for the LHTES
system became comparable for 4 ml/s and 8 ml/s. The SHTES
system shows the greatest drops from the peak exergy values for
4 ml/s and 8 ml/s respectively, due to the lower degree of thermal
stratification induced by faster heat transfer rates as with the case
of the energy rates profiles. The best thermal performance is
seen with combined system 1 which shows higher exergy rate
values for a longer duration when charging with 4 ml/s and 8
ml/s.

(A) 4 mls

-1

Pebble
Adipic acid
Combined 1 (PCM top)
Combined 2 (PCM bottom)

Energy rate (W)

600

400

200

0
0

20

40

60

80

100

120

140

Time (mins)
800
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For the flow-rate of 12 ml/s, the peak values are lower as
compared to the other cases due to the greater heat transfer rates
which lower the temperature differences between the inlet and
outlet temperatures. The worst performance is shown with the
LHTES system. The CTES systems maintained axial thermal
gradients in the sensible heat portions under this high flow-rate
such that the exergy rate profiles show less pronounced drops. In
fact, combined system 2 shows higher exergy rate values for a
longer duration after the phase change processes from around 80
mins to 160 mins suggesting that high flow-rate charging is more
beneficial to the CTES system with PCM placed at the bottom
half of the TES tank since the phase change process at bottom is
more effective with a greater heat transfer rate.

-1

Pebble
Adipic acid
Combined 1 (PCM top)
Combined 2 (PCM bottom)

Energy rate (W)

600

400

200

0
0

20

40

60

80

100

120

Time (mins)
800

(C) 12 mls

-1

Pebble
Adipic acid
Combined 1 (PCM top)
Combined 2 (PCM bottom)

600

Energy rate (W)

4.2. Discharging experiments
The energy discharging rates at different flow-rates are presented
in Fig. 6. For the lowest flow-rate, the best thermal performance
is seen with the LHTES system which shows higher values from
20 mins until the end of discharging. The SHTES gave the least
energy values due to its lower thermal energy storage density.
For the three TES systems with PCM, distinct plateaus due to the
phase change processes are seen between 20 to 60 mins. An
increase in the flow-rate from 4 ml/s to 8 ml/s caused faster rate
of heat transfer from the beds and created some sort of turbulence
as the phase change plateaus of the combined systems occur
earlier with noticeable fluctuations between 10 and 30 mins. For
the highest flow-rate (12 ml/s), the best performance is seen with
combined storage 1 indicating that an increase in the HTF flowrate enhances the performance of this system as with the
charging case. The worst performance is seen with the SHTES
system which shows more pronounced fluctuations at lower
energy rate values. The performance of combined storage 1 is
comparable to LHTES system during the first 20 mins of
discharging. Combined storage 1, however, shows higher values
after 20 mins. Discharging exergy rates with different flow-rates
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Fig. 6: Discharging energy rate profiles at flow-rate of (A) 4
ml/s, (B) 8 ml/s and (C) 12 ml/s for the four TES systems.
are shown in Fig. 15. The exergy rates are lower as compared to
the energy rates since heat losses are accounted for. The same
trends as in the energy rate profiles are seen with the exergy rate
profiles. The packed pebble bed of sensible heat storage
generally shows the worst performance during the discharging
processes. The performance of combined storage 2 seems to
improve with an increase in the flow-rate, while the performance
of the latent heat storage system tends to degrade. The
performance of combined storage 1 seems to be the second best
at all the flow-rates.
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Table 3. Energy and exergy efficiencies of the four TES
systems at the different flow-rates
Parameter

Flowrate

Pebble

Adipic

Combined
1

Combined
2

Energy
efficiency

4

0.15

0.42

0.33

0.26

8

0.15

0.13

0.22

0.14

12

0.06

0.38

0.15

0.16

4

0.19

0.58

0.32

0.30

8

0.17

0.14

0.23

0.14

12

0.06

0.39

0.15

0.16

Exergy
efficiency

Essentially, the combined thermal energy storage system may
give advantage in terms of the reduction of the cost of a thermal
energy storage system but at a reduced efficiency compared to
an identical LHTES system.
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Abstract: Solar energy supply does not always match demand
and it is therefore necessary to investigate efficient ways of
storing thermal energy. Sorption based thermochemical heat
storage provides high energy densities as well as an exceptional
advantage in minimizing losses when utilised for long-term heat
storage. To commercialize sorption storage systems, additional
research and development is required to validate numerical
models to allow for accurate design calculations. A lab-scale
prototype was developed to analyse the thermal storage
characteristics of zeolite 13X in an open (non-pressurised)
sorption system. The experiments that were conducted involved
a reversible reaction between a solid (zeolite 13X) and a gas
(water vapour in air). Two charging (desorption) processes were
conducted, where the zeolite pellets were dehydrated by hot air
at 130 oC and 200 oC respectively. During the two corresponding
discharging (adsorption) tests, humidified ambient air was
supplied to the reactor bed, which rehydrated the zeolite
particles, resulting in a temperature increase of between 2838 oC. The results obtained from this experimental work will be
used to inform the design of a sorption heat storage system for a
solar thermal plant.

Since solar energy supply does not always match demand,
Thermal energy storage (TES) has been identified as critical in
these systems. Among the different TES methods, sorption
(adsorption and absorption) heat storage is promising compared
to conventional sensible TES and latent TES. Sorption TES can
provide high energy density and can store energy long periods of
time and can offer both heat storage and cold storage functions
[3]. Water is the most feasible sorbent in open and closed
systems due to safety, cost and availability. Typical physical
water sorption materials include silica gel [4], zeolites [5],
silicoaluminophosphates
(SAPOs)
and
metal-organic
frameworks (MOFs) [6].
Zeolites are traditionally referred to as a family of openframework aluminosilicate materials consisting of orderly
distributed micropores in molecular dimensions, they have high
hydrothermal stability and low production costs making them a
good candidate for TES [7]. The TES in Zeolites is based on
adsorption, which involves the attachment of gas molecules to the
surface of a solid. This process differs from absorption, which
involves the bonding of gas molecules to a liquid. The substance
that is adsorbed is called the adsorbate. The adsorbate enters the
pores of the adsorbent and a chemical bond is formed which
releases energy as a result (refer to Figure 1). When the pores are
saturated, no further heat is released. The system can then be
regenerated by heating the adsorbent to a suitable temperature to
break the bonds between the adsorbent and adsorbate. This is an
endothermic process and can also be referred to as desorption. Once
the system has been regenerated, the adsorption process can be
repeated. [8]

Keywords: Adsorption, Zeolite 13X, Water, Thermochemical
Heat Storage
1. Introduction
Global industrial development over the past century has largely
relied on the combustion fossil fuels, which has resulted in the
release of a large amount of CO2 gas and other toxins, which are
harmful to the environment. There is therefore, an urgent need to
establish eco-friendly and cost-effective processes to reduce the
reliance on fossil fuels and energy consumption in industry [1].
Thermal energy is the dominant energy end-use in industry,
accounting for an estimated two thirds of demand [2]. Direct
solar thermal integration into existing industrial heating systems
has the potential to reduce the direct consumption of fossil fuels.

Figure 1. Adsorption and desorption processes [8]
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ambient air while red is representative of hot air. The hot air, exiting
the electric heater, is supplied to the packed bed reactor. This leads
to the breakage of the bonds between the adsorbent (zeolite 13X)
and adsorbate (water vapour), resulting in the dehydration of the
zeolite particles. As a consequence, hot humid air is exhausted to
the environment from the outlet of the reactor.

The charging (adsorption) and discharging (regeneration)
process for Zeolite 13X-Water is represented in equation 1 where
𝐴𝐴(𝑠𝑠) represents the zeolite 13X (solid), 𝐻𝐻2 𝑂𝑂(𝑔𝑔) represents water
vapour in air and ∆𝐻𝐻 represents heat of adsorption or hydration.
[9]
𝐴𝐴(𝑠𝑠) + 𝑥𝑥 ∙ 𝐻𝐻2 𝑂𝑂(𝑔𝑔) ⇄ 𝐴𝐴 ∙ 𝑥𝑥 ∙ 𝐻𝐻2 𝑂𝑂(𝑠𝑠) + ∆𝐻𝐻

(1)

The cylindrical packed bed reactor has a diameter of 400 mm and
a height of 620 mm. A diffuser is attached to the inlet of the packed
bed to distribute the air more evenly. A nozzle is attached to the
exit of the packed bed to allow a smoother flow of air through the
rig. The reactor comprises of several thermocouple ports to
determine the temperature profiles through the packed bed. The
thermocouples were positioned at approximately 100 mm
increments along the axis of the reactor. The exact positions of the
thermocouples are illustrated in Figure 4

A prototype using zeolite 13X (40 kg) and water vapour as the
adsorbent-adsorbate pair was developed by [10]. The rector was
charged at temperatures between 120 and 180 °C. During the
discharge cycle, an average temperature increase of 38 °C was
achieved at the outlet of the reactor for a period of 8 h. The inlet
humidity was 10 gw/kgda and the flow rate was 180 m3/h. A
revolving reactor was developed by [11] to minimise nonreactive zones. The maximum power delivered was 1.5 kW and
the maximum temperature lift achieved at the outlet of the
reactor was 60 °C. ZAE Bayern developed two mobile sorption
storage systems of 14 tons in Germany. The zeolite-13X was
regenerated at 130 °C with air from an industrial waste heat
stream and discharged with moist air at 60 °C [12].

Relative humidity sensors are positioned at the inlet and outlet of
the rig, to monitor the temperature and humidity entering and
leaving the reactor. To minimise heat losses to the environment, the
reactor wall is insulated with a ceramic fibre blanket of 75 mm
thickness.

The purpose of this paper is to demonstrate the capability of
zeolite 13X (adsorbent) for solar thermal storage in a Southern
African context since most previous studies were conducted
internationally. The adsorbate was water vapour in humid air.
The system was regenerated at two different temperatures i.e.
130 oC and 200 oC, using an electric heater, and the results (from
the adsorption and regeneration/desorption tests) are presented
and compared. Lower temperatures in the vicinity of 130 oC are
achievable by non-concentrating solar collectors such as
evacuated tube collectors which have an operating temperature
between 50 and 200 oC [13]. For higher temperatures (around
200 oC) concentrating solar collectors such as parabolic troughs
will be required which can operate between 60 and 300 oC [13].

For the discharging cycle (refer to Figure 3), the electric heater is
repositioned (i.e. from main air stream) and connected directly to
the steam humidifier. A second blower is added to the system to
provide air supply to the electric heater. The humidifier is a basic
heat exchanger (shell and tube). The electric heater transfers heat
from air (in the shell) to water in the tube of the humidifier. The
humidifier starts producing steam, as the boiling point of the water
is approached, which is added to the air entering the reactor. The
zeolite particles adsorb the water vapour from the humid air and
release the heat stored. The flow path of the air through the system
is illustrated by arrows in Figure 3.

2. Experimental Apparatus
A packed bed thermal storage rig was designed and developed at
the Council for Scientific and Industrial Research (CSIR). The
major components include a centrifugal blower, electric heater,
steam humidifier and packed bed reactor. Two configurations are
illustrated, one for charging (Figure 2) and one for discharging
(Figure 3) the packed bed. The components bordered by the dashed
lines are repositioned for the charging and discharging cycle.
For the charging/ desorption cycle, the blower draws in air from the
environment, through the conical inlet flow meter. The pressure
differential at the throat of the conical inlet is measured to
determine the mass flow through the rig. The air is then heated by
the electric heater where the temperature is increased to between
130 oC to 200 oC. The arrows in Figure 2, represent the flow path
of the air moving through the system. Blue is representative of

Figure 2. Diagram of rig showing charging configuration
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the water vapour from the high humidity air stream. This resulted
in an increase in the temperature of the packed bed exit to 35 oC
up until a time of t=1.6h. As the thermocline moved through the
bed, subsequent layers of Zeolite underwent the desorption of
water vapour, until eventually the entire packed bed was
regenerated and the exit temperature (z=0.62 m) was raised to
130 oC. The regeneration cycle lasted for 6 hours. The results are
consistent with [14] in terms of the profile shape and duration of
the cycle taking into consideration that their charging
temperature was slightly higher at 150 oC

Figure 3. Diagram of rig showing discharging configuration

Figure 4. Thermocouple Locations in packed bed reactor
Figure 5. Temperature profiles for charging cycle 1
The specific humidity and mass flow rate results for charging
cycle 1 are presented in Figure 6. The inlet (ambient) humidity
range was between 5-10 gw/kgda for the entire cycle. The
maximum outlet humidity was 30 gw/kgda. The outlet humidity
decreased as the bed dried. The outlet humidity should agree
with the inlet humidity at the end of the test as no more water is
being desorbed. However, the humidity sensors are not accurate
at temperatures above 100 oC due to the reduced scale of relative
humidity in this temperature range. According to [15] the
specific humidity is ±10% accurate at a temperature of
150 oC. The average mass flow rate was 142 kg/h for the cycle
and varied by 2% during the test.

3. Results
Two charging (desorption) cycles and two discharging
(adsorption) tests are presented in this paper that are
representative of a solar thermal system. For the first charging
test, the bed was heated to a temperature of approximately
130 oC and for the second charging test the bed was heated to a
temperature of approximately 200 oC. The 130 oC temperature
could be achieved using non-concentrating collectors, whilst
concentration would be required to reach 200 oC. The
corresponding discharging cycles are presented and discussed.
3.1. Charging Cycle 1 (130 oC)
The temperature profiles (at the centre of the reactor) for the first
charging test are presented in Figure 5. The temperature of the
inlet air was raised to 130 oC by the electric heater. At the
beginning of the cycle, the top layers of zeolite were heated by
the inlet air stream, resulting in the desorption of water vapour.
The cooler zeolite particles at lower levels in the bed readsorbed

3.2. Charging Cycle 2 (200 oC)
The temperature profiles for the second charging test are
presented in Figure 7. The inlet temperature was raised to 200 oC
for this cycle. The time taken to complete the cycle was 3.5 hours
which was significantly lower than 6 hours for the first test. This
shows that a higher temperature greatly influences the
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Figure 6. Humidity and flow rate for charging cycle 1

Figure 8. Humidity and flow rate for charging cycle 2

regeneration time. The results are similar to [14] in terms of the
profile shape and duration of the cycle taking into consideration
that their charging temperature was slightly lower at 180 oC.

The humidity started to decrease from 90 minutes, since
approximately half the bed was dry, and continued to decrease
to 27 gw/kgda around the 3-hour mark. Thereafter it started to
increase before levelling off at around 33 gw/kgda towards the end
of the test. The outlet humidity should continue to decrease (from
90 minutes) as the bed dries.
However, the relative humidity sensor becomes less accurate as
the temperature increases above 100 oC. This can be observed as
the outlet temperature starts to rapidly increase around the 3-hour
mark and at the same time the outlet humidity starts to increase.
According to [15] the specific humidity is ±34% accurate at a
temperature of 200 oC. The average mass flow rate was 135 kg/h
for the cycle and varied by 2% during the cycle.
3.3. Discharging Cycle 1
The temperature profiles at the centre of the reactor are presented
in Figure 9. Ambient air was supplied to the inlet of the reactor
at approximately 33 oC. The maximum temperature realised at
the outlet of the reactor was 61 oC which is a temperature
increase of approximately 28 oC across the reactor. The cycle
lasted for almost 8 hours. The adsorption occurred at the upper
layers of zeolite first before proceeding to the next layer below
it. This can be clearly seen on the graph as the bed cools down
to ambient at different times indicating that adsorption is
complete on that layer.

Figure 7. Temperature profiles for charging Cycle 2
The specific humidity and mass flow rate results for charging
cycle 2 are presented in Figure 8. The maximum humidity at the
outlet was 45 gw/kgda,, which was higher than charging cycle 1.

It took approximately 30 min for the outlet of the bed to heat up.
Initially, the heat at the outlet (z = 0.62 m) is due to sensible heat
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that is transferred from the upper layers until finally the
adsorption reaches the lowest layer, i.e. closest to the outlet.
Once adsorption is complete on the lowest layer the outlet cools
down to ambient indicating that all the heat stored has been
discharged.

3.4. Discharging Cycle 2
The temperature profiles are presented in Figure 11. The
temperature increase was approximately 38 oC which was higher
than discharge cycle 1 of 28 oC. The cycle was also
approximately 30 minutes less than the first test. This is due to a
slightly higher humidity supplied to the reactor and hence higher
adsorption rate.

The humidity and mass flow rate results are presented in Figure
10. The test was conducted on a very dry day. The inlet humidity
at the start of the test was approximately 9 gw/kgda before
decreasing to 5 gw/kgda at the end of the test which is relatively
low. The outlet humidity was 0 gw/kgda for majority of the test
since almost all the water entering the reactor was adsorbed by
the zeolite pellets. Once the adsorption process nears completion
the outlet humidity rapidly increases to match the inlet humidity
since no more water is being adsorbed by the zeolite pellets. The
average mass flow rate was 164 kg/h for the cycle and varied by
approximately 2% during the test.
The results achieved are consistent with [14] where s
temperature lift of 25 oC was realised after charging the bed
to 120 oC and discharging it at a humidity of approximately 7
gw/kgda (50% RH at 20 degrees). The outlet temperature of
approximately 60 oC is suitable for drying applications with the
added benefit of approximately 0 gw/kgda humidity in the air after
passing through the packed bed of zeolite.

Figure 10. Humidity and flow rate for discharging cycle 1

Figure 11. Temperature profiles for discharging cycle 2

Figure 9. Temperature profiles for discharging cycle 1

47

The humidity and mass flow rate results are presented in Figure
12. The inlet humidity was maintained at approximately
12 gw/kgda for this test. This is slightly higher than the first test.
The outlet humidity was 0 gw/kgda for majority of the test. It then
rapidly increases to match the inlet humidity indicating that no
more water is being adsorbed and the cycle is complete. The
average mass flow rate was 170 kg/h for the cycle and varied by
approximately 2%.

Figure 13: Energy stored in the reactor

Figure 12. Humidity and flow rate for discharging cycle 2
The results achieved are consistent with [14] where s
temperature lift of 37 oC was realised after charging the bed
to 180 oC and discharging it at a humidity of approximately
10 gw/kgda (70% RH at 20 degrees). The outlet temperature of
approximately 75 oC is also suitable for drying applications and
can also be used for heating water or pre-heating combustion air.

Figure 14: Energy released from reactor

3.5. Energy Stored and Released

4. Conclusion

The energy stored during the two charging cycles is presented in
Figure 13. A maximum of 3.7 kW was absorbed during charging
cycle 1 and a maximum of 6.1 kW was absorbed during charging
cycle 2. The total energy stored (based on the area under the
curve) was 10.78 kWh and 14.93 kWh respectively.

Zeolite thermal storage has the potential to greatly improve the
efficiency of existing industrial systems. The integration of
zeolite thermal storage with solar energy can significantly reduce
overall energy costs and carbon emissions. From the testing
conducted it is evident that zeolite can be regenerated at
temperatures as low as 130 oC which is achievable by solar
thermal systems. The time taken to regenerate the packed bed
was 6 hours at a temperature of 130 oC and 3.5 hours at a
temperature of 200 oC. With regards to the discharge/ adsorption
cycle, a temperature lift of 28 oC was realised across the reactor
when it was regenerated at 130 oC whereas a temperature lift of
38 oC was observed across the reactor when it was regenerated
at 200 oC. This is a difference of 10 oC between the two tests.

The energy released during the two discharging cycles is
presented in Figure 14. A maximum of 1.6 kW was released
during charging cycle 1 and a maximum of 1.2 kW was released
during charging cycle 2. The total energy discharged was 7.53
kWh and 10.03 kWh respectively. The overall energy efficiency
for the two tests were 69.9% and 67.2% respectively. This agrees
with the overall energy efficiency calculations done by [16] for
an open sorption storage system.

48

However, the humidity achieved at the inlet in the first cycle was
significantly lower (approximately 4-6 gw/kgda less) than the
second cycle. According to [9], the temperature increase across
the reactor is a significant function of the humidity and this is the
apparent reason for the deviation of 10 oC. The total energy
released during discharging cycle 1 was 7.53 kW compared to
10.3 kW for discharging cycle 2. However, charging cycle 2
absorbed 4.1 more kW than charging cycle 2. The energy
efficiency for the two tests were 69.9% and 67.2% respectively.
It can be concluded that zeolite 13X can be regenerated at low
temperatures (as low as 130 oC) with a similar efficiency
achievable as higher regeneration temperatures. The next step of
our work is to develop a solar thermal testing facility using
evacuated tube solar collectors and demonstrate the efficiency of
zeolite 13X for thermal storage in South African climatic
conditions.

[9] B. Mette, H. Kerskes, H. Druck and H. Muller-Steinhagen,
“Experimental and Numerical Investigations on the water
vapour adsorption isotherms and kinetics of binderless
zeolite 13X.,” International Journal of Heat and Mass
Transfer, pp. 555-561, 2014.
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Abstract: Solar powered food dryers are a key technology to
tackle both the problems of climate change and food
deterioration. Therefore, they are attractive to be implemented in
African countries where the sun is mostly abundantly available
and food preservation is often a problem. Especially small
standalone solar units for domestic usage seem to be a good
solution to face the problem of food losses in rural households.
However, there is still a vast amount of research needed to
optimise these dryers as they employ a complex combination of
fluid mechanics, and heat and mass transfer phenomenon.
Therefore, this study presents a detailed experimental analysis of
a specially designed solar dryer geometry to ensure uniform and
fast drying. The performance of the dryer is measured under
stable lab conditions of constant heat flux and fixed air flow
rates. The dryer is placed under an artificial sun consisting of 36
lamps with 1kW power each, providing the spectrum of sunlight.
This gives a constant heat flux of 1100 W/m 2 on the solar
collector of the dryer. A total of 20 thermocouples are installed
in the dryer at various locations, like in the collector, the drying
chamber, and the outlet. The transient temperature evolution of
the dryer is measured for three different air flow rates. It was
shown that the response time of the dryer ranges from 60 till 90
minutes and that temperatures can be reached up to 60 °C and 32
°C at the slowest and fastest flow rate measured. Based on the
measurement data, a thermal model of the dryer was developed
which can be used to predict its efficiency in various operational
conditions, not only in laboratory conditions, but also in field
conditions.

shortage, especially in the context of developing countries.
However, the utilization of solar energy for the drying of foods
still faces huge technological gaps in terms of developing lowcost and energy-efficient dryers for the production of highquality foods. Proper design, performance evaluation and
selection of components for a solar dryer are compulsory for the
effective utilization of thermal energy [2].
The performance of solar food drying units should be improved
and optimized towards a more controlled, faster and more quality
drying. Performance evaluation of improved and emerging
designs compared to conventional ones is done experimentally,
numerically or using a combination of the two methods. Using
experimental investigations, the performance of solar powered
Thymus drying unit with and without phase change material
(PCM) was studied [3]. The results showed a 50% reduction in
drying time by incorporating a PCM in an indirect solar dryer.
The thermal performance of an indirect solar dryer with an
improved solar collector unit design was experimentally
investigated for drying apples and watermelons [4]. A fixed
airflow speed (v = 0.5m/s at the inlet to the collector unit) was
used to prove the better thermal efficiency of the design by
comparing it with literature [5]. The results obtained
recommended a further study on the effect of airflow speed. A
performance analysis on a newly developed mixed mode forced
convection (MFC) solar dryer was performed by measuring inlet
and exit speeds and temperatures of the drying air at a single
point on each of the rack shelfs [6]. The overall thermal
efficiency of MFC solar drier was found to be 33.5%.
Experiments under controllable laboratory conditions were
recommended to accurately analyse the performance of solar
food dryers [7]. The controllability of the ambient conditions
resulted in a better thermal performance analysis by identifying
temperature dynamics of a solar drying system.

Keywords: Novel solar dryer; Heat transfer; Solar dryer
performance
1. Introduction
Solar food drying is a process of moisture removal from food
through simultaneous heat and mass transfer processes using
solar radiation as energy source. The use of solar energy for food
drying applications is becoming popular due to the rapid
depletion of natural fuel resources, rising fossil fuel costs, and
environmental damages [1]. A solar powered food dryer is a
sustainable technology to tackle both climate change and food

A digital twin model of fruit dryer was developed to
accommodate different fruit types and sizes, the particular dryer
configuration, and specific weather conditions to determine
drying times and final product quality [8]. Using the digital twin
dryer and numerical simulations, various improvement strategies
and pre-treatment processes were evaluated for solar drying. A
solar fruit and vegetable dryer design was optimized to convert

50

a direct cabinet dryer into a new indirect dryer using
experimental data and numerical simulations [9]. The
experimental investigation involved measuring the airflow speed
at the inlet to the drying unit, and a one-point temperature
measurement at the vicinity of each shelf rack.

The drying air is forced into the solar drying unit by a frequencycontrolled fan. The air inlet channel diverges ① incoming
forced drying air into a rectangular channel of the solar collector.
The solar collector unit ② is 0.5m wide, 1.2m long and 0.07m
high, and it includes a glazing on the top, a black painted solar
absorber plate in the middle, and a thermally insulated bottom
cover. The glazing and the absorber plate have thicknesses of
4mm and 2mm, respectively. The incoming air flows over the
absorber plate (from bottom and above) while being heated. The
heated drying air then follows three curved ③ airflow guides of
2mm thickness, before entering the drying chamber after passing
through a honeycomb. The honeycomb was made of Aluminium
5056 alloy foil and has a length of 3.5 cm (Plascore GmbH &
Co., Waldlaubersheim, Germany). The food to be dried will be
placed inside the drying chamber ④ on a rack shelf. The drying
air will transfer the heat to and picks up moisture from the food
to be dried and flows out of the unit through the outlet section
⑤. All external walls were made of stainless steel with a
thickness of 1.5mm, and they were thermally insulated with a
self-adhesive elastomeric foam based on a synthetic rubber sheet
that was 1.9cm in thickness (Armacell Enterprise GmbH & Co.,
Münster, Germany).

A recent review on numerical modeling and simulation of fruits
and vegetables drying has indicated the need of comprehensive
numerical models that can evaluate performance of solar drying
units [10]. The model-based performance evaluation, and further
predicting the dried food quality attributes require a validated
and accurate numerical model. Experimental validation data
available in literature are found to be rather limited, especially in
providing accurate and detailed information about temporal and
spatial distributions of drying air temperature. This is largely
because of the dynamic behavior of daily and hourly variations
of operating conditions, such as solar radiation, making it very
difficult to study performance characteristics.
The main objective of this research work is to determine the heat
transfer phenomena in a solar food dryer under controlled
experimental conditions. An extensive experimental procedure
will be discussed to accurately identify the heat transfer
mechanisms. Temporal and spatial distribution of drying air
temperature will be determined inside the solar collector unit and
inside the drying chamber. Furthermore, the thermal
performance will be assessed at two airflow conditions. The
results obtained from this work can be used in validation of
numerical models developed towards the aim of design
improvement, optimization, and control of solar food dryers.

During the experimental runs, the whole solar dryer was placed
under an artificial sun ⑥ at the Division of Applied Mechanics
and Energy Conversion, TME Laboratory (KU Leuven, Leuven
Belgium). The artificial sun consists of an array of 36 lamps each
providing about 1 kW of power. The optimal position and
inclination of the artificial sun relative to the solar dryer was
adjusted prior to the experimental work. This optimal position
was chosen such that it provides uniform and maximum heat flux
distribution on the collector unit.

2. Methodology
1.1. Experiment set up

1.2. Measurement equipment

The solar powered food drying unit that was used in this
experimental study is shown in Figure 1.

In this experimental study, the transient heat transfer
phenomenon within the solar drying unit was measured. The
amount of heat flux supplied from the artificial sun to the
absorber plate was measured by a solar power meter (RS Pro
Mini Pocket Solar Meter IM-750) with an accuracy of ±10W/m2.
The airflow speed was measured by a direction independent
airflow velocity probe with a measurement range from 0 to 10
m/s and an accuracy of 0.03m/s or ± 5% of measured value
(Testo, Ternat, Belgium). The temperature distribution at various
locations within the solar food drying unit was measured by Ktype thermocouple probes (Omega, TJ2-CASS-IM15U-100)
which were calibrated in a precision calibration bath (Fluke
Corporation, Eindhoven, Netherlands).
1.3. Data acquisition and measurement points
The heat flux was measured by the solar power meter while
placing it perpendicular to the solar collector unit. The

Fig 1: Illustration of the experimental setup
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measurements were taken at five different locations above the
glazing. The airflow velocity was measured at the outlet as

side of the setup (door side and rear side). Besides, on this same
horizontal plane, temperature measurements were taken at the
front side (T12) and the back side (T08) of the drying unit. The
temperature of the drying air at the outlet of the solar food drying
unit (T16), and that of the ambient air (𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 ) were also
measured. All the temperature measurements were recorded
using the Keysight 34901A (Keysight Technologies, California,
USA) data acquisition module at a frequency of 0.1Hz.

shown in Figure 2 and projected to an inlet velocity using
Equation 1.
𝑉𝑖𝑛𝑙𝑒𝑡 =

𝐴𝑜𝑢𝑡𝑙𝑒𝑡 ∗ 𝑉𝑜𝑢𝑡𝑙𝑒𝑡
𝐴𝑖𝑛𝑙𝑒𝑡

(1)

where 𝐴𝑖𝑛𝑙𝑒𝑡 and 𝐴𝑜𝑢𝑡𝑙𝑒𝑡 are 0.07 × 0.5 and 0.12 × 0.12 𝑚2 ,
respectively.

1.4. Data analysis and experimental design
The temperature data were collected seven times at the lowest
flowrate on seven different days to check the repeatability. The
arithmetic mean of the repeated experimental data was computed
along with the error on the mean with a 95% confidence interval.
Exceptionally, the temperature measurements of the outlet air
(T16) were found to highly fluctuate due to the higher flow rate
at the converging exit, as this is measuring total temperature.
Thus, its values presented herewith were found using a moving
average of window size of 50 samples.
2. Result and discussion
2.1. Temperature distribution inside the solar collector
unit
The temperature of the drying air inside the solar collector unit
was measured above and below the absorber plate. The
measurement points were located at the inlet and exit of the
collector unit.
2.1.1.Above absorber plate
Figure 3 shows the transient evolution of the temperature of the
air above the absorber plate. It took about 1h 10min to evolve to
a steady operating temperature (60-65°C). The average
temperature of the drying air has increased to 63°C and 59°C on
the two sides of the solar dryer as it moves through the collector
unit. The deviation observed is attributed to the heat being lost
due to convection on the glazing. Compared to the ambient air
temperature, the average temperature increases inside the
collector and above the absorber plate is found to be 38°C.

Fig 2. Schematic representation of the solar food drying unit
with the temperature measurement points highlighted
Accordingly, in this study the effect of inlet airflow speed on the
temporal and spatial temperature distribution wasstudied at two
speeds: 0.35 and 3.5 𝑚/𝑠. These speeds were chosen to
represent the operational range of the solar drying unit at the
slower and faster airflow speed, and to compare the results with
the data obtained from measurements in the field [4].

2.1.2.Below absorber plate
Figure 4 shows the transient evolution of the temperature of the
air below the absorber plate. It took about 1h 30min to evolve to
a steady operating temperature (60–65°C).

The drying air temperature was measured at different locations:
inside the collector unit, within the drying chamber, at the outlet,
and outside of the solar dryer (ambient). The measurements
taken inside the collector unit comprises those done above the
absorber plate (T00 to T03), and those done below the absorber
plate (T04 to T07). Within the drying chamber, temperature
measurements were taken on the shaded horizontal plane as
shown in Figure 2. On this horizontal plane, temperature of the
drying air was measured at three equally spaced points on each
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As the measured temperatures at the exit of the solar collector
unit are relatively higher, there is a wider confidence interval
bound compared to that of the inlet. The bigger confidence
interval is associated with the higher measurement uncertainties
owing to convective heat losses in the collector above and below
the absorber plate
2.2. Temperature distribution inside the drying chamber
Temperatures inside the drying chamber were measured on the
horizontal plane as shown in Figure 2.
2.2.1.Door side
The transient evolution of the temperature of the drying air close
to the door side wall is shown in Figure 5.

Fig. 3. Time evolution of temperature of the air flowing
within the solar collector - above the absorber plate. Shaded
regions represent the 95% confidence interval on the mean
The average temperature of the drying air has increased to 63°C
on the two sides of the solar dryer as it moves through the
collector unit. Compared to the ambient air temperature, the
average temperature increases inside the collector and below the
absorber plate is found to be 38°C. Comparing Figure 3 and
Figure 4, one can observe that the heat gain from the absorber
plate increased the temperature of the air to 63°C. The heat
transfer was observed to be uniform above and below the
absorber plate. Moreover, there is a uniform symmetric heating
on both sides of the collector unit (front and back), with a slight
asymmetry above the collector.

Fig. 5. Time evolution of temperature of the air flowing
within the drying chamber – Door side. Shaded regions
represent the 95% confidence interval on the mean
It took about 1h 10min to evolve to a steady operating
temperature (55-60 °C). The average temperature of the drying
air increased to 56°C, 56.5 and 57°C at T13, T14 and T15,
respectively. The average temperature measurements on the
three points were found to be similar in magnitude. Relative to
the ambient air temperature, the average temperature increase
inside this side of the drying chamber was found to be 36°C.
Hence, the air lost around 2°C on its passage through the
expanding curve guided channel on this side of the drying
chamber.
2.2.2.Rear side
The transient evolution of the temperature of the drying air close
to the rear side wall is shown in Figure 6.

Fig. 4. Time evolution of temperature of the air flowing
within the solar collector - below the absorber plate. Shaded
regions represent the 95% confidence interval on the mean
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Fig. 6. Time evolution of temperature of the air flowing
within the drying chamber – Rear side. Shaded regions
represent the 95% confidence interval on the mean

Fig. 7. Time evolution of temperature of the air flowing
within the drying chamber – Front and back side. Shaded
regions represent the 95% confidence interval on the mean

It took about 1h 25min to evolve to a steady operating
temperature (50-55 °C). The average temperature of the drying
air increased to 52.6°C, 52.5 and 46 °C at T09, T10 and T11,
respectively. Relative to the ambient air temperature, the average
temperature increase inside this side of the drying chamber was
found to be maximum 28 °C. Hence, the air lost around 10°C on
its passage through the expanding curve guided channel in this
side of the drying chamber. This temperature drop is higher
compared to the one at the door side due to the latter being on
the side of the incoming solar radiation.

ambient, the maximum air temperature rise was 38°C and 6°C at
the lower and higher flow rates respectively. The small rise in
temperature for the faster flow rate is attributed to the limited
residence time of the air in the collector unit and the higher mass
flow rate. This was also observed in the smaller temperature
difference between the measurements around the inlet and exit
of the solar collector.
Table 1. The effect of inlet airflow velocity on the average
temperature distribution inside the collector unit.

2.2.3.Front and back side

Inlet airflow
velocity

The transient evolution of the temperature of the drying air on
the front and back side walls are shown in Figure 7. It took about
1h 30min to evolve to a steady operating temperature (60-65°C).
The average temperature of the drying air increased to 56°C and
52°C on the two sides of the drying chamber. The deviation
observed is attributed to the heat being lost due to convection on
the glazing. Compared to the ambient air temperature, the
average temperature increase inside the drying chamber was
found to be a maximum 32°C.

Above AP (oC)

Below AP (oC)

0
0

0
1

0
2

03

0
4

0
5

0
6

0
7

V1(0.35 m/s)

3
4

3
4

5
8

63

3
6

3
6

6
3

6
3

V2(3.5 m/s)

2
8

2
8

3
2

32

2
9

2
9

3
3

3
4

2.3.2.Temperature rise inside the drying chamber

2.3. Effect of airflow speed on the temporal evolution and
distribution of drying air temperature

Table 2 summarizes the average temperature of the drying air
inside the drying chamber. The average steady operating
temperatures near to the four sides (door, rear, front and back) of
the drying chamber are compared for two airflow speeds (V1 and
V2). For the case of the higher mass flow rate relatively smaller
heat loss was observed in the curved passage. This also has to do
with the faster flow rate and slower conduction time through the
walls of the drying chamber.

The effect of airflow speed on the time evolution and distribution
of drying air temperature are analysed on the collector unit and
inside the drying chamber.
2.3.1.Temperature rise inside the collector unit
The average temperature of the drying air inside the solar
collector unit is summarized in Table 1. The average steady
operating temperatures above and below the absorber plate are
compared for two airflow speeds (V1 and V2). Compared to the
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Table 2. The effect of inlet airflow velocity on the average
temperature rise inside the drying chamber.
Inlet airflow
velocity

Inside the drying chamber side
Door
(°C)

Rear
(°C)

Front
(°C)

Back
(°C)

V1(0.35 m/s)

57

52.5

56

52

V2(3.5 m/s)

32

30

31

31

2.3.3.Effect of airflow speed on the transient evolution of air
temperature
The effect of airflow speed on the transient characteristics of
airflow temperature was assessed by taking the average
temperatures at the solar collector unit exit, and inside the drying
chamber. Figure 8 shows the temporal evolution of the drying air
temperature at the solar collector exit and inside the drying
chamber using the two flow rates (low and high). As can be
observed in Figure 8a, the drying air temperature at the exit of
the solar collector has risen to 2% of its steady operating
temperature bounds in 1h 30min for both the lower and higher
mass flow rates. Similarly, inside the drying chamber it took
about 2h to rise to the 2% temperature bound as shown in Figure
8b. Thus, the effect of the airflow speed on how fast the drying
air heats up to a steady operating temperature is minimal.
However, the magnitude of the steady state drying air
temperatures reached is highly dependent on the airflow speed.
Comparing Figure 8a and b, the heat loss in the solar dryer unit
is found to be smaller for the higher mass flow rate. For the lower
mass flow rate, the average air temperature has dropped by
around 5°C from the exit of the solar collector to the drying
chamber. Whereas for higher mass flow rate there is no
significant drop in temperature. Moreover, compared to the
respective average outlet temperature measurements, there is a
higher heat loss for the case of the lower mass flow rate.
However, higher temperatures for practical food drying are
achieved for the lower flow rate.

Fig. 8. The effect of airflow speed on the transient airflow
temperature: a) at the solar collector unit exit and b) inside
the drying chamber
Furthermore, the thermal performance of a solar drying unit was
assessed at two airflow conditions. The results obtained from this
work can be used in validation of numerical models developed
towards the aim of design improvement, optimization and
control of solar food dryers.

3. Conclusion
In this research work, the heat transfer phenomenon inside a
solar food dryer was investigated under controlled experimental
conditions. An extensive experimental procedure was used to
accurately identify the heat transfer. The temporal and spatial
distribution of drying air temperature was determined inside the
solar collector unit and inside the drying chamber. The
experimental results show that the response time of the solar
dryer ranges from 60 till 120 minutes, and that temperatures can
be reached up to 60 °C and 32 °C at the slowest and fastest flow
rate measured, respectively.
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Abstract: Solar Aided Power Generation is considered for the
South African context by using solar thermal energy for
feedwater heating in a 500 MWe coal-fired power plant under
standard operating conditions. A central receiver concentrated
solar power (CSP) system is considered for the solar component.
In addition, thermal energy storage (TES) is incorporated due to
its ability to increase the capacity factor of the plant and provide
flexible / constant thermal energy input to the coal cycle. The
study predicts a minimum LCOE of 0.09315 USD/kWh of
"green" electrical energy for the SAPG plant with a Solar
Multiple (SM) of 3.93 and 9 hours of TES. The LCOE of the
SAPG plant is 0.0358 USD/kWh lower than that of a stand-alone
CSP central receiver power plant using the same costing
parameters. The SAPG plant, operating in power boost mode, is
predicted to produce an additional 256.17 GWh/annum of
electrical energy relative to the stand-alone coal-fired power
plant (5.68%). This amounts to a potential emission offset of
183.9 kT CO2-eq per annum.

power plant to offset coal consumption and / or provide
renewable energy generation.
By making use of the hybrid format for power generation,
benefits such as infrastructure sharing and the availability of
skilled personnel on site lower the implementation costs of the
renewable energy [2]. Power supply can thus be achieved with
the benefit of reducing overall coal consumption and related
emissions and generally moving towards a future with less
dependence on fossil fuels.
With some of the world’s highest Direct Normal Irradiation
(DNI) values (up to 3200 W/m2 [3]), South Africa is well suited
to solar thermal energy technologies such as concentrating solar
power (CSP). The main advantages of CSP are its ability to
integrate thermal energy storage (TES) and its scalability such
that it can be used to provide thermal outputs similar to that of
conventional fossil fuel generation [4].
This study will investigate a solar-aided power generation
scenario consisting of a central receiver CSP plant with molten
salt TES providing feedwater heat to a generic 500 MWe coalfired Rankine cycle. The analysis is conducted using annual
insolation data for a location in South Africa's coal rich province
of Mpumalanga, where many coal-fired power plants are
located, and presents a relatively high level feasibility analysis
of the SAPG plant based on LCOE, annual energy production
and the possible emission reductions associated with the system.
A stand-alone CSP plant is also considered for comparative
purposes.

Keywords: Solar aided power generation; Coal-fired power
plant; Hybridization; Concentrated solar power; Renewable
energy; Thermal energy storage.
1. Introduction
Coal-fired power stations currently contribute approximately
76% of South Africa’s total electricity generation [1]. With the
largest coal-fired power plant in South Africa currently under
construction, coal continues to provide South Africa with a
cheap and reliable energy source. Since fossil fuels will remain
a prominent means of electricity generation, methods to
capitalize on existing infrastructure while simultaneously
reducing the environmental impact of producing electricity are
warranted. The topic of hybrid renewable energy/fossil fuel
energy generation is explored in this study by analysing the
integration of solar thermal energy into a conventional coal-fired

2. Solar Aided Power Generation
SAPG was first researched in 1975 by Zoschak and Wu [5] who
investigated seven different methods for integrating solar
thermal energy, from a central receiver CSP plant, into an
800 MWe coal-fired power plant. The methods of heat
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integration studied were feedwater heating, superheating of
steam, evaporation of water, combined evaporation and
superheating, air preheating, reheating of steam and combined
air preheating. Results demonstrated that feedwater heating was
a desirable option in terms of technical design, capital costs and
operating aspects. In such a scenario, solar heat is used to offset
feedwater heating bleed steam in a regenerative Rankine cycle
resulting in increased mass flow rate through the steam turbine(s)
and therefore increased power generation.

3. SAPG plant modelling
A SAPG system (see Fig. 1), including a central receiver CSP
plant with molten salt TES and the primary coal-fired steam
cycle was modelled in MATLAB (version R2018b). An annual
simulation was conducted consisting of quasi-steady-state
hourly calculations dependent on hourly Typical Meteorological
Year (TMY) weather conditions generated by Meteonorm
V.7.3.1, using a location in Mpumalanga, South Africa (26.26°
S, 29.26° E). The schematic diagram of the reference coal power
plant is shown in Fig. 1 (a). The design parameters of the
reference power plant were taken from a study conducted by
Rashidi et al. [11]. The key SAPG plant parameters are detailed
in Table 1.

The SAPG concept has important thermodynamic advantages
over conventional stand-alone solar thermal power generation
systems [6,7] since the maximum cycle heat source temperature
is not limited by the solar thermal energy input but rather the
fossil fuel combustion temperature, which greatly exceeds the
solar input temperature, benefitting the solar to power efficiency
of the SAPG [8,9]. Further possible SAPG advantages, identified
by Hu et al. [2], are summarized below:
•
•

•
•

•

Higher thermodynamic energy efficiencies compared to
normal coal-fired and stand-alone solar plants.
A relatively low implementation cost coupled with
environmental, social and economic benefits as a result
of utilizing existing resources such as grid connection
and skilled personnel on site.
SAPG technology can be applied to new plants or as a
retrofit to existing plants with low risk.
The integration techniques for a SAPG plant are
flexible. Depending on the capital available, the solar
addition can be implemented in stages.
SAPG plants can be operated in two ways, either
increasing the coal plant’s power output whilst keeping
the fuel consumption constant - referred to as powerboosting (PB) mode, or by reducing fuel consumption
and keeping the power output constant - fuel-saving
(FS) mode.

(a)

Li et al. [10] studied the performance of a 600 MWe coal-fired
SAPG power plant with TES under different loads (100 %, 75 %
and 50 %) with different solar shares using CSP central receiver
technology. Simulations were conducted with the summer or
winter solstice solar irradiance figures from a location in China
where DNI annual totals are 2 539 kWh/m2. The study included
the effects of solar multiple (SM) and TES size on the daily
performance of SAPG system operating in FS mode. The study
proved that fuel savings are functions of SM and TES size and
found that during periods of high solar irradiation, the coal
consumption was the lowest for SM = 2.2 and 8 hours of TES.
In the South African context, PB mode is likely to be more
relevant as a result of our national electricity generation shortfall.

(b)
Fig. 1. Schematic diagram of the SAPG plant (a) 500 MWe
Rankine cycle [11], (b) CSP component
3.1. CSP component
The CSP component (Fig. 1 (b)) consists of a heliostat field,
central receiver tower, heat exchanger and hot and cold TES
tanks. The performance of the system is a function of the solar
resource which is characterized by the solar geometry and time.
The following sub-sections describe the components of the CSP
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model.

The solar time (𝑡𝑠 ) is used to calculate the hour angle (𝜔), using
Equation (5), which indicates the sun’s position with respect to
the local meridian.

Table 1. Main design parameters of the SAPG plant
Systems

CSP
power
plant

Coalfired
power
plant

Parameters
Annual DNI
Single heliostat area
Solar field area range
SM range
TES range
Rated thermal energy
transferred to coal-fired
power plant at FWH-1
Generating capacity
Parameters of feedwater
inlet to boiler (point 10
in Fig. 1)
Parameters of feedwater
inlet to boiler (point 11
in Fig. 1)
Cold water
Hot water

Value
2177.85
2.23
167640.62
–
838203.09
1–6
0 – 16

Unit
kWh/m2
m2

91.889

MWth

𝜔 = 15(𝑡𝑠 − 12)

(5)

The declination angle (between the sun’s position and the earth's
equatorial plane) (𝛿) is calculated with Equation (6).

m2

𝑠𝑖𝑛𝛿 = 0.39795 𝑐𝑜𝑠(0.98563(𝑁 − 173))

(6)

Equations (1) to (6) are used to calculate the zenith angle, 𝜃𝑍 as
follows:

Hours

𝜃𝑍 = cos −1 [cos𝜙 cos 𝛿 cos𝜔 + sin𝜙 sin 𝛿]

(7)

where 𝜙 is the latitude coordinate of the site.
506.37
30 / 340.8
/ 1551
30 / 600 /
3443
25
35

MWe
MPa /
°C /
kJ·kg-1
MPa /
°C /
kJ·kg-1
°C
°C

The azimuth angle (𝛾𝑠 ) is measured clockwise on the horizontal
plane, from the north-pointing coordinate axis to the projection
of the sun’s central ray and is calculated using Equation (8) [13].
𝛾𝑠 = 𝑠𝑖𝑛(𝜔) |𝑐𝑜𝑠 −1 (

𝑐𝑜𝑠𝜃𝑧 𝑠𝑖𝑛∅ − 𝑠𝑖𝑛𝛿
)|
𝑠𝑖𝑛𝜃𝑧 𝑐𝑜𝑠∅

(8)

The azimuth and zenith angles are sent to the heliostat
component to model the optical performance of the solar field
for each time step.

3.1.1.Solar geometry and solar time

3.1.2.Heliostat field

The vector approach prescribed by Stine and Geyer [12] was
used to determine the sun’s position, characterized by the
transient azimuth (𝛾𝑠 ) and zenith (𝜃𝑍 ) angles, relative to the CSP
plant. The site’s geographical data (longitude and latitude) is
used to calculate the solar time, 𝑡𝑠 from the local clock time
(LCT) in 24-hour format using Equation 1.

The heliostat field reflects the incident solar radiation towards a
centrally located receiver tower. The radiative power reflected
onto the receiver by the heliostat field is calculated using
Equation (9) [14].

𝐸𝑂𝑇
− 𝐿𝐶 + 𝐿𝐶𝑇
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where, 𝐴𝑆𝐹 is the total reflective area of the heliostat field, 𝜂𝑜𝑝𝑡,0
is the fixed optical efficiency of the heliostat field and 𝜂𝑜𝑝𝑡,𝑓𝑖𝑒𝑙𝑑
is the instantaneous optical efficiency of the heliostat field which
is dependent on zenith angle (𝜃𝑍 ) and accounts for shading,
blocking and cosine effects.

𝑡𝑠 =

𝑄̇𝑟𝑒𝑐 = 𝐴𝑆𝐹 ∙ 𝐷𝑁𝐼 ∙ 𝜂𝑜𝑝𝑡,𝑓𝑖𝑒𝑙𝑑 ∙ 𝜂𝑜𝑝𝑡,0

(1)

where, 𝐿𝐶 is the longitudinal correction based on the difference
between the longitude of the plant (𝜑𝑙𝑜𝑐𝑎𝑙 ) and the standard time
zone meridian (𝜑𝑠𝑡𝑚 ) as shown in Equation (2), and 𝐸𝑂𝑇 is the
equation of time (in minutes) presented in Equation (3).
𝐿𝐶 =

(𝜑𝑙𝑜𝑐𝑎𝑙 ) − (𝜑𝑠𝑡𝑚 )
15

𝐸𝑂𝑇 = 0.258cos𝑥 − 7.416sin𝑥 − 3.648 cos(2𝑥)
− 9.228 sin(2𝑥)

Equation (10) [15] was used to determine the instantaneous
optical efficiency of the entire heliostat field.
𝜂𝑜𝑝𝑡,𝑓𝑖𝑒𝑙𝑑 = 0.4254𝜃𝑍 6 − 1.1480𝜃𝑍 5 + 0.35070𝜃𝑍 4

(2)

+ 0.755𝜃𝑍 3 − 0.5918𝜃𝑍 2
+ 0.0816𝜃𝑍 + 0.832

(3)

360(𝑁 − 1)
365.242

𝜂𝑜𝑝𝑡,0 = 𝑐𝑓 𝜂𝑎𝑡𝑡𝑒𝑛 𝜂𝑟𝑒𝑓𝑙 𝜂𝑠𝑝𝑖𝑙𝑙
(11)
These performance parameters include the cleanliness (𝑐𝑓 ) and
the reflectivity (𝜂𝑟𝑒𝑓𝑙 ) of the mirror surface, atmospheric

(4)

with 𝑁 being the specific day under consideration (i.e. 1
January = 1; 31st December = 365).

(10)

The fixed optical efficiency of the heliostat field is determined
by the performance parameters of the individual heliostats using
Equation (11).

where, 𝑥 represents the day of the year in angular value
determined using Equation (4).
𝑥=

(9)

st
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attenuation (𝜂𝑎𝑡𝑡𝑒𝑛 ) and spillage (𝜂𝑠𝑝𝑖𝑙𝑙 ). The values /
expressions used for these parameters are given in Table 2.

modelled as being 98.5% efficient (𝜂𝑇𝐸𝑆 ) [19]. As more heat is
transferred to the HTF through the receiver, the HTF is either
directed to the TES tank, during times of high irradiation, or
directed to the molten salt / water heat exchanger to heat the
feedwater. TES is sized according to the number of hours of
operation the TES can supply heat at the rated feedwater heater
which is to be replaced using Equation (14).

Table 2: Heliostat performance parameters
Parameter
𝑐𝑓

Value
0.95

Reference
[14]

𝜂𝑟𝑒𝑓𝑙

0.95

[14]

𝜂𝑎𝑡𝑡𝑒𝑛
𝜂𝑠𝑝𝑖𝑙𝑙

Equation (12)
0.90

[16]
[16, 17]

𝑄̇𝑇𝐸𝑆 𝑚𝑎𝑥 = 𝐻𝑜𝑢𝑟𝑠 ∗ 𝑄̇𝐹𝑊𝐻−1

(14)

3.1.6.Sizing of the solar field
𝜂𝑎𝑡𝑡𝑒𝑛 = 0.99321 − 0.001176𝑟 + 1.97 × 10−8 𝑟 2

(12)

The reflective area of the solar field (𝐴𝑆𝐹 ) was chosen to meet
the full heat load supplied by bleed steam to FWH-1 (𝑄̇𝐹𝑊𝐻−1 )
at the maximum DNI experienced in the TMY as shown in
Equation (15).

3.1.3.Receiver
Solar radiation reflected by the heliostat field is focused onto the
receiver and the temperature of the molten salt heat transfer fluid
(HTF) increases by absorbing heat from the receiver as per
Equation (13).
𝑄̇𝐻𝑇𝐹 = 𝑄̇𝑟𝑒𝑐 ∙ 𝜂𝑠𝑜𝑙−𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝐴𝑆𝐹
= 𝑆𝑀 (

𝜂𝑜𝑝𝑡,𝑓𝑖𝑒𝑙𝑑

𝑄̇𝐹𝑊𝐻−1
)
∙ 𝜂𝑜𝑝𝑡,0 ∙ 𝜂𝑠𝑜𝑙−𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ∙ max(𝐷𝑁𝐼)

(15)

(13)
In this study 𝑄̇𝐹𝑊𝐻−1 = 91 889.59 kWth [11] and 0.167 ≤ 𝐴𝑆𝐹 ≤
0.838 km2.

A solar-to-thermal efficiency of the receiver (𝜂𝑠𝑜𝑙−𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ) of
80 % [16] was assumed to account for convective and radiative
losses associated with external type receivers.

3.2. Primary coal-fired steam cycle
3.1.4.Molten salt / water heat exchanger

A 500 MWe bituminous coal-fired Rankine cycle with double
reheat and regeneration was used as the reference power plant.
Only full load operation was considered. It is however noted that
coal-fired power plants rarely operate at 100 % load throughout
the year due to the large variation in annual electricity demand
[20]. To accurately predict the effect of the CSP integration, each
component was assessed sequentially in the path of the steam
flow. Since this paper aims to offer a relatively high level
feasibility analysis, the cycle components were modelled based
on the simplifying assumptions discussed in the following
subsections. All numbers below refer to positions in Fig. 1(a).

The link between the energy storage models, the receiver model
and the heliostat field are illustrated in Fig. 1(b).
The temperature of the HTF entering the hot tank is assumed to
be the temperature of the HTF leaving the receiver. Similarly,
the temperature of the HTF leaving the cold tank is assumed to
be the temperature entering the receiver.
The model in this study makes use of the constant temperature
approach, whereby the mass flow rate of the HTF is adjusted
accordingly to maintain a constant HTF temperature exiting the
receiver as well as exiting the molten salt / water heat exchanger.
The mass flow rate of the HTF adapts according to the available
solar thermal energy at the receiver (𝑄̇𝑟𝑒𝑐 ). The exit temperature
of the HTF exiting the hot tank and flowing into the molten salt
/ water heat exchanger is 575°C. Similarly to the receiver, the
mass flow rate of the HTF through the molten salt / water heat
exchanger is adjusted accordingly to ensure the exit temperature
of the HTF does not drop below the exit temperature of the
feedwater exiting the FWH under study, this being 340°C. This
is done to ensure heat from the HTF is only transferred to the
feedwater stream.

3.2.1.Boiler
The boiler is treated as a constant heat transfer rate component
with three steam stream inputs: the feedwater steam (10), the first
reheat (12’) and second (18) reheat streams. The thermal heat
input rate in the boiler is calculated based on design conditions
using Equation (16).
𝑄̇𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑄̇𝑖𝑛,𝑖 = 𝑚̇10 (ℎ11 − ℎ10 ) + 𝑚̇12′ (ℎ13
− ℎ12′ ) + 𝑚̇18 (ℎ15 − ℎ18 )

(16)

where, h is the specific enthalpy of a respective stream through
the boiler and 𝑚̇ is the mass flow rate of the water through each
stream; Using the information presented in [11], 𝑄̇𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 =
1 002.91 𝑀𝑊𝑡ℎ .

3.1.5.TES
The TES system modelled is an active direct system using
molten salt as the storage medium. The TES system was
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In the SAPG system bleed steam from the HP turbine (17) is
replaced by solar heat meaning that more steam flows through
the HP turbine and to the first and second reheat loops. By
assuming constant heat supply in the boiler, the enthalpy at the
boiler outlet in each stream was calculated using Equation (17).
ℎ𝑜𝑢𝑡 ′ =

𝑄̇𝑖𝑛,𝑖
𝑚̇𝐵𝑜𝑖𝑙𝑒𝑟 𝑠𝑡𝑟𝑒𝑎𝑚

Table 3: Steam turbine efficiencies and pressure drops
Turbine
HPT (11-17)
HPT (17-12)
IPT (13-14)
IPT (14-18)
LPT (15-20)
LPT (20-21)
LPT (21-22)
LPT (22-16)

+ ℎ𝑖𝑛

(𝑖 = 12′ − 13, 18 − 15)

(17)

3.2.2.Feedwater heaters
The SAPG plant was controlled to ensure the condition of the
feedwater to the inlet of the boiler (10) was kept constant
throughout the simulation by adjusting the supply of bleed steam
to FWH 1 (𝑚̇17 ) depending on the supply of solar heat.

𝑊̇ = 𝑚̇ (ℎ𝑖𝑛𝑙𝑒𝑡 − ℎ𝑒𝑥𝑖𝑡 ) =

ℎ𝑑,𝑖−1 − ℎ𝑑,𝑖 (𝑖 = 2, 3, 5, 6, 7)
ℎ𝑑,3 − ℎ𝑓𝑤,5 (𝑖 = 4)

(18)

(22)

3.2.4.Condenser
The exhaust steam from the final LPT stage is condensed to
water for re-use in the boiler (feedwater). Constant temperature
across the condenser was assumed in the condenser model.
Therefore, the condensing pressure at the exit of the condenser
remains constant throughout the simulation.

(19)

3.3. Emission reduction
(20)

∆ℎ𝑏𝑠,𝑖

∆𝑃𝜂
𝑚̇
𝜌

The introduction of the solar thermal heat input inevitably leads
to the changes of steam flow rate in various flow paths as well as
thermal parameters in the turbine. Using Equation (17) and (22),
each stage of the turbine work output could be determined
depending on the properties and flow rate of steam entering and
exiting each turbine stage.

∆ℎ𝑓𝑤,𝑖 = ℎ𝑓𝑤,𝑖 − ℎ𝑓𝑤,𝑖+1
ℎ𝑖 − ℎ𝑑,𝑖 (𝑖 = 1, 2, 3, 5, 6, 7)
={
ℎ𝑖 − ℎ𝑓𝑤,5 (𝑖 = 4)

Efficiency,
𝜼 [%]
85.1
83.3
92.3
90.1
94.9
88.5
85.0
90.1

where 𝜌 is the average density of the inlet steam flow and outlet
steam flow.

where, ∆ℎ𝑑𝑤,𝑖 is the specific drop in drain water enthalpy
(Equation(19)); 𝑚̇𝑓𝑤,𝑖 is the feedwater mass flow rate; ∆ℎ𝑓𝑤,𝑖 is
the specific increase in feedwater enthalpy (Equation (20)); 𝑚̇𝑖
is the bleed-steam mass flow rate; ∆ℎ𝑏𝑠,𝑖 is the specific drop in
enthalpy of the extracted bleed steam (Equation (21)); 𝑚̇𝑑 is the
cascade drain water mass flow rate.
∆ℎ𝑑𝑤,𝑖 = {

Density, ρ
[kg/m3]
68.85
40.52
15.79
7.31
2.02
0.79
0.41
0.17

The turbine power (𝑊̇ ) output was as shown in Equation (22).

All FWHs except the deaerator (FWH 4) are typical closedFWHs. In conventional steam cycles, feedwater heating
efficiency is increased by making use of the cascade flow of
upstream FWHs drain water. The cascade flow can be seen in
Fig. 1 with the yellow dashed line. The model adopted for each
FWH is given in Equation (18).
𝑚̇𝑓𝑤,𝑖 ∆ℎ𝑓𝑤,𝑖 = 𝑚̇𝑖 ∆ℎ𝑏𝑠,𝑖 + 𝑚̇𝑑 ∆ℎ𝑑𝑤,𝑖

Δ Pressure,
P [kPa]
14 879.00
6 814.00
5 030.00
2 078.00
871.30
186.10
76.60
55.00

The annual emissions offset, quantified in tons of CO2
equivalent, due to the additional clean energy produced as a
result of the replacement of bleed steam in a conventional coalfired power plant with solar heat was estimated using
Equation (23).

(21)

where ℎ𝑖 is the specific enthalpy of the bleed-steam entering the
ith FWH; ℎ𝑑,𝑖 is the specific enthalpy of the drain water from the
ith FWH; ℎ𝑓𝑤,𝑖 is the specific enthalpy of the feedwater at the
FHW inlet.

𝐶𝑂2 𝑒𝑞 𝑜𝑓𝑓𝑠𝑒𝑡 = 𝐶𝐹𝑃𝑃 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
× 𝐸𝑆𝐴𝑃𝐺 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒,𝑎

(23)

where 𝐸𝑆𝐴𝑃𝐺 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒,𝑎 represents the annual electrical energy
increase in the SAPG plant due to the CSP integration. The
amount of CO2-eq. offset on an annual basis depends on the coalfired power plant emission factor which is estimated to be
718 g CO2-eq/kWh [21].

3.2.3.Steam turbines
The steam turbines were modelled as constant efficiency and
pressure drop components with values for these metrics
extracted from [11] and given in Table 3.

3.4. Stand-alone CSP Plant
The power output from a stand-alone CSP plant (𝑃𝑒𝑞 ) with its
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own power block is approximated by making use of the modified
Carnot efficiency [22] and the solar thermal heat input (𝑄̇𝐻𝑇𝐹 ) ut
as shown in Equation (24). The power block is sized based on
𝑄̇𝐹𝑊𝐻−1 as per Section 3.1.6.
𝑇𝐶
)
𝑇𝐻

5.1. LCOE
LCOE of the additional energy from the SAPG plant was
investigated with TES size ranging between 0 and 16 hours and
for 1 ≤ SM ≤ 6 with results shown in Fig. 2.
0.24

(24)

Levilized cost of electricity [$/kWh]

𝑃𝑒𝑞 = 𝑄̇𝐻𝑇𝐹 × (1 − √

5. Results

where 𝑇𝐶 and 𝑇𝐻 are the respective temperatures (in K) of the
heat sink (Cold water in Fig. 1) and heat source (Molten Salt
temperature: 575°C).
4. Financial model
Equation (25) [23] was used to calculate the LCOE of the
increased electricity produced by the SAPG plant.
𝐿𝐶𝑂𝐸 =

𝐶𝑅𝐹 × 𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋
𝑊𝑆𝐴𝑃𝐺 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒,𝑎

𝑘𝑑 (1 + 𝑘𝑑 )𝑛
(1 + 𝑘𝑑 )𝑛 − 1

0.12
0.1
1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

5.2. Annual power generation
The annual electrical power generation of the SAPG plant was
compared to the conventional 500 MWe coal-fired power plant
(no SAPG) and a stand-alone CSP plant, using the lowest LCOE
design found in section 5.1 (9 hour of TES and SM of 3.93). Fig.
3 shows the power boosting potential of the SAPG plant. A
5.68 % (256.16 GWh) annual increase in electrical energy
production is predicted through the incorporation of SAPG.

Unit
USD/m2
USD/m2
USD/m2
USD/kWth
USD/kWth
USD/kWe
USD/kWe

Table 5: Annual operating expense parameters [24]
Cost
72.0
4.0

0.14

In comparison Adibhatla and Kaushik's [25] report LCOE =
0.0640 USD/kWh for SAPG using a CSP parabolic trough
system with 7 hours of TES and a SM of 4 for feedwater heating
at the final FWH in a 500 MWe coal-fired power plant. The
difference in LCOE and optimal configuration may be attributed
to the different CSP technology and Adibhatla and Kaushik's
consideration of FS mode, a 25 year project life and cost
estimates from 2012.

(26)

Table 4. Capital expense parameters [14]

Operating expense description
Fixed cost by capacity
Variable cost

0.16

TES becomes financially attractive for SM > 2 and always
results in lower LCOE than without TES for SM > 2.8. An
absolute minimum LCOE of 0.09316 USD/kWh (~1.33
ZAR/kWh) is realised with 9 hours of TES and a SM of 3.93.

A discount rate of 8 % and a project lifetime of 20 years were
used in the analysis. 20 years was considered for the expected
project lifetime as this is the typical length of a Power Purchasing
Agreement (PPA) within the South African REIPPPP. Capital
and operating expense parameters as well as the discount rate
was selected based on the study conducted by Poole [14] shown
in Table 4 and Table 5.

Cost
0.2
16.0
170.0
173.0
26.0
900.0
300.0

0.18

Fig. 2. LCOE variation with SM and TES hours

where 𝑘𝑑 is the is the annual discount rate, and 𝑛 is expected
project lifetime.

Capital expense description
Land cost
Site improvements
Heliostat field
Receiver and tower
Thermal energy storage
Steam turbine system
Steam generating system

11 Hour
13 Hour
14 Hour
16 Hour

Solar Multiple

where 𝐶𝑅𝐹 is the capital recovery factor defined in Equation
(26); 𝐶𝐴𝑃𝐸𝑋 is the capital expense, taking into account both the
direct and indirect costs of constructing the CSP plant; and
𝑂𝑃𝐸𝑋 is the annual CSP operational and maintenance costs.
𝐶𝑅𝐹 =

0.2

0.08

(25)

0 Hour
3 Hour
7 Hour
9 Hour

0.22

Unit
USD/kWe-year
USD/MWhe
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Fig. 3. Comparison of electricity generated for conventional
coal-fired power plant and SAPG plant

Fig. 4. Comparison of electricity generated for stand-alone
central receiver power plant and an SAPG plant increase

The monthly electrical energy output of a stand-alone CSP
central receiver power plant and the increase in electrical energy
output of the SAPG plant is shown in Fig. 3.

Emmisions saving [kt CO2 - eq]

300

The SAPG plant outperforms a stand-alone CSP central receiver
power plant by producing 1.7 times the annual energy with the
same solar field size. Pierce [26] found that an SAPG plant, used
for preheating of feedwater, used the available solar thermal
energy 1.5 times more effectively than that of a stand-alone CSP
parabolic trough plant. Pierce’s [26] findings however did not
include TES. Taking into account the increase in capacity factor
due the inclusion of TES, the findings of this study are feasible.

SM = 1
SM = 3
SM = 5
Optimal plant

250

SM = 2
SM = 4
SM = 6

200
150
100
50
0

0
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10

12

14

16

Hours of TES [hr]

Fig. 5. SAPG related CO2-eq offset
5.3. Annual emissions reduction

6. Conclusions

As the plant is run in PB mode the increase in electrical energy
output of the SAPG plant compared to that of the coal-fired
power plant is realised at the same rate of coal consumption. The
SAPG-related increase in electrical energy output is therefore
“emissions free”. Fig. 5 presents the amount of CO2-eq.
emissions that would have been generated had the additional
energy been produced by burning more coal (i.e. the emissions
offset) as a function of SM and TES size. An offset of 183.9 kT
CO2-eq. is predicted for the lowest LCOE case identified in
section 5.1. Greater emissions offsets can obviously be realised
with greater SM and TES size but at greater cost.

This paper considers power boosting SAPG in a specific
500 MWe coal-fired power plant (double reheat and
regeneration) in a representative location in South Africa. The
solar component consisted of a central receiver CSP system with
molten salt TES. The solar heat was used for feedwater heating
and replaced bleed steam in the final FWH. A stand-alone central
receiver CSP plant was also modelled for comparative purposes.
A solar field with SM = 3.93 (~0.66 km2) and 9 hours of TES
was predicted to offer the most financially attractive solution
with LCOE = 0.09315 USD/kWh (1.33 ZAR/kWh). According
to Poole [14], LCOE = 0.12895 USD/kWh (1.84 ZAR/kWh) for
a stand-alone central receiver CSP power plant in South Africa.
The SAPG plant therefore offers a 28% reduction in the LCOE
of solar generated electricity. With SM = 3.93 and 9 hours of
TES, an annual SAPG related energy increase 256.17 GWh (or
5.68 % of the annual coal-plant output at full load) was predicted
with an associated 183.9 kT CO2-eq. emissions offset. The
annual SAPG related energy production also exceeded the standalone CSP plant product by 70%.
This study is subject to constraints of certain assumptions,
particularly within the coal-fired power plant. The model used in
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this study was developed for full-load operation whereas part
load behaviour is witnessed in most conventional coal-fired
power plants. Nonetheless, from a financial and technical
viewpoint, the proposed SAPG plant with TES is shown to be
feasible. The model used in this study predicts favourable
technical and financial characteristics compared to similar standalone CSP projects within South Africa and the global context.

water heaters,” Adv. Mech. Eng., vol. 2014, no. March, 2014,
doi: 10.1155/2014/940818.
[12]

W. Stine and M. Geyer, Power From The Sun. 2001.

[13]

J. Duffie and W. Beckman, Solar Engineering of Thermal
Processes, 4th Edition. 2013.

[14]

I. V. Poole, “Concentrating solar power in South Africa - a
comparison between parabolic trough and power tower
technologies with molten salt as heat transfer fluid,”
Stellenbosch University, 2017.

[15]

P. Gauché, S. Pfenninger, and A. J. Meyer, “Modeling
dispatchability potential of CSP in South Africa,” in South
African Solar Energy Confrence (SASEC), Jun. 2012, p. 11.

[16]

F. Biggs and C. N. Vittitoe, “Helios model for the optical
behavior of reflecting solar concentrators,” New Mexico, 1979.
doi: 10.2172/6273705.

[17]

F. Rinaldi, M. Binotti, A. Giostri, and G. Manzolini,
“Comparison of linear and point focus collectors in solar power
plants,” Energy Procedia, vol. 49, pp. 1491–1500, 2014, doi:
10.1016/j.egypro.2014.03.158.

[18]

G. Augsburger, “Thermo-economic optimisation of large solar
tower power plants PAR,” Federal Institute Of Technology In
Lausanne, 2013.

[19]

R. J. Zoschak and S. F. Wu, “Studies of the direct input of solar
energy to a fossil-fueled central station steam power plant,”
Sol. Energy, vol. 17, no. 5, pp. 297–305, 1975, doi:
10.1016/0038-092X(75)90047-X.

K. Madaly, “Identifying the optimum storage capacity for a
100-MWe concentrating solar power plant in South Africa,”
Stellenbosch University, 2014.

[20]

J. Qin, E. Hu, and X. Li, “Solar aided power generation: A
review,” Energy Built Environ., vol. 1, no. 1, pp. 11–26, Sep.
2020, doi: 10.1016/j.enbenv.2019.09.003.

Y. Zhu, R. Zhai, Y. Yang, and M. Angel Reyes-Belmonte,
“Techno-economic analysis of solar tower aided coal-fired
power generation system,” Energies, vol. 10, no. 9, pp. 1–26,
2017, doi: 10.3390/en10091392.

[21]

W. Pierce, P. Gauché, T. Von Backström, A. C. Brent, and A.
Tadros, “A comparison of solar aided power generation
(SAPG) and stand-alone concentrating solar power (CSP): A
South African case study,” Appl. Therm. Eng., vol. 61, no. 2,
pp.
657–662,
2013,
doi:
10.1016/j.applthermaleng.2013.08.014.

O. Achkari and A. El Fadar, “Latest developments on TES and
CSP technologies – Energy and environmental issues,
applications and research trends,” Appl. Therm. Eng., vol. 167,
2020, doi: 10.1016/j.applthermaleng.2019.114806.

[22]

B. Ahlborn and F. L. Curzon, “Efficiency of a Carnot engine
at maximum power output,” Am. J. Phys., vol. 43, no. 1, pp.
22–24, 1975, doi: 10.1119/1.10023.

[23]

W. Short, D. Packey, and T. Holt, “A manual for the economic
evaluation of energy efficiency and renewable energy
technologies,” Renew. Energy, vol. 95, no. March, pp. 73–81,
1995, doi: NREL/TP-462-5173.

[24]

P. Kurup and C. S. Turchi, “Parabolic Trough Collector Cost
Update for the System Advisor Model (SAM),” Tech. Rep.
NREL/TP-6A20-65228 Natl. Renew. Energy Lab., no.
November, pp. 1–40, 2015.

[25]

S. Adibhatla and S. C. Kaushik, “Energy, exergy, economic
and environmental (4E) analyses of a conceptual solar aided
coal fired 500 MWe thermal power plant with thermal energy
storage option,” Sustain. Energy Technol. Assessments, vol.
21, pp. 89–99, Apr. 2017, doi: 10.1016/j.seta.2017.05.002.

[26]

W. T. Pierce, “Solar Assisted Power Generation ( SAPG ):
Investigation of Solar Preheating of Feedwater,” Stellenbosch
University, 2013.

References
[1]

Department of Energy, “Integrated Resource Plan (IRP2019),”
Pretoria, 2019.

[2]

E. Hu, Y. Yang, A. Nishimura, F. Yilmaz, and A. Kouzani,
“Solar thermal aided power generation,” Appl. Energy, vol. 87,
no.
9,
pp.
2881–2885,
Apr.
2010,
doi:
10.1016/j.apenergy.2009.10.025.

[3]

The World Bank, “Solar resource maps of South Africa,” Solar
resource maps of South Africa, Apr. 23, 2017.
https://solargis.com/maps-and-gis-data/download/southafrica/.

[4]

P. Naicker and G. A. Thopil, “A framework for sustainable
utility scale renewable energy selection in South Africa,” J.
Clean. Prod., vol. 224, pp. 637–650, 2019, doi:
10.1016/j.jclepro.2019.03.257.

[5]

[6]

[7]

[8]

E. Hu, Y. Yang, and A. Nishimur, “Solar Aided Power
Generation: Generating ‘Green’ Power from Conventional
Fossil Fuelled Power Stations,” in Thermal Power Plants,
InTech, 2012, p. 18.

[9]

Y. Yang, Q. Yan, R. Zhai, A. Kouzani, and E. Hu, “An efficient
way to use medium-or-low temperature solar heat for power
generation - Integration into conventional power plant,” Appl.
Therm. Eng., vol. 31, no. 2–3, pp. 157–162, 2011, doi:
10.1016/j.applthermaleng.2010.08.024.

[10]

[11]

C. Li, Z. Yang, R. Zhai, Y. Yang, K. Patchigolla, and J. E.
Oakey, “Off-design thermodynamic performances of a solar
tower aided coal-fired power plant for different solar multiples
with thermal energy storage,” Energy, vol. 163, pp. 956–968,
2018, doi: 10.1016/j.energy.2018.08.186.
M. M. Rashidi, A. Aghagoli, and M. Ali, “Thermodynamic
analysis of a steam power plant with double reheat and feed

64

ON SUN TESTING OF A SINGLE SPIKE OF THE SPIKY
CENTRAL RECEIVER AIR PRE-HEATER (SCRAP)
J.E. Hoffmann1, R.J. Janse van Vuuren2, B. Sebitosi3
1
2

Solar Thermal Energy Research Group (STERG), Stellenbosch University, hoffmaj@sun.ac.za

STERG, Stellenbosch University, Private Bag X1, Matieland 7602, South Africa; E-Mail: rjvvuuren@gmail.com
3

STERG, Stellenbosch University, sebitosi@sun.ac.za

Abstract: The Spiky Central Receiver Air Pre-heater (SCRAP)
is the pressurized air central receiver concept envisaged for
implementation in an asynchronous combined Brayton-Rankine
cycle. The receiver would need to provide outlet air temperatures
above 800 ˚C with a sub-30 kPa pressure drop to ensure efficient
power generation when thermal energy storage is implemented.
This study develops an experimental receiver, approximating a
full-scale receiver, to investigate the thermal characteristics
associated with a single spike of the SCRAP in on-sun
conditions.
The receiver achieved thermal efficiencies of up to 84% at high
air flow rates, however, these efficiencies were only obtained at
low wind speeds, as the receiver also proved to be susceptible to
convective losses. Heat transfer enhancements in the form of
helically coiled fins at the front half of the spike improved the
thermal efficiency by 8% at low flow rates, with little benefit at
high flow rates. As the spike irradiation exposure increases
exponentially towards the root, full- length finned spikes with
optimized internal geometries are expected to offer higher
efficiencies at low flow rates. Measures to reduce convective
losses and mitigate high temperatures at critical structural areas
were suggested. Cost effective full-scale manufacturability and
practicality remains a concern which needs to be addressed.

and tested with varying levels of success. Since air exhibits a low
specific heat capacity compared to other HTFs such as molten
salt, higher receiver surface temperatures are required to yield an
equivalent power output. This typically constrains pressurized
air receivers to cavity configurations to minimize convective and
radiative heat losses. Radiative losses may be further reduced by
utilizing the volumetric effect [1], whereby the hottest part of the
receiver is not directly exposed to the environment. Convective
losses are also reduced by covering the receiver aperture,
typically through means of a quartz glass window.
Of the proposed pressurized air receiver concepts, only receivers
utilizing both the volumetric effect and quartz glass windows
have managed to obtain air outlet temperatures over 1000 ˚C [2,
3, 4]. At these high temperatures, receiver materials generally
consist of oxide and non-oxide ceramics due to their high melting
temperature of around 2000 ˚C. To reduce cost and complexity,
recent research has shifted from the volumetric cavity receiver
configurations to the development of tubular cavity receivers [5,
6]. The latter is proposed to offer a more robust technology, at
the expense of lower air outlet temperatures, typically around
800 ˚C, due to material limitations [7, 8].

Keywords: SCRAP, CSP, pressurized air receiver.
1. Introduction
Concentrating solar power (CSP) is largely centered around solar
tower and Parabolic trough (PT) technologies. While PT power
has long dominated the CSP market, a recent shift in technology
has brought attention to solar tower receivers for their ability to
produce concentration ratios of up to 1000, as opposed to a
typical concentration ratios of 30-80 for PTs. The higher
temperatures provided by solar towers facilitate the integration
of more efficient power cycles, reducing generation costs.
Coupled with thermal energy storage (TES), solar tower plants
can operate more than 4500 hours per year at nominal power [1].
Several pressurized air receiver concepts have been proposed

Figure 1: The SUNSPOT cycle [9]

The SUNSPOT [9] cycle (Stellenbosch UNiversity Solar POwer
Thermodynamic cycle) shown in Figure 1, is an asynchronous
combined Brayton-Rankine cycle that aims to increase
thermodynamic efficiency by increasing hot end temperature in
the Brayton cycle as well as provide TES in the form of a rock
bed for dispatchable power generation at night. Pressurized air
from the compressor is heated to above 800 ◦C in the central

65

would avoid overheating of the spike section most readily
exposed to solar irradiation. The SCRAP receiver has been
described as an external semi-volumetric tubular pressurized air
receiver. This is because the spikes act as a porous surface, where
the highest temperatures are expected at the base of the receiver
and not the spike tips. Since the highest temperatures occur
within this porous structure with the lowest exposure to the
environment, radiation losses are reduced substantially.
In this work, a section of the SCRAP, approximating a full-scale
receiver, is constructed, and tested in on-sun conditions. An open
annulus spike configuration is initially used to ensure uniform
heat transfer rates inside the spike, due to the high cost of
implementing a full-length finned spike. A second spike
configuration, utilizing a 400 mm coiled fin section at the front
of the spike, with the fin geometry shown in Figure 3, is also
tested. The coiled fin geometry originates from previous work
[12] conducted on the SCRAP, where the intention of the coils
is to mitigate the effects of local hot spots caused by uneven
circumferential irradiation distribution by allowing the air flow
to pass hotter sides of the spike several times. The coils would
also enhance internal heat transfer by inducing secondary flow
patterns to the air flow.

receiver (CR). A combustor located upstream of the turbine
allows for additional air heating during times of reduced solar
radiation, using natural gas or hydrogen as fuel. Exhaust gas at
approximately 500 ˚C is ducted from the turbine to a packed rock
bed TES facility. At night, hot air from the rock bed is blown
through a finned tube boiler, generating steam to drive a
bottoming Rankine cycle.

Figure 2: Possible SCRAP layout [11]

The CR technology used in the SUNSPOT cycle to heat
incoming air from the compressor would need to provide outlet
temperatures of above 800 ˚C, while operating at a low pressure
drop to reduce impact on the Brayton cycle efficiency. The Spiky
Central Receiver Air Pre-Heater (SCRAP) [10] aims to address
the problems faced in current compressed air CR technology.
The SCRAP uses "spikes" as tubular absorbers that protrude out
from the center of the receiver as shown in Figure 2. The spike
consists of two concentric tubes with a finned annulus.
Compressed air enters the receiver’s inner chamber through the
central opening, where it travels through the inner tube of the
spike. As the cold air exits the inner tube, it is diverted back
through the irradiated outer tube and collected in the outer
chamber of the receiver. The spike internal geometry as well as
cross section is shown in Figure 3.

2. Receiver design and experimental setup
To emulate the view factor between the center spike and the
environment and neighboring spikes, and convective shielding,
the spike was positioned between two rows of passive spikes.
The receiver sizing parameters were derived from a reference
design [12] with a sphere radius of 2 m and a spike length of 1 m.
With a chosen spike center-to-center distance of 120 mm, the
inner and outer spike rows incline at 3˚ and 6 ˚ respectively from
the center spike.
The receiver, shown in Figure 4, was installed at Stellenbosch
University’s Helio40 research facility, shown in Figure 5. The
facility houses an 18 m high receiver lattice tower and 12
1.83 m×1.22 m heliostats, of which 10 were functioning reliably
for this work. The receiver was aimed at the geometric center of
the heliostat field to ensure uniform circumferential irradiation
exposure on the spike surface. Previous work [13, 14] conducted
at the Helio40 facility with uncooled cavity receiver
configurations showed that material temperatures do not exceed
430 ˚C with the current heliostat setup, allowing the receiver to
be constructed from mild steel.
Spike wall temperatures were measured at several positions,
shown in Figure 6 and Figure 7. Air inlet temperature was
measured 200 mm upstream of the receiver inlet. Spike outlet air
temperature was measured at the transition from the spike to the
air manifold and manifold air temperature was measured 50 mm
adjacent to the air inlet. Receiver outlet air temperature was
measured at the receiver exhaust outlet, which extends a further

Figure 3: Spike internal geometry [11]

Incoming cold air is preheated by the exiting air and then further
heated as it travels back through the outer tube. Solar irradiation
on the base, depending on spike positioning, would also serve to
heat the air. Due to the jet impingement cooling at the spike tip,
the highest spike cooling is expected at the spike tip, which
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1.5 m from the air outlet. A thermocouple positioned behind the
receiver and shaded from direct irradiation was used to measure
ambient air and wind temperature at the receiver.

[16] and given in degrees. The maximum and minimum
concentration factors were found to show a consistent variation
of 20% from the average concentration factor. Wind speed and
direction measurements were obtained from the Sonbesie weather
station.

Figure 4: Depiction of as-built geometry and receiver aperture

Figure 6: Open annulus spike with thermocouple locations

Figure 7: Finned annulus spike with thermocouple locations

Figure 5: Helio40 layout [14]

Temperature measurements inside the spike fins were taken at 3
circumferential positions. For the finned section closest to the tip,
measurements were taken at 0° (top) and 90° (anticlockwise from
front). For the rear finned section, measurements were taken at
90˚ and 180˚. Temperature positions and depths are depicted in
Figure 7 and Figure 8, where the convention follows T - (1st or
2nd) - (angular position) - (depth). Since the fins are coiled, each
temperature position corresponds to a different duct.
Air volumetric flow rate and pressure was measured at the
pressurized air feed lines at the bottom of the receiver tower using
a Festo SFAM-90 volumetric air flow meter and an
Endress+Hauser Deltabar M PMD55 differential pressure
transducer. The total air mass flow rate was calculated using the
volumetric flow rate and air density, calculated from the ideal gas
law. At the time of designing the experimental receiver, suitable
pressure sensors or suitable high temperature pressure lines could
not be obtained before starting the manufacturing work. The static
pressure drop across the spike is therefore not monitored.
DNI was measured using a Kipp & Zonen CMP11 pyranometer
positioned at the base of the receiver. The heliostat concentration
factor, as a function of the relative angle between the receiver and
the sun as viewed from the heliostat, was determined to take the
form
𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 = 100.8Φ−1.097 + 4.164

Figure 8: Depiction of fin temperature positions

To calculate the spike’s thermal efficiency, the aperture was
defined as the total area between the inner spike row as depicted
in Figure 4, which is formulated as
2

𝐴𝐴𝑎𝑎𝑎𝑎 = 𝜋𝜋�𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 tan 3 ° + 𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑟𝑟𝑠𝑠 �

(2)

where 𝑟𝑟𝑠𝑠 is the spike root spacing and 𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the spike radius of
38 mm. The thermal efficiency is calculated from
𝜂𝜂𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑄𝑄̇𝑜𝑜𝑜𝑜𝑜𝑜
𝐼𝐼𝑎𝑎𝑎𝑎 𝐴𝐴𝑎𝑎𝑎𝑎

(3)

where 𝑄𝑄̇𝑜𝑜𝑜𝑜𝑜𝑜 is the air energy gain and 𝐼𝐼𝑎𝑎𝑎𝑎 is the calculated
irradiation at the receiver aperture, determined from the measured
DNI, heliostat concentration factor and the number of heliostats
operating during the tests.

(1)

where Φ is determined through the processes outlined by [15] and
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the receiver material, particularly at the spike tip, which is
exposed to high irradiation concentrations as well as high jet
impingement cooling rates.

3. Experimental results, analysis, and discussion
Inclement weather dictated that small windows of opportunity
were available in which complete data sets could be obtained
with favorable weather. The measured data and receiver
performance was found to be repeatable, considering the
changing weather conditions during individual tests as well as
seasonal weather changes during the project. The final tests
conducted in favorable weather for each spike configuration are
discussed here. For the sake of brevity, only the open annulus
spike raw test data is given. The prevailing wind during both tests
varied between 200˚-260˚, which was considered predominantly
perpendicular to the spike. For this analysis, only the crosswind
component is considered where the spike orientation is
approximately 210˚.
Due to the relatively low irradiation levels, and subsequent
temperatures, attainable with the experimental facility,
compared to a full-scale heliostat field, drawing absolute
conclusions about a full-scale receiver’s performance is
problematic. The results do, however, facilitate the assessment
of several practical impacts of receiver performance.

3.1. Experimental data
Material and air temperature data for the open annulus spike test
are given in Figure 10. Air mass flow rate was increased from a
minimum stable flow rate to the maximum obtainable flow rate
with the current facilities. Irradiation and wind data are given in
Figure 11. Maximum and minimum air outlet temperatures of
67.01 ˚C and 45.2 ˚C were obtained at air mass flow rates of
0.042 kg/s and 0.107 kg/s, respectively. During the test,
irradiation on aperture was calculated to range from
51.47 kW/m2 to 53.44 kW/m2 with corresponding measured DNI
values of 701 kW/m2 and 917 kW/m2. Wind speed ranged from
0.86 m/s to 3.78 m/s with wind direction fluctuating between
200˚ - 260˚.

Figure 10: Open annulus temperatures and flow rates

Figure 9: Receiver in operation with focal image drift

Due to the relatively small aperture area, the spike was found to
be susceptible to heliostat focal image drift as shown in Figure 9.
Upon initial calibration, a consistent focal image could be
obtained where most of the solar irradiation was concentrated
inside the receiver aperture. The combined changing solar angle
and heliostat tracking errors caused continual focal image drift
and a corresponding performance loss. In a full-scale SCRAP
implementation, tracking accuracy and consistency of the
heliostat field would be paramount to the thermal performance
of the receiver as well as mitigating unwanted thermal cycling in

Figure 11: Irradiation and wind data for open annulus spike test

During the test, maximum material temperatures were recorded
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a maximum thermal efficiency of 30% is observed at crosswind
speeds of 3.95 m/s for the open annulus spike.

at the rear of the spike, with T4 reaching 142.5 ˚C. The front of
the spike generally showed lower material temperatures, with the
lowest temperature of 68.17 ˚C being recorded at T2.
Considering the lowest surface temperature did not occur at T1,
behind the tip, this indicates that irradiation concentration
towards the front of the spike is relatively low. Here, T1 would
be influenced by the tip temperature through axial conduction
when the mass flow rate is too low to provide sufficient tip
cooling.

3.3. Surface temperature and irradiation distribution
Figure 14 gives the open annulus spike surface temperature
distribution for increasing air mass flow rates, with the first three
positions given as a fraction of T4. Air inlet temperature
averaged around 34.5 ˚C. At low flow rates, T1 exhibits higher
temperatures than T2, indicating a high degree of axial
conduction from the spike tip. This trend continues for flow rates
below 0.085 kg/s, where an inflection indicates that a sufficient
tip cooling rate has been achieved.

3.2. Thermal efficiency
Figure 12 gives the thermal efficiency as a function of air mass
flow rate with the 20% concentration factor variation indicated.
The open annulus spike exhibited a near-linear efficiency
increase from 16% at 0.02 kg/s, to 82% at 0.14 kg/s, with distinct
data clusters observed for thermal efficiency at the experienced
wind speeds. For the finned annulus spike, a higher low-flow
efficiency was observed, increasing non-linearly from 23% at
0.02 kg/s, to 81% at 0.14 kg/s. Both spikes exhibit approximately
80% efficiency at 0.135 kg/s.

Figure 14: Average open annulus spike surface temperatures

At high mass flow rates, T1 and T2 remain colder than the two
rear surface temperatures, T3 and T4, and exhibit a small
temperature difference, T2-T1, indicating a lower and more
uniform irradiation concentration on the front half of the spike
surface. Conversely, the higher temperatures at T3 and T4
indicate higher irradiation concentrations at the rear of the spike.
As the receiver base is exposed to direct irradiation, as opposed
to oblique irradiation on the spike surface, the base would also
reach higher temperatures, contributing to axial heat conduction
into the spike.
Due to the general difficulty of explicit irradiation measurement
on the spike surface, an axi-symmetric discrete order (DO)
irradiation model of the center spike and receiver base as shown
in Figure 4, was developed in ANSYS Fluent. The use of the DO
method to solve the radiative transfer equation been used
successfully in previous work [17, 18] where results comparable
to the Implicit Monte Carlo method could be obtained, while
permitting the modelling of complex geometries with distinct
advantages over readily available ray tracing software packages.
The spike and receiver base were modelled as black and grey
with ε=0.92 [19], respectively. Stable solutions were obtained
with a 4094-cell mesh, using Nθ × NΦ = 70 × 70 angular divisions
and a 2nd-order upwind scheme.
A 1-dimensional heat transfer model incorporating the thermal
radiation interaction with the environment and surrounding
receiver geometry [20, 19], natural and forced convection losses

Figure 12: Thermal efficiency with increasing flow rates

Figure 13: Thermal efficiency with increasing wind speeds

Figure 13 shows the thermal efficiency as a function of
crosswind speed with trends represented by least-squares fits.
For both spikes, maximum thermal efficiencies of 84% were
obtained at low crosswind speeds, suggesting that an asymptotic
efficiency has been reached. For both spikes, a similar efficiency
reduction was observed with increasing crosswind speed where
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[19, 21, 22] and internal forced convection [23] was also
developed to investigate the effects of changing irradiation
exposure. The model utilizes an explicit formulation with a 1storder upwind scheme for internal flow elements and a central
differencing scheme for the axial conduction interaction between
neighbouring wall elements. The 1-D model was verified
through CFD modelling of discrete internal flow sections of the
open and finned annuli and good agreement was found for the
predicted Nusselt numbers. Good agreement was also found for
the predicted pressure drops and outlet temperatures.

spike root, leading to higher root temperatures and increased
axial conduction to the front of the spike. For all samples tested,
𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠2 provided better approximations of spike wall temperature
and, consequently, air outlet temperature leading to the
conclusion that 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠2 is a reasonable approximation of the real
irradiation profile.
From the DO irradiation model, the receiver base experiences
185% of the irradiation on aperture, yielding a root irradiation of
22%. If a linear relationship is assumed, an estimation can be
made that the experimental receiver experiences 153% of the
irradiation on aperture at the base, giving 18.3% of the irradiation
on aperture at the spike root.
3.4. Coiled fin temperature distribution
Figure 17 shows the fin height average temperature profiles for
the rear finned section at 180˚ with inlet air temperature
fluctuating between 31.01 ˚C and 34.84 ˚C. Centrifugal forces
induced by the coiled ducts force the air flow towards the spike
wall as air flow develops, leading to high heat transfer
coefficients at the wall and adjacent fin section closest to the
wall. The highest flow velocities, and subsequent heat transfer
coefficients, would occur at the duct centroid, leading to the bulk
of the heat transfer from the fin occurring around the centroid.
This was observed for the fin geometry used in this work, where
the centroid is approximately 10 mm deep as shown in Figure 17,
where large temperature gradients were observed between 8 mm
and 12 mm. Since most of the heat is removed from the fin close
to the spike wall, conduction into the fin is significantly reduced
and the remaining fin surface area is underutilised.

Figure 15: Comparison of irradiation concentration profiles

Two irradiation profiles, 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠1 and 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠2 , shown in Figure 15,
were investigated. 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠1 was obtained from the DO irradiation
model and 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠2 was derived from the surface temperature
growth variation in Figure 14, where frontal irradiation is set
equal to 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠1 and the root irradiation is adjusted so that 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠1
and 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠2 exhibit the same total irradiation input to the spike
surface, within 1%.

Figure 17: Fin height temperature profiles with increasing flow rates
Figure 16: 1-D model output with irradiation profile 𝒑𝒑𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

4. Conclusion

Figure 16 shows an example 1-D model output using 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠2 as
irradiation input. Quasi-steady state data between 14:38 and
14:42 was used as input data with a flow rate of 0.062 kg/s,
irradiation on aperture of 51.49 kW/m2 and crosswind speed of
1.779 m/s. Maximum surface temperature variations between
measured results and the 1-D model were within 10 ◦C for
several examples, increasing to within 30 ◦C when 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠1 is used
as irradiation input, as 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠1 produces higher irradiation at the

From the experimental results it was found thermal efficiencies
of above 80% are obtainable for both spike configurations,
however, this was conditional on low wind speeds as the spike
was found to be susceptible to convective losses. By replacing
the front 40% of the spike with coiled fin sections, an average
thermal efficiency increase of 8% was obtained at lower air mass
flow rates. The efficiency increase of the finned sections are

70

diminished at high flow rates where both spikes exhibit the same
efficiency at 0.135 kg/s.
In the context of the implementation of a full-scale receiver, the
sensitivities to convective losses due to wind and high irradiation
concentration at the receiver base poses practical problems.
From the presented temperature data, the tip and spike root
generally assume the highest temperatures on the spike. When
exposed to changes in irradiation exposure, wind speed or wind
direction, these components may experience unintended thermal
cycling and material fatigue over long term operation.
Initial solutions to mitigating temperature swings at the root and
base may include baffles between spikes at different locations on
the receiver, resulting in a "honeycomb-like" structure. The
inclusion of baffles would also reduce or eliminate convective
losses by reducing wind speeds close to the spike root and
receiver base. The root and base could be coated with a reflective
paint, limiting irradiation absorption. In this scenario, more
irradiation would also be reflected to the spike surface.
Of interest is the scalability of manufacturing finned spikes. For
the finned sections used in previous work [15], wire cutting was
used where manufacturing costs for 314mm of finned section
totaled to ZAR 18,639 excluding material cost. For the finned
sections used in this work, 3-D printing was used where the total
material and manufacturing costs totaled to approximately
ZAR 120,000 for 400mm of finned section. These methods are
unsuitable for large scale manufacturing and prohibitively
expensive for manufacturing the number of spikes required for a
full-scale receiver. A possible large-scale alternative may be
metal extrusion, conditional on whether the same coiled
configurations can be obtained and whether high temperature
nickel-base alloys can be used.
At present, the SCRAP struggles to meet the financial and
practicality benchmarks, where tubular cavity receivers such as
the SOLUGAS [6] would yield comparable levels of thermal
performance at a lower financial cost, with the benefit of having
been proven to be commercially viable. Objective discussion is
therefore warranted by the relevant shareholders of the SCRAP
concept to determine its practical and economic feasibility.
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Abstract: Parabolic dish reflectors are challenging to
commercialise due to the trade-off that exists between cost and
optical quality. A faceted vacuum membrane reflector design
addresses this by simplifying manufacturing and increasing the
modularity of the reflector to precisely control the focal image.
With recent developments of robust, polymer-based, reflective
membranes the commercial feasibility of these faceted reflectors
becomes of interest. The University of Pretoria is developing a
low-cost multifaceted vacuum membrane reflector comprising
reflective polymer membranes, stretched over commercially
available television satellite antennas. Facet misalignment and
membrane depth are two factors that have a direct effect on the
optical performance of the reflector. To achieve the target
intercept factor of 90% at the receiver aperture, the dependency
of the reflector optical performance on facet misalignment and
membrane depth is investigated. An optically accurate reflector
surface model is created in Solidworks with facet alignment and
membrane depth being parameterised. The model is then meshed
and imported in SolTrace where the intercept factor at the focal
plane is reported. The misalignment was parameterised between
0° and ±0.5° while the membrane depth adjustment was
parameterised between bounds of -6mm and 0mm. The study
shows that a limit of ± 0.3° misalignment is acceptable during
calibration while the membrane depth may not vary beyond
-2mm from its calibrated depth. The results of this analysis will
aid in developing reflector calibration tolerances and provide
information for further refinement of the vacuum membrane
facet design
Keywords: CSP, membrane
misalignment, membrane depth

facet,

ray

tracing,

facet solution to solar thermal reflector designs. A vacuum
membrane facet comprises of a reflective membrane stretched
and sealed over a solid concave base creating a volume in which
a vacuum may be drawn to control the membrane concavity. Due
to this characteristic, vacuum membrane faceted reflectors carry
an advantage over conventional solid facet reflectors due to
increased modular control over the optical performance of the
reflector. Elliptical vacuum membrane facets have been reported
in the works of Zanganeh et al. [1] and Schmitz et al. [2] to
provide improved optical efficiency over conventional circular
facets due to their increased incident area to the sun. Recent
developments of robust reflective polymer membranes have
provided an opportunity for the commercialisation of faceted
reflectors in CSP [3-7]. These polymer membranes have been
reported to have a specularity error within a range of 1.2 mrad to
3.8 mrad [6]. For comparison, Good et al. [8] reported mylar
membrane facets can have a specularity error as low as 0.05
mrad. Zanganeh et al. [1] reported a slope angle deviation of
between 2.2 mrad and 2.8 mrad for elliptical mylar stretched
membrane prototypes. Coventry and Andraka [9] reported that
the slope error for mylar stretched membrane facets is within the
range of 1.5 mrad to 2.5 mrad while stainless steel stretched
membrane facets have a slope error within the range of 2.5 mrad
to 3.5 mrad.
The University of Pretoria is developing a low-cost multifaceted
reflector comprising elliptical vacuum membrane facets. Two
challenges have been identified to affect the performance of
multifaceted vacuum membrane reflectors. Firstly, the
misalignment error that is present due to manual calibration of
the faceted reflector and the second is the dependency of the
vacuum facet membrane depth on environmental conditions such
as wind and ambient temperature. Through a ray-tracing
analysis, the current study assesses the sensitivity of the
reflector’s intercept factor to membrane depth and facet
misalignment in a step to estimate the performance of the current

facet

1. Introduction
An elliptical vacuum membrane reflector facet comprising a
reflective polymer membrane stretched over a commercial
television satellite dish provides a simple and low-cost reflector
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reflector. A parameterised Solidworks reflector model is meshed
in ANSYS and imported into SolTrace for analysis.
2. Methodology
The numerical model, aimed at investigating the optical
operational boundaries of a multifaceted parabolic vacuum
membrane dish with cavity receiver, was developed using
SolidWorks, Ansys, PYTHON and SolTrace. A SolidWorks
CAD model was created that represents the complex optical
surfaces of the vacuum facets within the array. The membrane
surfaces, supported by elliptical rims, were evaluated in previous
work using photogrammetry to be accurately described by an
elliptic paraboloid (Eq. 1) with an RMS error of 27.34 × 10-2 mm
[10]. The array CAD model was fully constrained such that the
tilt angle along the facet’s minor and major axis can be controlled
as well as the membrane depth (Figure 1). This allows for
controlled errors to be induced on individual facets in the array
by adding random, scalable tilt errors as well as deviations from
the required membrane depths. The model aids in investigating
the permissible error within the array that will still yield a 90%
intercept factor at a geometric concentration ratio of 396 for a
system with an array that has a global diameter of 6.775 m, a
focal length of 4.33 m and a square aperture of 0.25 m × 0.25 m
as shown in Figure 2.
𝑧(𝑥, 𝑦) =

(𝑥 + 𝑏1 )2
𝑎12

+

(𝑦 + 𝑏2 )2
𝑎22

− 𝑏3

(a)

(1)

(b)
Figure 2: Solar collector system: System dimensions (a) and
array layout with global diameter (b)
Each facet has an ideal orientation defined by angles 𝛼 and 𝛽 that
yields a single focal point. The baseline model for the aiming
error study contained randomly generated alignment errors
(∆𝛼 & ∆𝛽 in Figure 1) along the minor and major axes with
membrane depths set accurately based on a perfectly aligned
array. The error is then parameterised through an adjustment
factor in SolidWorks. For the study on the impact of membrane
depth, a perfectly aligned array is used (∆𝛼 = ∆𝛽 = 0) with
finite adjustments applied to the ideal facet membrane depths.
The increase in the induced error in both studies causes the final
flux distribution area on the target plane to grow, reducing the
concentration ratio of the array. With a square cavity receiver
(aperture of 0.25 m × 0.25 m), a certain degree of leniency is
permissible before system performance starts to be impacted due
to spilt flux. A target minimum intercept factor of 90% is set for
a geometric concentration ratio (𝐶𝑅𝑔 ) of 396 based on the optical
performance of the 33 facet reflector in Roosendaal et al. [11].

Figure 1: Facet geometric constraint diagram
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Table 1. SolTrace parameters for facet misalignment
Parameters

Value

Slope error

2.5 mrad

Specularity error

3.8 mrad

Facet misalignment

± 0°; ± 0.1°; ± 0.2°; ± 0.3°

Membrane depth adjustment

0 mm

Figure 3: Ray tracing analysis of faceted reflector for ± 0.3°
misalignment case
The complex, zero-thickness surfaces in the SolidWorks CAD
model were converted to flat-surfaced, 5 mm triangular mesh
elements in Ansys (element size for mesh independence [10]).
Using a PYTHON script and .lk script [12], the meshed surface
elements were imported into a geometric stage in SolTrace. The
optical model was then simulated using a pillbox sun shape
profile set to 4.625 mrad [13]. The slope and specularity errors
were set to 2.5 mrad and 3.8 mrad respectively according to the
reported errors for stretched membrane facets. A virtual target
plane is placed at the focal point of the array and the ray
intercepts at the virtual target plane (see Figure 3) were exported
from SolTrace for processing. The target data is converted into
an image matrix using ray counts within a given pixel area as the
pixel intensity value (𝐸) in a PYTHON script. Normalising and
integrating from the weighted centroid (Eq. 2) of the flux image
yields intercept factor (𝛾) and geometric concentration ratio plots
that are used to compare the optical performance [14].

Figure 4: Intercept factor plots for a reflector with
parameterised misalignments.
The intercept factor reaches a maximum of 98% for a
misalignment of ± 0° and a minimum of 92% for a misalignment
of ± 0.3°. It is evident from the results that the 0.3° misalignment
still meets the minimum intercept factor condition of 90% at the
given concertation ratio of 396.
3.2. Membrane Depth
The membrane depth of all the reflector facets was parameterised
according to Table 2. The intercept factor plots for the
parameterised membrane depth adjustment are presented in
Figure 5.
Table 2: Test parameters for analysis of membrane depth

𝛾=

∑𝑛𝑖 𝐸𝑖
∑𝑁
𝑖 𝐸𝑖

=

𝐴𝑎𝑝
∫0 𝐸(𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝐴𝑡𝑜𝑡
∫0 𝐸(𝑥, 𝑦)𝑑𝑥𝑑𝑦

(2)

3. Results
3.1. Facet Misalignment
The misalignment of the reflector facets was parameterised
according to Table 1. Intercept factor plots were generated for
the parameterised misalignment cases and are presented in
Figure 4.
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Parameters

Value

Slope error

2.5 mrad

Specularity error

3.8 mrad

Facet misalignment

0°

Membrane depth adjustment

-6 mm; -4 mm; -2 mm;
0 mm

[2]

[3]

[4]

Figure 5: Intercept factor plots for ST CHP reflector with
parameterised membrane depth adjustment
[5]

The intercept factor reaches a maximum of 98% for a membrane
depth adjustment of 0 mm and a minimum of 10% for a
membrane depth adjustment of -6 mm. A limit of -2 mm
membrane depth adjustment is determined in order to stay within
the targeted minimum intercept factor of 90%. The results show
that the intercept factor is particularly sensitive to membrane
depth adjustment.

[6]

4. Conclusion
[7]

A raytracing analysis of the faceted stretched membrane
reflector being developed at the University of Pretoria was
conducted. Analysis of the intercept factor at a geometric
concentration ratio of 396 showed that a facet misalignment of
± 0.3° remained within the minimum limit of 90% intercept
factor. The intercept factor was particularly sensitive to
adjustments in membrane depth where a limit of -2 mm
membrane depth adjustment was determined.

[8]

[9]
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Abstract: A solar-dish Brayton cycle prototype is currently
being developed at the University of Pretoria. The plant
equipment will typically be subjected to high temperatures of
more than 800 °C. Due to high operating temperatures, the inline
piping and equipment will be exposed to high thermal stress. The
system will also be operated in cyclic temperature conditions due
to solar energy dependency, exposing the system to hightemperature fatigue cycles over its life cycle. Initial thermal
stress simulations are used in this paper to identify the locations
of high stress in a proposed piping network and to make
recommendations. One of the recommendations is that the solar
receiver pipe connections should be manufactured shorter than
required which will allow the coil to expand to the correct
desired focal point position during operation.

traditional recuperated Brayton power cycle is investigated.
Initial work focused on thermodynamic analysis of the smallscale Brayton power cycle (see Ref [7]). The solar power plant
uses a parabolic solar dish collector (SDC) with direct fluid
heating cascaded with an open Brayton cycle for power
generation and cogeneration [8]. Many areas in South Africa do
not have access to the power grid and this solution can be
beneficial to the population living in such areas [9]. The solar
receiver moves along with the collector’s two-axis path to
maintain the position of the optical focal point of the parabolic
dish. The piping network connected to the receiver is exposed to
a high temperature which weakens the mechanical properties of
the piping material. At higher temperatures, piping materials are
susceptible to multiple failure mechanisms which can result in
the reduced beneficial operational life cycle of the system and
cost of operation [10, 11]. In previous work, a displacement of
about 10 mm was found for the receiver coil investigated in this
work [12]. In this paper, the thermal expansion failure
mechanisms of the piping network is discussed and evaluated.

Keywords: solar energy; piping; thermal stress; Brayton cycle;
high temperature; thermal expansion.
1. Introduction
The use of fossil fuels as the source of energy contributes 85 %
of the current consumable energy worldwide. These include
coal, oil, and natural gas [1]. These energy sources are
constrained due to their unsustainability and the rate of their
consumption due to the increasing world population [2].
Furthermore, the cost of their production is relatively high to the
consumer [2, 3]. Renewable energy sources such as bioenergy,
wind, water, and solar can provide sustainable solutions to the
energy crisis, with reduced health implications [4, 5]. Hybrid
production serves as an initial step to advance the inclusion and
use of renewable energy sources [6].

2. Methodology
The proposed solar Brayton cycle system (with air as working
fluid) is designed for two operating modes: high-temperature and
low-temperature receiver modes. The two modes are
implemented to account for the solar variability factor. The two
modes improve the availability and solar conversion efficiency
of the power plant. Low-temperature receiver mode can typically
be applied in lower solar irradiance scenarios. To integrate the
two systems, a piping network is required at the receiver. The
proposed system piping and equipment diagram is shown in
Figure 1.

In this paper, a hybrid power plant (low-pressure micro-turbine
for ±3 kW power generation) that integrates solar into the
76

This paper focuses on the high-temperature receiver mode. In
this mode, valves 2, 4, and 5 are normally closed whilst valves
1, 3, and 6 are opened. The high-temperature mode is used in this
paper as it exposes the piping network (see Figure 2) to higher
operating temperatures. The layout has stages in which the
assumed process steady-state temperatures are presented (see
Table 1 and refer to Figure 1 for the stages). ANSI stainless steel
A312 is considered in this initial study. The material is preferred
due to its superior strength, weldability, and corrosion resistance
while operating at high temperatures.

accurately at the focal position of the parabolic dish. Therefore
the receiver must rigidly share the ground reference with the
SDC at all times. The piping support should also prevent heat
losses to the solar-tracking structure.

Figure 2: The piping layout.
The analytical methods for stress analysis as described by Ref.
[13], indicate that the length and the change of temperature play
a vital part in the stress analysis. The thermal stress governing
equation is given below:

Figure 1: P&ID diagram.

Table 1: Assumed typical process temperature conditions.
Stage

Location description

=

Temp.
(°C)

a

Compressor inlet

27

b

Air-side recuperator

169

c

Solar receiver inlet

651

d

Combustion chamber inlet

807

e

Turbine inlet

927

f

Gas-side recuperator inlet

744

g

Gas-side recuperator outlet

281

(

−

)

(1)

The sustained and expansion load cases were evaluated using the
static analysis method in CAESAR II software. Two extreme
cases were evaluated because the receiver operates between two
extreme positions referenced to the ground. Position 1 is when
the central axis of the receiver coil is at the horizontal position
during sunrise and sunset (see Figure 3).

The analysis performed in this paper is completed in the
CAESAR II environment in static analysis. The model uses the
properties of the construction material, insulation applied and
fluid content (air and combustion gas) at the applicable
temperature.
The base anchor support (BAS) position as shown in Figure 2 is
selected as the support position in this investigation since it is
assumed to result in the least displacement of the center of the
receiver coil referenced to the focal point of the SDC. The
positioning of the receiver is important and it must be maintained

Figure 3: System position 1 (sunrise and sunset).
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For position 2, the receiver coil is in the vertical orientation
around midday (see Figure 4). Three additional supports are also
used in the analysis. The three supports include one guided and
two resting supports. The resting supports contribute to carrying
the weight of the receiver and transferring it to the receiver
structure, and the guided support contributes to stabilising and
maintaining the positioning of the receiver piping structure. The
resting supports are positioned inline of zero expansion with the
BAS to avoid disengagement when the system starts expanding.
Furthermore, these supports do not impose any expansion
restraints on the system.

Figure 5: Stress value descriptor in stress percentage for the
sustained load case and thermal expansion load case.
For the sustained load case, the results show that there is a
maximum stress ratio of 76.8 % (see Figure 6) for position 1 and
240.9 % (see Figure 7) for position 2.

Figure 4: System position 2 (upright).
3. Results
The results presented in this paper are for the sustained,
expansion and operating load cases. The sustained load case on
the system takes into consideration system weight, pressure, and
the supporting philosophy used on the piping. The expansion
load case takes into consideration the effects of temperatures and
the supporting philosophy. The operating load case considers the
effects of the weight, pressure, temperature and the supporting
philosophy. The stress results are indicated using the colorcoding percentage descriptor for sustained and expansion load
case (refer to Figure 5). The percentage describes the section’s
(model node) code stress ratio to the piping sectional allowable
stress. All the sections in Level 6 (red color or 100 %) are
experiencing local stresses beyond the allowable code stress for
that piping section.

Figure 6: Sustained load case results for position 1.
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Figure 7: Sustained load case results for position 2.
The position of the receiver coil forms a critical operational
requirement of the system. The receiver coil is referenced to the
ground through the BAS (see Figure 2 and Figure 3). The results
for the thermal stress analysis are shown in Figures Figure 8,
Figure 9, and Figure 10. Initial results show that the receiver coil
expands 8.7 mm away from the BAS in the +Z direct and 8.8 mm
in the +Y direction (see Figure 8 for the exaggerated position 2
expansion responses). The coil’s Z displacement shifts the coil
away from the focal point of the SDC. It is therefore
recommended to fabricate the receiver-coil connecting pipes
shorter than required and allow the coil to expand to the correct
desired focal point position during operation.

Figure 9: Position 1 thermal expansion results.

Figure 10: Position 2 thermal expansion results.

Figure 8: Receiver expansion layout (position 2 view).
In Figure 9 the maximum code stress calculated for position 1 is
604.4 MPa with the allowable stress of 200.6 MPa. This gives a
stress percentage of 301. 3 % for position 1. In Figure 10, the
maximum stress calculated for position 2 is 621.6 MPa with the
allowable stress of 181.6 MPa. This gives a stress percentage of
342.3 % for position 2.

Figure 11: Stress value descriptor in stress value for the
operational load case.

In the operating load case, the stress results are indicated using
the color-coding value descriptor (refer to Figure 11). The given
values describe the section’s operating stress values. All the
sections above Level 6 (red colour or 207 MPa) are experiencing
local stresses beyond the yield strength of the applicable material
used.

The results for the operational load case are shown in Figure 12
and Figure 13. In Figure 12 the maximum operating stress
calculated for position 1 is 584.07 MPa. This gives a stress ratio
of 2.8 to the yield stress at position 1. In Figure 13, the maximum
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stress calculated for position 2 is 612.1 MPa. This gives a stress
ratio of 2.9 to the yield stress at position 2.

the results showed that the receiver-coil connecting pipes can be
manufactured shorter than required to allow the solar receiver to
expand to the correct focal point position during position. In
Figure 6, Figure 7, Figure 9, and Figure 10 the results also
showed that the receiver coil is optimally designed for thermal
expansion and the sustained load case. Its design comprises
multiple pipe direction changes using pipe bends that enable
flexibility. From the thermal stress analysis in Figure 9 and
Figure 10, it was found that the tees and bends of the piping
network are the most susceptible to high stresses. The optimum
solution for the piping layout must be further investigated to
account for pressure drop, thermodynamic heat losses, weight,
and shadowing. The operational load case in Figure 12 and
Figure 13 showed that the major piping stress contributor is the
thermal expansion load case, therefore, it is recommended that
the focus for future work be directed on the thermal expansion
load case. Lastly, the software applied in this work uses an
element-based analysis procedure and it is therefore
recommended that the tees and bends be investigated in more
detail in future iterations using a more robust FEA software.

Figure 12: Position 1 operating load case results.
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Abstract: A solar-dish Brayton cycle is combined with
renewable gas to provide consistent off-grid electricity and
process heat supply. Three configurations are envisaged for a
final product: receiver-bypass mode, low temperature (LT) mode
(at the receiver), corresponding to lower available solar heat
transfer rates, as well as high temperature (HT) mode,
corresponding to high solar heat transfer rates (around noon).
Simulator software (SimuPACT©) is used to evaluate the
transient response of the Brayton cycle as a function of a number
of transient boundary conditions, for example: changing the
available solar heat transfer rate (mimicking cloud movement),
changing electrical energy load (extracted from compressorturbine shaft), and change-over from HT mode to LT mode. The
high-fidelity Brayton cycle model created in the simulator
software (one-dimensional (network) CFD code), is based on
initial prototype design information. Using valve actuator and
controller add-ins in the model, operating philosophies can be
explored using the transient model.

as proposed by Le Roux [5]. The proposed system is subjected
to changing conditions, such as fluctuating solar heat transfer
rate due to cloud movement, fluctuating ambient temperature
and wind (influencing heat loss), as well as changing electrical
load and process (or water) heating requirements.
Transient modelling of solar-thermal systems is well established
with open-source software like SAM (Blair et al [6]) being
available. The ability to link the transient model to realtime plant
conditions is however important, hence the need for dedicated
simulator software like SimuPACT©. Transient modelling of
Brayton cycles applied to solar concentrators have been
performed by researchers, e.g., Luu et al [7] and Singh et al [8],
who studied supercritical CO2 as working fluid for a solar tower
and parabolic trough.
A novel method to increase the solar conversion efficiency is
introduced in this work, namely two different Brayton cycle
configurations to deal with changing solar heat transfer rate
conditions: a high temperature (HT) mode and low temperature
(LT) mode. A transient simulation model of the proposed system
is utilised, similar to Chen et al. [9], to evaluate the response of
the system as a function of the changing conditions or boundary
conditions. These results will assist designers in predicting the
response of the prototype system and help considering
enveloping conditions for a prototype experimental setup.

Keywords: Hybrid solar-gas Brayton cycle, micro-turbine,
transient modelling, real-time thermodynamic simulation
1. Introduction
This paper describes work that is part of an ongoing research
project, namely the solar-gas hybrid Brayton cycle. Previous
work of a solar-dish collector and receiver [1-2] is combined
with renewable gas in a micro-turbine Brayton cycle to provide
consistent off-grid electricity and process heat supply. The
proposed system is similar to work done by Wang et al. [3,4] and
consists of a tracking dish, solar receiver, recuperator, microcompressor and micro-turbine, motor/generator, combustor, and
piping/valves. Waste heat of the primary thermodynamic cycle
can be captured and stored using a thermal energy storage system
to further increase system efficiency. For the purposes of this
study, only water heating is considered for utilising waste heat

After a description of the transient thermodynamic model, results
are presented of first steady-state operation, followed by the
transients (switching between modes). Conclusions and a
description of future work to extend and improve the model
conclude the paper.
2. Transient thermodynamic model
2.1. Simulator 1-dimensional CFD software
Power station simulator software is ideal for modelling transient
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thermodynamic models, as it already contains one-dimensional
network numerical (CFD) solvers being able to solve in realtime. In this work, SimuPACT© software is used to set up
transient models of the proposed system. A built-in advantage of
using typical simulator software is the ability to set up boundary
conditions to the model, that can be altered as a function of time
while the model is executing. The following boundary conditions
were defined:
•
•

•
•
•

Ambient pressure (this will typically be constant for a
specific location).
Ambient temperature (can be changed to mimic
changing weather conditions as cloud coverage moves
in).
Solar heat input (kept constant in this study)
Electrical load (kept constant for this study).
Water heating or thermal storage heating requirements
(will mostly only affect waste gas outlet temperature).
Fig. 1. Model diagrammatic representation for node
definitions and valve configuration

Another built-in advantage of using simulator software is the
ability to include other libraries to interact with the numerical
flow solver. Existing libraries used in this transient model are
valve actuators and PID controllers. Valve actuators are required
to set up the flow path for the three configurations (HT, LT or
bypass). The valve actuators can be configured for any setup:
solenoid valve actuators are utilised in this model with stroke
times of 3 seconds. This stroke time is an initial working
assumption, and will later be updated with prototype as-built
information. A proportional-integral-derivative (PID) controller
is used to mimic the combustor control system: in this study, the
turbine speed is used as a process control variable and a constant
speed setpoint is endeavoured to be maintained, by changing
heat input to the working fluid.

2.3. Model assumptions and inputs
The following assumptions were made:
•

•

•
•

2.2. Model diagrammatic representation

•

A diagrammatic representation of the simulation model is shown
in Figure 1 to illustrate the use of the six actuated valves to
achieve HT, LT and bypass configurations. With HT mode, that
corresponds to high solar heat transfer rates (around noon), the
working fluid (air) exiting the compressor is routed firstly to the
recuperator and then to the solar receiver, after which this
preheated air is fed to a combustion chamber upstream of the
micro-turbine, using actuated valves. Conversely, with LT mode,
the compressed air is firstly routed to the solar receiver, and then
to the recuperator. A receiver bypass configuration is also
achievable with the same valves: this mode is required when the
solar heat transfer rate has dropped below power generation
levels, i.e., night time or lasting overcast conditions. The solar
receiver is bypassed completely, directing the compressed air to
the recuperator and then to the turbine combustor.

•

•
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Quadratic pressure loss behaviour is assumed for most
piping and valves; design pressure drops are matched
with HT steady-state cycle mass flows.
Piping considered to be adiabatic, except for specific
heat losses on receiver and recuperator to match initial
HT steady-state configuration.
The inertia of the shaft connecting the micro-turbine
and compressor as provided by Samad Power.
Ambient temperature assumed to be the same as
compressor inlet temperature, namely 300 K.
Solar heat transfer rate is set at 23 kW, with heat loss of
10.5 kW, resulting in heat input to working fluid at
12.5 kW. Note that heat loss will be less when the solar
receiver temperature is lower during LT mode, despite
the heat transfer rate (proportional to direct normal
irradiance (DNI)) remaining at 23 kW.
For the recuperator, a heat loss coefficient was
estimated based on a realistic metal temperature of the
recuperators vs. ambient temperature. This heat loss
will also be a function of operational mode (i.e., metal
temperature) and ambient temperature.
Shaft power required by the generator is kept constant
at 3.35 kW. It is assumed that the electrical load is
maintained constant at this value during all transient
runs (implying the use of power electronics to extract
the same load from the micro-turbine shaft despite shaft
speed fluctuations).

Compressor maps as developed by Samad Power were loaded
into the simulator software and the turbine operating point from
Samad Power was used to configure a basic turbine model. The
fuel added to the combustor was assumed to burn completely.
The combustor was simplified by only adding heat to the
working fluid (air), and adding a small amount of air
(representing fuel mass flow) at the turbine inlet.

Table 1. Steady-state temperature results on nodes for 3
configurations: HT, LT and Bypass

2.4. SimuPACT© model
A part of the simulation model focusing on the solar receiver is
shown in Figure 2 to illustrate the object-orientated
characteristics of the simulator software. Solenoid actuators are
used for the flow configuration valves, and heat transfer
elements are used to configure heat transfer coefficients from
solar heat input to the working fluid. The heat transfer coefficient
is scaled according to mass flow rate, so that no heat transfer
takes place when the working fluid is stationary. The solar
receiver metal is exposed to the environment with a dedicated
heat transfer coefficient, and will therefore cool down to ambient
temperature due to the lack of working fluid flow.

Node

Node Description

HT
Temp
(K)

LT
Temp
(K)

Bypass
Temp
(K)

1

Micro-compressor
inlet

300

300

300

2

Micro-compressor
outlet

446.7

446.7

446.7

3

Recuperator inlet

446.7

688.5

446.7

4

Recuperator outlet

925.4

962.3

906.1

5

Solar receiver inlet

925.4

446.7

atm

6

Solar receiver
outlet

1083.8

688.5

atm

7

Combustor inlet

1083.8

962.3

906.1

8

Micro-turbine
inlet

1200.5

1200.5

1176.3

9

Micro-turbine
outlet / recuperator
inlet

1017.0

1017.0

994.5

10

Waste gas
recuperator outlet
(inlet to TES /
water heater)

547.4

746.5

542.6

It is clear from Table 2 that the LT configuration is more suited
for lower solar heat transfer rates, as the recuperator becomes
less efficient with higher inlet temperatures in the high-pressure
side. Much more combustor heat is required in LT mode with
the same solar heat input to obtain the same electrical load.
However, much more waste heat is available in LT-mode for
water heating or other process uses. The boundary conditions of
the three steady-state conditions in Table 1 are best suited for
HT mode, therefore it seems far superior to the LT and bypass
modes. In this study, the solar heat input is a direct input to the
receiver metals: heat is then transferred to the working fluid
with convective heat transfer and heat is lost to the environment
with natural convection. This occurs due to the receiver metal
temperature being hotter than the working fluid (and ambient).
In reality, sun rays are focused on receiver metals: if the receiver
metal is not heated to more than the working fluid, no heat can
be transferred to the working fluid. LT-mode is therefore suited
for much lower receiver metal temperatures, as the working
fluid arrives cold at the receiver, and solar heat absorbtion is
maximised.

Fig. 2. Part of SimuPACT© model focusing on solar
receiver to illustrate object-orientated characteristics of
simulator software
3. Results
3.1. Steady-state results
Steady-state results are compared in Tables 1 and 2. Table 1
compares the node temperatures at the three different steadystate modes, namely HT mode, LT mode and bypass mode.
Table 2 compares the heat transfer and power values of major
components obtained for the three modes.
Note that atm in Table 1 implies atmospheric temperature or
ambient temperature. Due to the modelled heat loss to the
environment, the solar receiver metal will eventually cool down
to ambient temperature, which is 300 K in this study.
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In the following sections, graphs will demonstrate the system
behaviour when moving between these steady-state conditions
with the boundary conditions kept constant.

resistance, therefore preventing surge. This conclusion is based
on the compressor characteristic, where the work point moves
away from the surge line with momentary increasing flow.

Table 2. Steady-state heat transfer / power results on
major components
Description

HT Heat
transfer /
Power
(kW)

LT Heat
transfer /
Power
(kW)

Bypass
Heat
transfer /
Power
(kW)

Heat transfers
Recuperator (heat into
working fluid)

35.77

20.96

35.00

Recuperator heat loss
to atmosphere

0.922

0.922

0.893

Solar receiver (heat
into working fluid)

12.48

17.70

0

Solar receiver heat
loss to atmosphere

10.52

5.302

0

Combustor

9.36

18.95

21.79

Waste gas heat
available (before TES
/ water heating)

17.76

32.57

17.74

Fig. 3. Mass flow rate through turbomachinery and valves
during HT to LT configuration transition
Temperatures take longer to reach new steady-state conditions,
due to metal mass in the receiver, that basically cools down from
a higher temperature (1092 K) to the lower temperature (760 K)
as shown in Figure 4. The metal masses have an influence on the
time needed to reach a new steady state, and these will be
updated in the model with as-built information when the
prototype is tested.

Shaft power
Compressor

-10.42

-10.42

-10.55

Turbine

13.77

13.77

13.9

Electrical load
(including mechanical
losses)

-3.35

-3.35

-3.35

3.2. Transient: HT to LT configuration
Fig. 4. Temperature at major nodes and metal
temperatures during HT to LT configuration transition

There was a concern that the micro-machinery might surge
during switching from HT to LT configuration and therefore the
transient model was used to explore methods of avoiding
interrupting mass flow through the turbomachinery. The best
method was to open all valves (in essence bypassing the receiver
and recuperator momentarily) and then closing the HT-path
valves, thus diverting flow in the LT-mode. In this study, the
shift over (all valves open) was performed in a 6 second time
window.

The heat transfer to the working fluid during transition is more
interesting, due to the shift in receiver metal temperatures – refer
to Figure 5. Note that as soon as the LT flow path is established,
the heat transfer to the compressed air at the receiver increases
rapidly, as the colder air is suddenly subjected to a much hotter
receiver. As the receiver metal temperature cools down, the heat
transfer reduces to its LT configuration steady-state value of
17.70 kW. Conversely, the heat transfer to the compressed air at
the recuperator decreases rapidly as soon as the LT flow path is
established, as the much hotter air (from the originally HT mode
hot receiver) is subjected to the colder recuperator metal. Note

Figure 3 shows the mass flows through the system, specifically
through the compressor, turbine and valves entering the
combustor. It is illustrated that the compressor and turbine flow
increase somewhat during the transition, due to lower system
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that the recuperator mass is large in comparison to the receiver
metal mass, therefore the recuperator’s metal temperature
remains fairly constant during this transition (Figure 4).

heating requirement, and as the receiver metal temperature is
nearing its new steady-state temperature, the combustion heat is
settling to its HT mode value of 9.36 kW. Note again that the
recuperator metal temperature remains fairly constant during this
transition, as expected, as its HT and LT mode temperatures are
quite similar.

Fig. 5. Heat transfers (and combustion heat) during HT to
LT configuration transition
Fig. 7. Temperature at major nodes and metal
temperatures during LT to HT configuration transition

Fig. 6. Turbine speed during HT to LT configuration
transition
The combustion heat reacts (increases) due to the turbine speed
reducing during the transition time while the recuperator and
receiver are bypassed (before LT path is established) – compare
combustion heat in Figure 5 and turbine speed in Figure 6.

Fig. 8. Heat transfers (and combustion heat) during LT to
HT configuration transition

3.3. Transient: LT to HT configuration

3.4. Transient: LT to bypass configuration

Temperature transitions follow a similar trend as in the previous
section, except that the receiver metal temperature (and outlet
temperature) now increases to its new steady-state condition of
1092 K as it has to be heated from the lower (LT mode)
temperature of 760 K, as shown in Figure 7.

Bypass configuration is required when the solar heat transfer rate
has dropped below power generation levels, i.e., night time or
lasting overcast conditions. For this set of results, the solar heat
transfer rate was reduced within 10 seconds from 23 kW to
0 kW, after which the system was switched from LT
configuration to bypass configuration. This is done to prevent the
receiver metal temperature increasing rapidly as soon as the mass
flow through the receiver is shut off (zero flow) as shown in
Figure 9. Note that the mass flow rate in the turbomachinery
increases somewhat after the transition due to the lower
resistance of the system while the receiver is bypassed.

As with the previous transition, the heat transfer to the working
fluid is more interesting with the receiver metal temperature shift
as shown in Figure 8. As soon as the HT path is established after
the all-valves-open shifting method, heat transfer to the working
fluid is reduced rapidly. In fact, heat is initially transferred from
the working fluid to the receiver metal, hence the negative heat
transfer. This is due to the hot working fluid exiting the
recuperator (with hot metals from LT mode), now heating up the
receiver metal. The combustion heat is compensating for this

After initially rapidly decreasing during the transition time (all
valves open) due to low flow, the combustor inlet temperature
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quickly reaches its new steady-state temperature of 906 K
(bypass mode) as the recuperator metal temperature is practically
the same for LT mode and bypass mode (see Figure 10). The
recuperator outlet temperature is thus diverted directly towards
the combustor inlet after the valve shift transition. Note that the
receiver metal temperature is decreasing at a certain rate due to
its heat loss coefficient and will eventually reach ambient
conditions. Due to the assumption that the receiver is isolated
from the working fluid, it has no influence on the rest of the
cycle.

Fig. 11. Heat transfers (and combustion heat) during LT to
bypass configuration transition
4. Conclusion and future work
A solar-dish Brayton cycle combined with renewable gas to
provide consistent off-grid electricity and process heat was
considered in this work. Three configurations were envisaged:
low temperature (LT) mode, high temperature (HT) mode and
receiver-bypass mode. Simulator software (SimuPACT©) was
used to evaluate the transient response of the cycle when
transitioning between modes. The transient model was used to
explore methods of avoiding interrupting mass flow through the
turbomachinery. It was found that all valves can be opened when
switching between modes, to prevent micro-machinery surging.
Results showed that the recuperator’s metal temperature remains
fairly constant during transitions. Overall, the results will assist
in predicting the response of a prototype system.

Fig. 9. Mass flow rate through turbomachinery, valves and
receiver during LT to bypass configuration transition

The model can be further improved to include a change in solar
heat transfer rate (proportional to DNI) that will influence heat
absorbed by the receiver (kept constant for this study). This can
typically be set up from daybreak to sunset using empirical
information to model an entire day cycle. Wind conditions that
will influence the receiver and recuperator heat losses can also
be included in future work as well as the effect of a changing
dish tracking angle. A combustion library is available to be used
in future work for more accurate modelling of the combustion
process, to also acquire a representative off-gas composition
moving through the micro-turbine and waste gas heating
elements. Furthermore, the PID controller will control the flow
of fuel to the combustion model. Finally, future work will
include the validation with prototype experimental results.

Fig. 10. Temperature at major nodes and metal
temperatures during LT to bypass configuration transition
The lack of solar heat translates in less waste heat available for
water heating, as depicted in Figure 11, showing the decline from
32.57 kW in LT mode steady-state to 17.74 kW in bypass mode
steady-state conditions. The initial increasing reaction of the
combustor heat is to counter the initial turbine speed decrease
(very similar to HT to LT configuration transition), but note that
it stabilises to a very similar heat input rate (21.79 kW) as that of
the LT configuration steady-state value (18.95 kW).
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Abstract: The energy yield of a solar photovoltaic power plant
depends on the environmental conditions. Numerical models,
that predominantly depend on irradiance and temperature, are
used to estimate energy yield of solar PV plants with acceptable
accuracy. Module temperature affects the photovoltaic
efficiency and therefore the output energy.

is the low conversion efficiency of PV panels, which is strongly
dependent on operating temperatures [1]. By having this
dependency makes operating temperatures one of the most
important parameters for evaluating the performance of PV
systems. Its affect, on the output performance of a PV module,
varies with characteristics of module materials used, the
operating point of the module, the installation configuration and
the climatic conditions such as incoming solar irradiance,
ambient temperature and wind speed [2]. Due to the semiconductor nature of solar cells their power curve is affected
significantly by the module temperature, which can be assumed
to be the same as the cell temperature [3]. The open circuit
voltage drastically decreases with increase in module
temperature, up to −0.45%/𝐾𝐾 for crystalline silicon, where the
sort circuit current increases slightly between ranges from
0.04%/𝐾𝐾 to 0.09%/𝐾𝐾 [4]. This phenomenon reduces the
maximum obtainable efficiency that a PV module can attain. The
efficiency of PV modules is measured under standard test
conditions (STC) and reported in manufacturers datasheets.
These standard test conditions include a cell temperature of
25 °𝐶𝐶, irradiance of 1000𝑊𝑊/𝑚𝑚2 and air-mass of 1.5 but this is
rarely realisable in most outdoor environments [5]. In regions
like the Karoo in South Africa, module temperatures can reach
up to 90 °𝐶𝐶 during clear sunny days which can lead to a
considerable decrease in PV energy yield. A study on three
different PV technologies showed that the yield of the modules
decreased by 2 to 10% at high module temperatures [6]. Having
a model to accurately forecast module temperature should be a
key factor during the assessment process of the viability of
potential PV installation locations.

Reduction of module temperature increases the efficiency of a
module and overall yield of a power plant. Current yield
modelling assumes constant thermal loss factors thereby
neglecting varying weather parameters other than ambient
temperature and irradiance. Incorporating the cooling effect that
wind have on the PV modules can greatly increase accuracy of
current yield forecasting models which is of importance to
investors and researchers.
This paper analyses a 75MWp solar PV plant in South Africa
which evaluates several numerical models to test their accuracy
for module temperature predictions, including and not including
wind cooling effect. These models quantify the effect that wind
has on the module temperature of a solar PV power plant. A
time-series data set, which contains all weather- and electrical
variables for a time period of 4 years, with 5 minutes time
intervals, was used to derive an appropriate conclusion that the
model which incorporates wind cooling effect can be used to
accurately predict solar PV plant yield.
Results indicate that fluctuations in wind speed correlates to the
module temperature with an overall lower temperature compared
to the calculated module temperature. Further, the analysed
models present a general trend in improvement in prediction
accuracy from including wind in formulations to not.

For most PV installations module temperature measurements are
not available. Therefore, it would be ideal to have an accurate
model to parametrise the physical effect that incoming solar
irradiance and metrological parameters have on the PV module
temperature. Previous studies show that wind speed has a major
influence on PV installations as the movement of air

Keywords: Large Scale PV Power Plants, Wind cooling effect,
Module Temperature, Temperature Modelling, Python Pandas
1. Introduction
Photovoltaic (PV) systems have one main limiting factor and that
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between/over the modules induces a cooling effect onto the
modules [7][8][9]. Standard approaches in modelling of module
temperature omit the effect of wind and only consider plane of
array irradiance and ambient temperature [10].

modules that covers an area of 516 217𝑚𝑚2 . Module orientation
is facing north with a tilt angle of 30∘ mounted on a fixed tilt
free-standing type installation. All these panels are
polycrystalline modules from BYD, having a peak power of
240𝑊𝑊, short-circuit current 8.9𝐴𝐴 and open-circuit voltage
37.54𝑉𝑉. The prolonged high irradiance values contribute to the
overall higher operating temperatures of the solar modules,
which assists in easily identifying weather parameters that
promote the cooling effect of the PV modules.

Current prediction models of module temperature can be
classified into two approaches, a steady state approach or a
transient non-steady state approach [11]. The former assumes
that the incoming solar irradiance and other weather parameters
such as ambient temperature remains constant for a short period
of time (normally less than an hour) where the latter considers
the parameters that influence the module temperature to be time
dependant. A non-steady state derived model outperforms the
steady-state approach as the nature of a PV system is time
dependant and therefore the dynamic model gives a more precise
prediction of the module temperature, especially when there is
rapid fluctuation in the metrological parameters.

For the calculation of module temperature, the on-site ambient
temperature, plane-of-array (POA) irradiance and wind speed
measurement are utilised. Figure 1 illustrates the location of the
five-weather stations located within the solar plant where each
weather station has a pyranometer tilted in the same plane of the
modules for accurate POA irradiances and PT100 temperature
probes underneath the test modules for temperature
measurements. A wind vane for wind speed and direction
measurements which is taken at the CB.

In this study the focus will be on the cooling effect that wind has
on module temperature and to show that the inclusion of wind in
the modelling process can improve yield forecasting/calculation
accuracy. Five well known models for the forecasting of module
temperatures are analysed where three models exclude the
cooling effect and the other two takes this effect into
consideration. E. Skoplaki [12], Akhassi [5], PVsyst [13] and
Faiman [14] suggest different coefficients for these models
which we will analyse for forecasting accuracy against historical
data from a large 75𝑀𝑀𝑊𝑊𝑝𝑝 PV plant in the Northern Cape of
South Africa.

Seasonal variations affect the module temperature and energy
production values as shown in Figure 2 and Figure 3. These
temperatures ranged between -8.8∘ 𝐶𝐶 and 74.8∘ 𝐶𝐶 with lowest
temperatures during June/July and highest temperature during
December/January.

TR02

2. Methodology

North ↑

TR15

In this section the PV plant that will be used for the case study is
introduced and followed by a short analysis of the weather
conditions on site to show the PV module’s temperature
dependence on irradiance and wind. The various PV yield
models are then presented and how the generated data will be
analysed.

TR27

CB

TR39

2.1. PV Site Data
The utility scale solar PV plant used for this case study was the
first grid-connected PV project to be operational in South Africa.
The 75𝑀𝑀𝑊𝑊𝑃𝑃 solar PV plant is situated in South Africa close to
De Aar in the Northern Cape region, with a geographical location
of Latitude, 30.161∘ , South and Longitude, 24.132∘ , East. It has
an elevation of 1200 metres above sea level and is located in a
semi-arid region with high daily solar radiation of 5.8𝑘𝑘𝑘𝑘ℎ/𝑚𝑚2 .
Accordingly, the site has an average of 11.5 daylight hours, with
a maximum of 13.11 daylight hours in December and minimum
9.97 daylight hours in June. The system is configured such that
a string comprises of 24 series modules and 155 parallel strings
feeding into each of the 84 inverters, equating to 312 480

Figure 1. PV Plant orientation and location of the 5
weather stations.
Figure 3 represents the specific energy production of four strings
within the PV installation. Two of these strings are situated close
to weather station TR02 on the northward facing side and the two
strings closets to weather station TR39 on the southward side of
the installation. The specific energy production gives insight to
the PV system performance throughout the year. The seasonal
variability is again evident with lower production values during
April-June months with a steeply increasing energy production
onwards up to December.
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Module Temperature [℃]

relationship. The ambient temperature also rises during the day
but lags the irradiance before it starts to rapidly decrease. The
thermal capacity of the surrounding air is large thus, the air does
not cool rapidly with the decrease in irradiance this causes the
modules to stay warm for longer during the day. These two
parameters are well correlated with module temperature.
Table 1. Summary of wind speed and ambient temperature
values for the year 2016 across all 4 weather stations of the
PV plant

Months of the Year 2016

Wind Speed

Figure 2. Per month maximum, minimum and average
module temperature of the four onsite weather stations

Energy Production (𝑘𝑘𝑘𝑘ℎ/𝑘𝑘𝑘𝑘𝑘𝑘)

Figure 3 correlates with module-, ambient temperature and
irradiance levels which all indicate the same seasonal variability.
However, module temperature is also strongly inversely
dependant on wind speed (WS) where months with higher WS
have a lower overall module temperature, but a higher energy
yield. Table 1 summarises the wind speed and ambient
temperature values averaged across all four weather stations of
the PV plant.

Ambient Temperature

Max

Min

Avg

Max

Min

Avg

Jan

9.1

0

1.81

46.4

12.7

27.12

Feb

14.2

0

1.86

42.1

12.5

26.79

Mar

10.0

0

1.55

38.5

5.7

21.99

Apr

11.3

0

1.35

32.2

2.2

17.8

May

9.0

0

0.84

26.2

-

12.75

Jun

8.1

0

1.00

25.8

-2.5

10.99

Jul

12.4

0

1.16

24.9

-5.6

9.16

Aug

13.9

0

1.43

32.4

-3.4

12.52

Sep

12.2

0

1.68

33.9

-0.7

15.73

Oct

13.2

0

1.81

40.5

2.2

20.50

Nov

16.6

0

2.35

39.8

10.4

25.34

Dec

15.1

0

2.42

44.8

13.2

28.03

The effect that wind speed has on the module temperature is
difficult to visually interpret due to the relatively low wind speed
on this day. To further understand how well wind speed does
correlate with module temperature a statistical analysis, the well-

Months of the Year 2016
Figure 3. Specific Energy production of two strings at a
weather station TR02 and TR39.
2.2. Wind speed correlation with module temperature
To evaluate the performance and the influence weather variables
has on cell temperature, a good understanding of how these
parameters correlate with one another is needed. Figure 4
demonstrates a clear day in April 2016 from 12:00am until
12:00pm and here the wind speed, module temperature, POA
irradiance and ambient temperature is shown. This specific day
was chosen as the irradiance follows a bell like shape which
indicates that there are no obstructions such as cloud cover. The
module temperature has a strong dependence on POA irradiance
and follows the same shape with an almost proportional

Figure 4. Visual line plot of the changes in weather variables
during a single clear day 26 April 2016 from 6:00am to 8:00
pm at the PV plant
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known Pearson- and Spearman correlation, was done. Pearson
finds the linear relationship between two random variables of a
population by computing the covariance of the two variables,
divided by their product of standard deviations. Whereas a
Spearman correlation is a nonparametric measure of rank
correlation and assesses how well the relationship between the
variables can be descried by a monotonic function. The
interactions between the weather variables forms a complex
system and is not always linear as some variables might increase
where others decrease, thus a ranked correlation is helpful in
complex non-linear systems. Table 2 represents the correlation
matrices, where 1 means perfectly correlated and 0 refers to no
correlation exists. As expected, 𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃 and 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 has a strong
linear and non-linear relationships with module temperature
respectively. When all the interactions between the variables are
considered the 𝑊𝑊𝑊𝑊 does have a considerable effect on 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 , with
correlation coefficient of 0.504. Knowing this contribution that
𝑊𝑊𝑊𝑊 has on 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 can help explain the sudden changes in
temperature on modules during normal clear sky days.

which incorporates heat transfer coefficients 𝑈𝑈𝑐𝑐 and 𝑈𝑈𝑣𝑣 (heat
transfer coefficient for wind effects). PVsyst uses constant
values for α and η, 0.9 and 10% respectively. Further, for the
thermal loss factor PVsyst suggests 𝑈𝑈𝑣𝑣 = 0 and 𝑈𝑈𝑐𝑐 =
29, 15, 20𝑊𝑊/𝑚𝑚2 ⋅ 𝑘𝑘 for free-standing systems, fully insulated
backside and intermediary cases, respectively [13]. Equation 1
through to 3 are models that excludes the effects that wind speed
has on cell temperature. PVsyst has user suggested values for
𝑈𝑈𝐶𝐶 = 𝑈𝑈𝐿𝐿0 = 25 and 𝑈𝑈𝑉𝑉 = 𝑈𝑈𝐿𝐿1 = 1.2 for the wind speed adjusted
model given by Equation 4 and uses the values for α and η as
defined for Equation 3. PVsyst also suggest to only use this
model if reliable wind speed data is obtainable [13]. The Faiman,
wind speed adjusted, model is used widely and given by equation
5. This model incorporates wind speed effects and uses
calculated coefficient values as follows: 𝑎𝑎 = 30.02 and 𝑏𝑏 =
6.28 [14].
Table 3. PV Module temperature (degrees Celsius) described
as a function of weather data.
Formula

𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃
1

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎

0.516

1

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

0.817

𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃
𝑊𝑊𝑊𝑊

0.328 0.4295

𝑊𝑊𝑊𝑊

Spearman Correlation

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

1

0.897 0.401

𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃
1

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎

0.558

1

0.4198 0.485
1

0.805

𝑊𝑊𝑊𝑊

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

1

0.911 0.504

𝑇𝑇𝐶𝐶 = 𝑇𝑇𝐴𝐴 +

1

𝐺𝐺𝑔𝑔
(𝑇𝑇
− 20)
800 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑇𝑇𝑀𝑀 = 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐶𝐶1 �𝐺𝐺𝑔𝑔 − 𝐺𝐺200 � + 𝐶𝐶2 �𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑎𝑎,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 �
𝑇𝑇𝐶𝐶 = 𝑇𝑇𝐴𝐴 +

With Wind

Pearson Correlation

Without Wind

Table 2. Pearson and Spearman correlation matrices for PV
plant measured variables.

1
�α ⋅ 𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃 ⋅ (1 − η)�
𝑈𝑈𝑐𝑐 + 𝑈𝑈𝑣𝑣

𝑇𝑇𝐶𝐶 = 𝑇𝑇𝐴𝐴 +

[1 − η](α)𝐺𝐺𝑔𝑔
𝑈𝑈𝐿𝐿0 + 𝑈𝑈𝐿𝐿1 𝑣𝑣

𝑇𝑇𝑀𝑀 = 𝑇𝑇𝐴𝐴 +

𝑆𝑆
𝑎𝑎 + 𝑏𝑏𝑏𝑏

(1)

(2)

(3)
(4)
(5)

2.4. Model analysis

2.3. PV cell temperature models

A time-series dataset of all the sensor’s measured values from
the five weather stations at the PV power plant was extracted in
a five-minute time resolution from 2015 to 2019. For this study
only the required meteorological and PV module related data are
considered. This data was pre-processed to improve its quality
where obvious outliers and deviating values were removed. An
outlier was identified as a data point that is more than three
standard deviations from the mean or represents an unrealistic
value within the context of measurement and therefore
eliminated. All the days on which curtailment was applied to the
PV system were eliminated as data logged during curtailment
will represent abnormal PV system behaviour. To get a more
complete dataset and avoid the elimination of obvious values,
columns with missing data for less than an hour was linearly
interpolated.

In literature there exist a number of widely adapted mathematical
models for calculation of a PV module’s cell temperature. We
will examine these temperature models and validate them against
real measured data. The main metrological data that these models
include are plane-of-array irradiance together with ambient
temperature. Further, five models will be evaluated, three
standard- and two wind speed adjusted models. Table 3
summarises these temperature models described as a function of
weather data and empirical parameters.
E. Skoplaki suggest a standard NOCT temperature of 46∘ 𝐶𝐶 for
the NOCT in equation 1 [12]. Equation 2 is a derived equation
known as the Akhassi 1 model, with constants 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 = 25∘ 𝐶𝐶,
𝐶𝐶1 = 0.0123𝐾𝐾/𝑊𝑊/𝑚𝑚2 , 𝐶𝐶2 = 1.0396 and 𝑇𝑇𝑎𝑎,𝑛𝑛𝑛𝑛𝑛𝑛𝑡𝑡 = 20∘ 𝐶𝐶 [5].
PVsyst uses Equation 3 and introduces a thermal loss factor
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overestimates/underestimates the measured parameter. The
MAD is a measure for the statistical dispersion between the
measured and calculated values. Table 4 presents the statistical
parameters for each model from Table 1 that was analysed over
a 5-year period for subsections of a 75 MWp solar PV plant.
There exists a general trend of improvement in accuracy from
model 1 to 5 while the PVsyst model which includes wind speed
effects performed worse than the PVsyst model that excludes
these effects. The reason being is the user suggested thermal
coefficients does not perform well in the South African context
and is thus disregarded for further use.

To investigate and study each theoretical model the models need
to be constructed in a data analysing platform. Python Pandas
will be used to compare the accuracy of each model due to its
high-performance when working with large datasets and it has
an easy-to-use structure with data analysis tools incorporated.
The models are constructed in a Python scripting file with
coefficient values suggested by the models’ authors. The
meteorological parameters required for this analysis are provided
to each model and the result is calculated for each time stamp
and stored in a Pandas data frame. The calculated module
temperature is compared with the actual measured data from the
PV plant and the linear relationship and accuracy is calculated
using the statistical libraries within Python namely, scipy and
sklearn. Each models’ performance will be statistically analysed
by computing the Root Mean Square Error (RMSE), Mean
Absolute Percentage Error (MAPE) and Mean Absolute
Deviation (MAD).

Models that exclude wind speed, still predicts module
temperature with acceptable accuracy, but the constant over- or
underestimation of these models adds up through the year and
translate to larger errors in yield forecast calculations. Skoplaki
and PVsyst (with and without wind) have a MAPE of 53% to
58% over the course of one year. When compared to the Faiman
model, 52%, the statistical values do not emphasise the
significant error between the measured and calculated values.
Figure 7 indicates the over/under estimation of these models
where Skoplaki (NOCT) overestimates the module temperature
by almost 20∘ 𝐶𝐶 . The well-known PVsyst simulation software’s
model also overestimates the cell temperature by 10∘ 𝐶𝐶 in the
same circumstances the Faiman model, which incorporates wind
speeds, closely follows the measured module temperatures, it
also has small statistical error scores. The mean average
deviation from the measured module temperature is 2.539 ∘ 𝐶𝐶
which is almost half that of the models without wind effects.
Figure 7 shows a clear day with high wind speeds around 5-7
𝑚𝑚/𝑠𝑠, which shows that the models without incorporating wind
effects struggles to predict the module temperature accurately.
Further, not including it in the modelling process allows for
prediction errors as the software calculates the yield of a PV
plant based on modules that are running warmer than they are,
underestimating the yield of the plant.

Manufacturers report temperature coefficients for modules
which specify percentage loss in power per degree celsius. Four
popular PV module technology’s temperature coefficients are
combined with the root means square error to quantify the
percentage power error of these models and the impact it has on
yield forecasting accuracy. Equation 6 is used to calculate the
percentage error that can be made on the yield of a PV plant.
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸°𝐶𝐶

(6)

Where 𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the temperature coefficient of 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and is
supplied by the manufacturer’s datasheet, 𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸°𝐶𝐶 is the yearly
root means square error between the predicted and calculated
module temperatures in degree Celsius.
3. Results and Discussion

Module Temperature (𝐶𝐶 ∘ )

The calculation of a solar PV system’s performance uses the
module temperature as an important input parameter. As module
temperature depends on wind speed it should be considered as
an input parameter to calculate module temperature. Table 3
presents the most widely used module temperature models with
wind and without wind as an input variable. In order to compare
these models’ accuracy to predict 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 the following statistical
parameters were used: RMSE, MAPE and MAD.
The RMSE gives the deviation between the reference value,
measured module temperature, and calculated module
temperature. A close to zero RMSE indicates a good fit between
the calculated and measured values. The MAPE sums the
absolute mean difference between the calculated and measured
values, the larger the value the greater the model

Figure 7. Predicted values plotted against measured
module temperature.
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Table 4. Comparison of performance of different module
temperature models with and without wind effects.
Model

RMSE

MAPE (%)

MAD

NOCT

6.316

58

4.581

Akhassi 1

4.670

82

4.113

PVsyst – No
Wind

4.594

54

3.440

PVsyst - With
Wind

4.877

53

3.741

Faiman

3.223

52

2.539

Polycrystalline is discussed further as the PV installation
consists of these panels. PVsyst shows a small increase in
accuracy when wind is included, this is due to the user suggested
constants not accurately resembling the actual installation. Due
to this PVsyst disregards wind effects due to the small effect it
has on the accuracy. Faiman presents suggested coefficients that
improves the prediction accuracy of the module temperatures by
49% as compared to the standard NOCT equation. The
percentage error of this model can further be improved if the
model coefficients are calibrated on the historical data of the PV
installation which will remove the overshoots visible in Figure
7. For the analysed PV plant such calibrated coefficients can
improve the RMSE value of the Faiman model to 2,6 which
improves the above percentage by 10% (The calculation for this
calibration is not in the scope of this study). The RMSE power
forecasting error of the 75𝑀𝑀𝑊𝑊𝑝𝑝 PV plant for the year 2016 is
1,75 𝑀𝑀𝑀𝑀 for the widely used NOCT equation which does not
consider wind effects and 1,30𝑀𝑀𝑀𝑀 for the Akhassi model. The
sophisticated PVsyst software has a RMSE forecasting error for
the plant power of 1,23 𝑀𝑀𝑀𝑀 without taking wind effects into
account and an 1,35 𝑀𝑀𝑀𝑀 error with wind effects included.
Faiman increases the accuracy by 27% by including the wind
effect as compared to PVsyst which does not and makes a RMSE
power forecasting error of only 894,75 𝑘𝑘𝑘𝑘.

As wind speed increases the solar modules experiences a cooling
effect as the radiative heat gets removed rapidly from the PV
module and cools the PV module down, thus the Faiman model
can adapt to this change in the weather and ensures an accurate
prediction. To determine and quantify the error that can be made
on the PV module power calculations, by using an inaccurate
module temperature model, the percentage power difference
based on the temperature coefficients for the different PV
module technologies are calculated using the following
temperature coefficients:
•

•
•

Table 5. RMSE power forecasting error due to incorrect
module temperature forecasting of 5 different PV
technologies.

SunPower Mono- (360W) and Polycrystalline (335W) with
power temperature coefficients of −0.29%/∘ 𝐶𝐶 and
−0.37%/∘ 𝐶𝐶, respectively,
First Solar (420W) Cadmium Telluride (CdTe) with power
temperature coefficient −0.32%/∘ 𝐶𝐶 and
Eterbright (350W) Copper, Indium, Gallium and Selenide
(CIGS) with power temperature coefficient −0.23%/∘ 𝐶𝐶.

Table 5 summarises the errors in percentage of power output that
can be made on a large PV installation, based on the RMSE and
the power temperature coefficient of the different module
technologies. From Table 5 the RMSE for the entire installation
can be seen caused by module temperature predictions, from
weak to good, where CIGS has the lowest percentage error,
0.741%, across all models and Polycrystalline with the highest
error of 2.337%. The model presented by Faiman, indicates an
average percentage error of below 1% for all PV technologies
combined where models that exclude wind effects show average
percentage error values of almost 2%. Further the table shows a
general trend of increase in accuracy from top down as models
becomes more sophisticated by considering more parameters.

Model

RMSE

Mono

Poly

CdTe

CIGS

NOCT

6.316

1.832

2.337

2.021

1.453

Akhassi 1
PVsyst With
No Wind
PVsyst With
Wind
Faiman

4.670

1.354

1.728

1.494

1.074

4.594

1.332

1.700

1.470

1.057

4.877

1.414

1.804

1.561

1.122

3.223

0.935

1.193

1.031

0.741

4. Conclusion
In this study several existing models to forecast the module
temperature of a PV system as a function of the meteorological
parameters such as solar irradiance, ambient temperature and
wind is evaluated. The data used was sourced from a large PV
power plant situated in the Norther Cape region of South Africa.
The plant compromises of four 4 weather stations from which
the module-, ambient temperatures, wind speed and plane-ofarray irradiance measurements are extracted.

The percentage errors in Table 5 might be insignificant to small
scale PV systems, but the error becomes substantially larger in
PV systems such as the 75𝑀𝑀𝑊𝑊𝑝𝑝 plant that was analysed.

It is found that module temperature models that does not include
the cooling effect of wind performs poorly compared to the
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model that does include the effect of wind. Furthermore, the
constant error made by these models, that exclude wind, is
significantly large on a 75𝑀𝑀𝑊𝑊𝑝𝑝 PV system over a period of 1
year. The Faiman module temperature model has the smallest
errors (RMSE, MAPE, MAD) when compared to the NOCT,
Akhassi and PVsyst models that exclude wind effects. In contrast
when the wind effect is included the MAD is improved by a
factor of almost two. The PVsyst model that does include wind
effects does not significantly improve on the PVsyst model that
excludes wind effects. This is why PVsyst does not include wind
effects in their simulation software as there is no significant
improvement in accuracy.
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Abstract: The output of a photovoltaic (PV) plant is dependent
on solar irradiance. However, the efficiency of PV modules
varies under different wavelengths of light. The spectral content
of irradiance varies by geography, time, and clouds. Sudden
changes in irradiance caused by clouds may lead to voltage and
frequency oscillations in the output of PV plants, which may
result in system instability. Accurate prediction of solar
irradiance can be used to manage PV power fluctuations. The
unique radiometric measurement station presented in this paper
collects the data required by researchers to create accurate
models which can describe spectral changes in irradiance caused
by clouds. The instruments used and operation of the
measurement station will be described further along with the
presentation of the first meaningful measurements. The
instruments on this radiometric measurement station include: a
pyranometer, pyrheliometer, narrow Field-of-View (FOV)
spectrometer, wide FOV spectrometer and a digital camera. The
instruments are mounted on a pan/tilt unit allowing for
measurements in any direction. The measurement station is
weather-resistant, compact, and solar powered, allowing its
deployment in remote locations. The station measures Global
Horizontal Irradiance and Direct Normal Irradiance, as well as
the narrow and wide FOV spectral content of irradiance. The
onboard camera captures images of the sky that resulted in the
various irradiance measurements. Measurements are taken
periodically at 4 different positions: directly into the sun, facing
north with optimal tilt, facing north with 30° tilt and with a 0°
tilt. This measurement station is currently being used to collect
the various described data points. Irradiance measurements and
spectral measurements as well as their correlation and variation
from the standard spectrum taken at an air mass of 1.5 is shown.
Weaknesses in the station, such as slow tracking and
measurement speeds are identified, and recommendations are
made for future improvements.

1. Introduction
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The demand for solar PV energy is rapidly increasing throughout
the world as many nations attempt to shift from fossil fuels to
clean, sustainable sources of energy. South Africa is ideally
suited to harvesting solar energy as it averages above 2500 hours
of sunshine annually, with a 24-hour average solar irradiance of
220 W/m2 [1]. As per the Integrated Resource Plan (IRP2019),
the South African Department of Mineral Resources and Energy
has committed to increasing its PV installed capacity by 814 MW
by the end of 2022 with plans to add another 5670 MW by 2030
[2]. The committed and planned increases in the PV installed
capacity in South Africa are shown in Fig. 1.

2018

1

Year
Fig. 1. Increase in PV installed capacity as outlined in the
IRP2019.
However, solar PV energy is not without its problems. Unlike
traditional coal-fired power plants, the output of PV plants is
highly variable. This is caused by changing weather conditions
as well as the fact that the efficiency of PV modules varies based
on different factors. It has been shown experimentally by Zaini
et al. [3] that the efficiency declines with an increase in
temperature, and by Islam et al. [4] that the efficiency of a PV
panel improves with an increase in received irradiance. The

Keywords: photovoltaics; irradiance forecasting; solar data
collection; sky imaging; cloud movement.
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relative spectral response for 8 different types of PV modules
was measured and compared by Schweiger and Herrmann [5],
and it was seen that each type of PV module reached its peak
efficiency at a different wavelength. This is expected, as
different PV materials have different band-gap energies, and
only photons of light that are of a high enough frequency will
have the energy required to release electrons in the material and
produce electricity [6]. Therefore, the output of a PV plant will
be severely reduced when a large cloud bank sweeps across the
power plant [7]. This may lead to voltage and frequency
oscillations, system instability and potentially a blackout if this
coincides with a sudden increase in load demand. The effects of
these fluctuations can be reduced by integrating a costly energy
storage system with the plant [8]. An alternative method of
mitigating the fluctuations is by using short-term irradiance
prediction to smoothly ramp-down the PV plant’s output power
while allowing sufficient time for alternative power sources,
such as diesel generators, to be added to the grid to meet demand.

Passow and Lee [12] that the variations in the solar spectrum
may have a notable effect on PV performance, especially in
locations where the spectrum differs significantly from the
standard spectrum. Many software tools used in the PV industry
neglect to account for spectral effects caused by precipitable
water and air mass [12].
This station can be used to gather spectral data to improve these
software tools. These software tools would then make more
accurate yield forecasts, and PV panels that are optimized for the
spectrum at a specific location could be selected for use.
2. System Design
2.1. System Requirements
The measurement station is required to be compact, weatherresistant, and solar powered so that it can easily be deployed in
remote locations for data collection. It must have the ability to
capture images of the sky and measure DNI, GHI, temperature
and both the narrow FOV and wide FOV solar spectra.
Additionally, the station should be able to take all these
measurements in any direction.

Ground-based whole sky imagers (WSIs), as presented by Dev
et al. [9], are currently used to track cloud movement in the sky
to predict irradiance. These systems capture a single 180° image
of the whole sky and measure temperature, humidity, air
pressure, irradiance, and other parameters. However, systems
like this fail to measure the solar spectral irradiance to determine
the effect of clouds on the spectrum. They also cannot measure
direct irradiance since they do not track the sun.

2.2. Equipment
2.2.1.Pyrheliometer
The DNI measurements are made using the Kipp & Zonen SHP1
pyrheliometer. The SHP1 a Spectrally Flat Class A
pyrheliometer as per its ISO 9060:2018 classification. It has a 5°
field of view and measures irradiance in the spectral range from
200 nm to 4000 nm with a response time of less than 2 seconds.
It communicates using RS-485 with the Modbus protocol. Its
IP67 classification makes it ideal for use in situations where it
will be exposed to the elements.

Sun trackers, such as the Kipp & Zonen SOLYS2 and the Kipp
& Zonen 2AP [10] do have the ability to measure direct
irradiance. They also measure global and diffuse irradiance.
They track the sun with high accuracy, and they are compact.
However, they cannot measure the spectral content of the
irradiance that they measure. They also lack the ability to capture
images of the sky as there is no onboard camera. The Spectrafy
ST-5 sun tracker [11] does measure the spectral content of direct
irradiance, but it lacks the ability to measure global irradiance. It
also cannot capture images of the sky.

2.2.2.Pyranometer
The Kipp & Zonen SMP10 pyranometer is used to measure GHI.
It meets the ISO 9060:2018 classification for a Spectrally Flat
Class A pyranometer. It has a 180° field of view and measures
irradiance in the wavelengths from 285 nm to 2800 nm with a
response time of less than 2 seconds. As with the pyrheliometer,
it communicates via RS-485 Modbus and has the same IP67
rating.

The measurement station presented in this paper addresses the
shortcomings of the aforementioned WSIs and sun trackers. It
measures both the parameters that WSIs measure, as well as the
parameters that the sun trackers measure. This station is more
customisable than the existing sun trackers in the case where
different tracking positions or instruments would be required.
This measurement station can provide new data for researchers
to use in creating models to describe the spectral changes in
irradiance caused by clouds. These models can be used for
accurate, short-term forecasting to predict the output of PV
plants.

2.2.3.Narrow FOV Spectrometer
The Spectrafy SolarSIM-D2 is used to measure the narrow field
of view spectral irradiance. It has a 5° field of view and measures
spectral irradiance in the wavelengths from 280 nm to 4000 nm
with a spectral resolution of 1 nm. Additionally, this device is
capable of determining DNI (ISO9060:2018), atmospheric
aerosols, ozone, precipitable water vapor, humidity, temperature,
and air pressure. It communicates via RS-485 ASCII.

This measurement station also has the potential to optimize PV
power stations and domestic installations. It was shown by
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2.2.4.Wide FOV Spectrometer
The Spectrafy SolarSIM-G is used for 180° field of view spectral
irradiance measurements. It has a spectral measurement range of
280 nm to 4000 nm with a spectral resolution of 1 nm. It also has
the ability to measure temperature, humidity, and air pressure as
well as determine GHI (ISO9060:2018). Like the SolarSIM-D2,
communication is done using RS-485 ASCII.
2.2.5.Digital Camera
The camera used to capture images of the sky is the Sony RX0.
It is ideally suited to this application due to its IPX8 waterproof
rating and IPX6 dustproof rating. It has a 15.3-megapixel sensor
which allows for detailed images to be taken, and it has an 84°
field of view. It was selected due to having less lens flare in
comparison to the equivalent GoPro and because it can be
controlled via USB.

Fig. 2. Measurement Station.
The measurement station is powered as shown in Fig. 3. One of
the 12 V DC power supplies delivers power to a wireless router
which is used to connect the station to the local network. The
second 12 V supply is used to power the pyrheliometer and
pyranometer. The 24 V – 28 V DC output is used to power the
pan/tilt unit. The Raspberry Pi and the other instruments
connected to it are powered by a single 5 V supply. The second
5 V supply exclusively powers the servo motor which is used to
toggle the camera on and off mechanically.

2.2.6.Pan/Tilt Unit
A pan/tilt unit is used as a cost-effective way to orient the
instruments in the desired direction. The selected unit can pan
360° continuously and tilt from -20° to +60°. However, a bracket
is fitted to the unit to offset the -20° tilt by +20°. This enables the
unit to tilt from 0° to 80° which is much more useful for this
application. The unit claims to support a load up to 22 kg. It has
an IP66 rating and communicates using RS-485 with either the
Pelco-P or Pelco-D protocol.

2.2.7.Controller
A Raspberry Pi model 3B is used as the controller for the
measurement station. It is suitable for use in this application
because it is power-efficient, and it operates on a Linux based
operating system which is necessary to control the selected
camera. It can also control all the other devices with the use of a
serial to RS-485 converter. The onboard ethernet and Wi-Fi
allow for easy control of the Raspberry Pi from other devices on
the network via SSH.
2.2.8.Power Supply
Fig. 3. Power Supply.

The measurement station is powered using a single 100 W thinfilm PV panel. The panel is connected to a charge controller with
maximum power-point tracking (MPPT) which charges 2 seriesconnected 12 V 100 Ah batteries.

The Raspberry Pi is connected to the instruments as shown in
Fig. 4. A serial to RS-485 converter is used for communication
between the Pi and all RS-485 devices. The camera interfaces
with the Raspberry Pi via USB. The servo motor is controlled
using a signal generated by the PWM pin on the Raspberry Pi.
The Raspberry Pi is connected to the wireless router via its
ethernet port.

2.3. Hardware Integration
The assembled measurement station is shown in Fig. 2. The
Raspberry Pi and camera are housed inside the enclosure for
protection against the elements. The pyrheliometer, pyranometer
and both spectrometers are mounted on the lid of the enclosure.
The enclosure is mounted on the pan/tilt unit allowing it to be
oriented in any direction.
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at which the highest value was recorded. The same process is
used to determine the elevation angle for the maximum DNI,
with the station taking measurements from -5° to +5° of the sun’s
elevation angle.

Fig. 4. Hardware Connections.
2.4. Software Design
2.4.1.Estimation of Solar Position
The expected position of the sun at any time of day is determined
in software using Eqs. (1), (2) and (3) as presented by Masters
[13].
𝜷 = 𝐚𝐫𝐜𝐬𝐢𝐧 (𝐜𝐨𝐬 𝑳 𝐜𝐨𝐬 𝜹 𝐜𝐨𝐬 𝑯 + 𝐬𝐢𝐧 𝑳 𝐬𝐢𝐧 𝜹)
𝝋 = 𝐚𝐫𝐜𝐬𝐢𝐧 (

𝐜𝐨𝐬 𝜹 𝐬𝐢𝐧 𝑯
𝐜𝐨𝐬 𝜷

)

𝛿

𝑖𝑓 cos 𝐻 ≥ 𝑡𝑎𝑛 , |𝜑| ≤ 90° 𝑒𝑙𝑠𝑒 |𝜑| > 90°
𝐿

(1)

Fig. 5. Basic Operation of Software.

(2)

A flow diagram of the measurement sequence used by the station
is shown in Fig. 7. Once the station is oriented in the desired
direction, it captures an image of the sky along with the
corresponding DNI, GHI and spectral measurements. This
process is repeated until measurements are made at every desired
position. The measurement positions and measurement
frequency can be modified based on the needs of the user.

(3)

Where β is the solar elevation angle and φ is the solar azimuth
angle. The parameters needed to solve Eqs. (1) – (3) are
determined using Eqs. (4) – (6).
𝐻=(

15°
ℎ𝑜𝑢𝑟

) × (ℎ𝑜𝑢𝑟𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑜𝑙𝑎𝑟 𝑛𝑜𝑜𝑛)
360

𝛿 = 23.45 sin [

365

𝐵=

360
364

(𝑛 − 81)]

(𝑛 − 81)

(4)
(5)
(6)

The variable L in Eqs. (1) and (3) is the local latitude in degrees.
The variable n in Eqs. (4) and (5) is the day number, with the 1 st
of January being day 1 and 31st December being day 365.
2.4.2.Software Overview
A software flow diagram of the basic operation of the
measurement station is shown in Fig. 5.
A flow diagram of the positional calibration sequence used to
precisely align the pyrheliometer and SolarSIM-D2 with the sun
is shown in Fig. 6. This process is necessary as the instruments
only have a 5° field of view. The system begins by pointing the
instruments towards the estimated position of the sun. It then
rotates its azimuth angle 5° counter-clockwise of that estimated
position. The DNI is measured, and the station is rotated 1°
clockwise. This process repeats until the measurement station
has completed 11 measurements and is now facing 5° clockwise
from the sun’s estimated azimuth angle. The DNI values are
compared, and the measurement station saves the azimuth angle

Fig. 6. Positional Calibration Sequence.
3. Setup and Methodology
The measurement station is set up on the roof of the Department
of Electrical and Electronic Engineering at Stellenbosch
University (33°55'42.9"S 18°52'01.4"E). From this position
there is generally a very clear view of the sun in the sky.
However, during early morning and late afternoon the
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surrounding buildings may obstruct the view of the sun as shown
in Fig. 8. For this reason, the measurements taken during these
times are not considered.

The first measurement position is with the instruments pointed
directly into the sun. This position is selected so that the data can
be correlated to the output of a PV module with double-axis
tracking. The station tracks the sun zenith angle of the sun and
faces north in the second position. The data from these
measurements can be correlated to the output of a PV module
with single-axis tracking. The third position has the station
facing north with a 30° tilt. This is for correlation of data to the
output of a fixed tilt PV module. The fourth position is with the
station facing north with a 0° tilt. This is done to measure GHI
and the corresponding global spectral irradiance.
4. Results
4.1. Clear Day GHI and DNI
The GHI and DNI measurements as captured on the 17th of
February 2021 are shown in Fig. 10. The measurements are in
line with what is expected on a clear day and help validate that
the system is functioning as expected.

Fig. 7. Measurement Sequence.
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Fig. 8. Obstruction of Sun by Buildings

Fig. 10. GHI and DNI Measured on a Clear Day.

The station is currently configured to capture one measurement
set of data every 10 minutes. A measurement set consists of data
taken at 4 distinct measurement positions, as shown in Fig. 9.
The data collected at each position includes DNI, GHI, direct
spectral irradiance, global spectral irradiance, air pressure,
temperature, humidity, and an image of the sky in the direction
of the measurements.

4.2. Comparison of Measured and Reference Spectra
The standard reference solar spectra have been developed to
enable the performance of various PV devices in different
locations to be evaluated and compared. The American Society
for Testing and Materials (ASTM) G173 reference spectra
describe the spectral irradiance received on the earth’s surface
under specified atmospheric conditions. The ASTM G173
spectrum is measured at a solar elevation angle 41.81° for an air
mass factor of 1.5. [14]
The comparison between the direct spectral irradiance and global
spectral irradiance measurements and the ASTM G-173
reference spectra is shown in Fig. 11 and Fig. 12 respectively.
These measurements were captured on the 17th of February 2021
at 09:44. The ambient temperature was 32.3 °C, the air pressure
was 99.4 kPa and the humidity was 29.8% as the measurements
were made. The sun’s elevation angle at this time was 41°,
making the air mass factor 1.52 in contrast to 1.5 used in the
reference spectra.

Fig. 9. Currently Configured Measurement Positions.
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Fig. 13. Movement of Clouds Past the Sun.
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The corresponding spectral irradiance measurements to Fig. 13
are shown in Fig. 14 and Fig. 15 respectively. It is shown in Fig.
16 that clouds impact the direct spectral irradiance more
significantly than they impact the global spectral irradiance.
Furthermore, it is seen that the global spectral irradiance is not
attenuated but increased for certain wavelengths under cloudy
conditions.
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Fig. 11. Measured vs. Reference Direct Solar Spectral
Irradiance (ASTM G-173).
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Fig. 12. Measured vs. Reference Global Solar Spectral
Irradiance (ASTM G-173).

Fig. 14. Effect of Clouds on Direct Spectral Irradiance.

It is seen that the measured direct spectral irradiance and global
spectral irradiance is slightly higher than that of the reference
spectra, especially at shorter wavelengths. However, the
measured spectra correlate very well to the ASTM G-173
reference spectra. The direct spectral irradiance has a correlation
factor of 0.9984 and the global spectral irradiance has a
correlation factor of 0.9988. This assists in validating the
operation of the measurement station even further.

Spectral Irradiance (W/m2/nm)

1.4

4.3. Effect of Clouds on Solar Spectrum
The movement of a cloud past the sun is shown in Fig. 13. These
images, along with the correlating measurements were taken to
observe how the solar spectrum is impacted under different cloud
conditions. The image with clouds surrounding the solar disk
was captured on the 12th of February 2021 at 09:25. The image
after the clouds had moved away was taken 20 minutes later at
09:45.
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Fig. 15. Effect of Clouds on Global Spectral Irradiance.
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5. Conclusion
The radiometric measurement station is capable of capturing
data, including GHI, DNI, spectral irradiance and images of the
sky. Additionally, it can capture this data while being pointed in
any direction. The measurement station is relatively power
efficient, requiring only a single 100 W solar panel for its
operation. It is compact enough that it can be transported and
used in remote locations, and it is reasonably weather resistant.
The data collected correlates well with what is expected, which
confirms that the station is operating as intended. The location at
which the station is currently situated is a limitation, as the
buildings obstruct the view of the sun during early morning and
late afternoon. The station must be moved to a more suitable
location for a wider measurement window. Other limitations
include slow tracking speed and limited range of tilt angles (0°
to 80°). A pan/tilt unit with tilt angles from 0° to 90° would make
it possible to capture data along the horizon. The tracking speed
can be improved by using a more powerful pan/tilt unit, or by
reducing some of the weight carried by using a lighter enclosure.
In conclusion, the radiometric measurement station presented in
this paper successfully fulfils its requirements. It is suitable to be
used to gather the data required by researchers to accurately
model the spectral changes in irradiance caused by clouds.
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Fig. 16. Decrease in Spectral Irradiance due to Clouds.
4.4. Solar Spectrum at Different Times of Day
A comparison of the solar spectral irradiance at different times
of day is shown in Fig. 17. The times and atmospheric conditions
at which the spectrum was measured is shown in Table 1.
The air mass at 09:44 and 16:14 is the same at approximately
1.52, and the DNI at both these times is similar. The measured
spectra at these times have a 99.99% correlation with each other.
It was expected that the spectra would show a more noticeable
difference, however this is not the case.
The air mass at 12:53 is 1.08. The spectral irradiance is higher at
this time in comparison to the measurements at 09:44 and 16:14,
especially at shorter wavelengths.
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Abstract: Molecular precursors give an elective course to
controlled phases and sizes of metal complexes that can replace
ruthenium dye efficiency of 13.4%, this has placed more
emphasis on the need to develop better complexes. The
molecular precursor route has been used to form III−V
semiconducting metal complexes by a mixture of the complex
with dithiocarbamate ligands. The potential utilization of these
materials in photochemical solar cells has not been explored. In
this study, we report the synthesis, characterization and
applications of Sn(II) complexes, prepared from aliphatic and
aromatic dithiocarbamate ligands using the single-source
precursor method. The photosensitizers were characterized using
FTIR, UV-Vis, XRD, SEM, HRTEM, CV, EIS and I-V. The
SEM and HRTEM results revealed, the lattice fringes of Sn(II)
polycrystalline materials comprising numerous crystal grains,
affirming the crystalline nature of the Sn(II). CV curves
displayed two kinds of redox peaks relating to reduction at the
negative potentials and oxidation at the positive potentials. EIS,
electrodes produced Rct for both Sn(II) photosensitizers with a
stronger chemical capacitance and improved efficiency, which
could lead to better electron lifetime yield. The outcomes
demonstrated that the appropriate thermal technique could
fabricate fine nanostructures, with good surface area and
morphology as decent photosensitizer materials. These will
enhance the electron-hole generation; hence support the
applications of these materials in photochemical solar cells.

Keywords: Molecular
photochemical cells.

precursors,

optical,

way as one of the leading materials of interest. DTCs are
known for their versatility and their considerable small biteangle as well as their soft nature of moiety, making them a
better stabilizing material with a broad range of metal ions in
different oxidation states [1]. Their ability to stabilize with
different metal ions oxidation state is attributed to the
dithiocarbamate characteristics and thioureide tautomers [2-4].
DTCs are usually complexed to metals with different modes
known as ligation. The most common modes are
anisobidentate and monodentate and can be altered by various
substituents of choice [5].
The substituents (R group could be different or similar) on the
nitrogen atom of DTC brings about different structural shapes,
magnetic properties, electrochemical, thermal properties and
application of the complex through secondary interactions [6].
Hence, the hindrance of supramolecular aggregation in most
cases through secondary M-S interactions are due to the
presence of bulky substituent on the nitrogen atom of DTC
unit. On the other hand, a smaller substituent (R group)
enhances or permits such interactions [1, 7]. Their amazing
complexing ability to coordinate with a large number of metal
ions in normal and abnormal oxidation states, like Ni(IV) and
Cu(III) pave way for the selected tin complex Sn(II) for this
study.
Sn(II) being one of the most vital chalcogenides offers a variety
of phases, like Sn3S4, SnS2, Sn2S3 and SnS, as a result of the
versatile coordinating properties of tin and sulfur. Sn(II)
displays a narrow optical bandgap of 1.33 eV [8]. This is
indexed to the orthorhombic structure linked to the layers of Sn
and S that are closely bonded through weak Van der Waals
force [9]. The use of Sn(II) is due to their excellent properties
resulting in their uses in various fields, including
photovoltaics, photoconductors, near-infrared detectors,

morphology,

1. Introduction
In the field of inorganic chemistry and material science, many
researchers have studied the need for new materials that will
promote
good
morphologies
and
particle
size.
Dithiocarbamates (DTC) class of compounds has the paved
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holographic recording system, sensors in biomedical
monitoring and environmental industrial [10-12]. The present
study reports on the characterization and performance of
photosensitizers from inorganic aliphatic and aromatic
alkyldithiocarbamato Sn(II) complexes molecular precursor.

Both complexes were prepared by modification of the method
reported in the literature [13]. 0.4859g (2.5mmol) of diisopropyl
dtc and 0.555g (2.5mmol) of octyl dtc was dissolved in about 15
mL of distilled water with the help of continuous stirring.
0.5641g (2.5mmol) of SnCl2·H2O was also dissolved in (15 mL)
of distilled water separately, under constant stirring. bis(N-1,4phenyl-N-(4-morpholinedithiocarbamato)tin(II)
complex,
bis(Mo/1,4-PHDTC)Sn(II)) was prepared following the similar
procedure.

2. Methodology
2.1. Material
All chemicals were obtained from Merck chemicals and used
without further purification. Complete testing kits were
purchased from Solaronix Company.

2.2. Synthesis
of
ammonium
amine)dithiocarbamate, (OctDTC)

2.4. Fabrication and assembling of DSSCs
DSSC was assembled according to literature by [14], using
Platinum and TiO2 electrodes of 2x2 cm2 FTO substrate glass
with 6x6 mm2 active areas coated on the TiO2 FTO.

N-(Octan-1-

2.5. Physical measurements

This compound was prepared using modified literature by [13].
In a typical experiment as shown in reaction Scheme 3.3.1, 30
mL of concentrated ammonia solution was added slowly to
16.548 mL of octylamine in an ice-cold mixture at 0-5 °C. To
this mixture, 6.04 mL (0.1 mol) of carbon disulfide was added
drop-wise through a separating funnel with constant stirring in
an ice bath and refluxed for a further 2 h at room temperature.
This procedure was followed for ammonium N(Diisoproylamine)dithiocarbamate,
(DiisoproylDTC),
ammonium
N-1,4-phenylendiaminedithiocarbamate,
(1,4PHDTC) and ammonium N-(4-morpholine)dithiocarbamate,
(MODTC). Yield: (OctDTC) ((14.8493g) (89.74%)). 1H-NMR
(400 MHz, DMSO-d6, δ): = 2.50 (s, 6H, DMSO), 3.22–3.39,
(6H, m, –CH3). Selected IR (KBr): ν = 1470 (C-N), 939 (C-S),
3195 (N-H), 2920 (CH3), 2955 (CH2). Ammonium Ndiisopropyldithiocarbamate (DiisoprDTC) ligands was prepared
following a similar procedure, using (9.64 mL) (0.1 mol) of
DiisoprDTC. Yield: (DiisoprDTC) (1.462g) (32.00%)). 1HNMR (400 MHz, DMSO-d6, δ): = 1.3 (t, 2H,–CH2), 3.4 (s, 2H,–
NH), 0.9 (t, 3H,–CH3). Selected IR (KBr): ν = 1470 (C-N), 1095
(C-S), 3381 (N-H), 2821 (CH3). Yield: (1,4-PHDTC) 2.0732g
(20.89%). 1H-NMR (400 MHz, DMSO-d6, δ): = 6.9 (m, 8HC6H5), 3.4 (s, 2H –NH), 1.2 (t, 2H-CH2), 2.5 (s, 1H-SH). Selected
IR (KBr): ν = 1507 (C-N), 974 (C-S), 3075 (N-H). Yield:
(MODTC) 10.8450g (125.73%). 1H-NMR (400 MHz, DMSOd6, δ): = 3.5 (s, 2H –NH), 2.1 (s, 1H-SH). Selected IR(KBr): ν =
1558 (C-N), 983 (C-S), 3177 (N-H).

2.3. Synthesis
of
octyldithiocarbamato)tin(II)
(bis(Oct/isoDTC)Sn(II))

Fourier Transform InfraRed (FTIR) nets were carried out by the
Spectrum Two model Perkin Elmer FTIR spectrophotometer at
a 4 cm-1 resolution in Attenuated Total Reflection ATR mode
using a ceramic light source, KBr/Ge beam splitter, and a lithium
tantalate (LiTaO3) detector. The spectra of FTIR were scanned
between 370 and 4000 cm-1. A Perkin Elmer Lambda 25 UV-Vis
spectrophotometer was employed to determine the optical
absorption properties of the samples at room temperature.
Electrochemical studies were carried out using Metrohm 85695
Autolab – Electrochemical Analyzer with Nova 1.10 software.
Scanning around the steady-state of the dye-sensitizer solar cells
(DSSC) with i=0, avoided progressive change in the excitation
state of the dye and its regeneration by the mediator at the
cathode. Platinum sheet was used as a counter electrode,
Titanium oxide as the anode, while HI-30 iodide electrode was
used as a reference electrode. CV was performed at various scan
rates in the range of 0.05 to 0.35 V s−1 with an increment of 0.05
V s−1. All the experiments were performed at room temperature.
Electrochemical impedance spectroscopy (EIS) was carried out
in the frequency range of 100 kHz to 100 mHz. Scanning
Electron Microscope (SEM) Zeiss Auriga SEM outfitted with
Energy Dispersive X-Ray Spectroscopy EDS with Smart SEM
programming was utilized to study the morphological properties
of complexes at a quickening voltage of 30 KV. The X-Ray
Diffraction XRD measurements were done on a Rigaku Ultima
IV X-ray diffractometer using Cu-Kα radiation (λ = 0.15406
nm). JEOL JEM 2100 High-Resolution Transmission Electron
Microscope (HRTEM) operating at 200 KV. I-V parameters
were collected through a Keithley 2401 source meter and a
Thorax light power meter. Lumix AM1.5 light simulator was
employed and the lamp was fixed at 50 cm high to avoid
illumination outside of the working area. To avoid cell
degradation, the temperature was kept below 25 °C and the light
power density at 100 mW cm-2 (AM1.0).

bis(N-di-isopropyl-Ncomplex,

3. Results and discussions
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Absorbance (a.u.)

FTIR is one of the major techniques to establish the presence of
coordination of ligand with metal ions. The observed FTIR
spectra of the complexes are shown in Figure 1, bis(Mo/1,4PHDTC)Sn(II) and bis(Oct/isoDTC)Sn(II) exhibited sharp
bands within 989-1000 cm-1 region attributed to the ν(C-S) [15].
C-N peaks were obtained at 1413–1512 cm-1. The stretching
frequencies for bis(Mo/1,4-PHDTC)Sn(II) complexes, implied a
substantial double bond attractiveness of the C-N bond in the
DTC ligands. IR vibrational frequencies at 494-521 cm-1
obtained correlate to the ν(M-S). This indicated that there is
delocalization of electron in the centre of the metals as a result
of the increase in the character of the C-N double bond due to
the DTC ligands’ coordination [16, 17].
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Figure 2: UV-Vis spectra of (a) bis(Oct/IsoDTC)Sn(II) and (b)
bis(MO/1,4-PHDTC)Sn(II).
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Cyclic Voltammetry (CV) technique was employed to verify the
catalytic properties of bis(Oct/isoDTC)Sn(II) and bis(Mo/1,4PHDTC)Sn(II) sensitizers. The CV results were evaluated using
the standard three-electrode system consisting of TiO2 working
electrode, Pt as CEs, HI-30 as an electrolyte and Ag/AgCl as a
reference electrode. The CV curves for bis(Oct/isoDTC)Sn(II)
and bis(Mo/1,4-PHDTC)Sn(II) sensitizers are displayed in
Figure 3. Depending on the material under analysis, CV curves
can exhibit faradaic redox curves characterized by reduction and
oxidation peaks or capacitive behaviour characterized by a
rectangular curve. The Bis(Oct/isoDTC)Sn(II) complexes
connote a fast speed in the redox reaction of high current
densities, which might be due to the surface area of the material.
In addition, Bis(Oct/isoDTC)Sn(II) activity is attached to the
surface area of the photoanode, which could enhance the
efficiency of Bis(Oct/isoDTC)Sn(II) due to the decoration
process.
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Figure 1: FTIR spectra of (a) bis(Oct/IsoDTC)Sn(II) and (b)
bis(MO/1,4-phenylDTC)Sn(II) complexes.
The absorption spectra of the complexes are shown in Figures 2.
bis(Oct/isoDTC)Sn(II) have a wavelength of 350 nm with a
broad peak. This is due to the correlation between the metal ion
and donor atoms, which are sulphur atoms attached to the metals
[18]. While the increase in the intense band for bis(Mo/1,4PHDTC)Sn(II) at 338 nm. The high wavelength in bis(Mo/1,4PHDTC)Sn(II) is linked to the transitions of metal to ligand
charge transfer (MLCT)[19].

The Bis(Oct/isoDTC)Sn(II) displays reasonable electrocatalytic
activity with significant current peaks due to a considerable
amount of reversibility [20, 21]. The CV curve of bis(Mo/1,4PHDTC)Sn(II) revealed a peak obtained in the high current
implied better catalytic activity. Both Bis(Oct/isoDTC)Sn(II)
and bis(Mo/1,4-PHDTC)Sn(II) complexes displayed a
reasonable quantity of reversibility with good current peaks,
leading to some electrocatalytic activity [22,23].
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Figure 3: CV curve of (a) bis(Oct/isoDTC)Sn(II) and (b)
bis(Mo/1,4-PHDTC)Sn(II).
The electrocatalytic activities of bis(Oct/isoDTC)Sn(II) and
bis(Mo/1,4-PHDTC)Sn(II) complexes were measured using
EIS. The EIS results obtained are displayed in Figure 4. EIS plots
revealed the kinetics around the electrode/electrolyte interface
by providing adequate details. The delay in electron
recombination has been accounted for to be favourable at the
electrode/electrolyte interface when there is a higher value on τ.
Lower efficiency observed in the bis(Mo/1,4-PHDTC)Sn(II) and
bis(Oct/isoDTC)Sn(II) cells are linked to low electron lifetimes
due to lower chemical capacitance properties at the
electrode/electrolyte interface. Their good recombination
resistance could not improve the electron lifetime due to their
low chemical capacitance yield. The bigger semicircle for
photosensitizer based on the bis(Mo/1,4-PHDTC)Sn(II)
complexes suggests a very difficult charge transfer or a stronger
electron recombination reduction from TiO2 to HI-30 electrolyte
[24].
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Figure 4: EIS Spectra of (a) bis(Oct/isoDTC)Sn(II) and (b)
bis(Mo/1,4-PHDTC)Sn(II).
To affirm the phase and structural properties of nanostructured
materials, XRD diffraction was employed. Moreover, various
structural parameters like stress, dislocation density, strain,
crystallite size and lattice constants can be obtained from XRD.
Figure 5, reveals the XRD patterns of bis(Oct/isoDTC)Sn(II).
There are eight peaks of 2θ angle between 11° to 66.5° relating
to the orthorhombic structure of Sn, which are similar to JCPDS
039-0354. Moreover, it has been well established that
bis(Oct/isoDTC)Sn(II) has a double layer, perpendicular to the
c-axis. The S and Sn atoms are strongly bound layers due to weak
van der Waals’ force [25]. Obtained XRD profiles of bis(Mo/1,4PHDTC)Sn(II) complexes in Figure 3, displayed multiple planes
polycrystalline nature with orthorhombic crystal structure,
corresponding to the JCPDS card No. 075-2115. All peaks are in
consonance with (101), (201), (400), (211), (410), (411), (212),
and (511) planes, corroborating previous findings on bis(Mo/1,4PHDTC)Sn(II) [26-28].
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patterns [31]. Figure 7, displayed the EDS spectra of both metal
complex sensitizers. The presence of Sn and S composition was
identified, however, other chemical constituents were also
observed in the EDS spectra due to the synthesis conditions.
Therefore, it is very vital to optimize the synthesis conditions to
get rid of impurities. A significant amount of oxygen present is
due to the drying process of the complexes, which was done in
the open air. The weight percentages of the elements, as observed
in EDS spectra, are shown in Table 1.
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Figure 5: XRD spectra of (a) bis(Oct/isoDTC)Sn(II) and (b)
bis(Mo/1,4-PHDTC)Sn(II).
The morphology of the bis(Oct/isoDTC)Sn(II) and bis(Mo/1,4PHDTC)Sn(II) as seen in Figure 6, were similar with spherical
nanoparticles. HRTEM image further provides the lattice fringes
of 1.74 nm for both materials which are indexed to (212) planes
which suggested that the orientations in the XRD patterns might
have influenced the formation of the materials [29]. The average
particle diameter was found to be 32.85 nm for
bis(Oct/isoDTC)Sn(II)
and
36.42
for
bis(Mo/1,4PHDTC)Sn(II), which was within the estimated size obtained
from the XRD [30].
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Figure 6: HRTEM spectra of (a) bis(Oct/isoDTC)Sn(II) and (b)
bis(Mo/1,4-PHDTC)Sn(II).
SEM images in Figure. 7, revealed the formation of
highly crystalline residues. The particle size distribution and
shape of the plated crystals of sample bis(Mo/1,4-PHDTC)Sn(II)
is more uniform than those of bis(Oct/isoDTC)Sn(II), which
shows a variety of grain dimension and forms. The high
crystallinity of bis(Mo/1,4-PHDTC)Sn(II) further agreed with
the XRD and HRTEM results with well-resolved diffraction
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Figure 8: J-V spectra of (a) bis(Oct/isoDTC)Sn(II) and (b)
bis(Mo/1,4-PHDTC)Sn(II).

d

4. Conclusions
Sn(II) complexes were analysed by characterized using FTIR,
UV-Vis, XRD, SEM, HRTEM, CV, EIS and I-V. The CV curves
revealed two kinds of redox peaks relating to reduction at
negative potentials and oxidation at the positive potentials. The
EIS revealed that Sn(II) sensitizer displayed a stronger chemical
capacitance and improved efficiency, which led to better electron
lifetime yield for bis(Mo/1,4-PHDTC)Sn(II).
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Figure 8 and table 2, display the J–V plots of
bis(Oct/isoDTC)Sn(II) and bis(Mo/1,4-PHDTC)Sn(II). The
bis(Oct/isoDTC)Sn(II) showed Jsc, Voc, and FF values of 11
mA/cm−2, 0.59 V, and 0.80%, respectively, resulting in a better
energy conversion efficiency (η (%)) at 5.20%. While
bis(Mo/1,4-PHDTC)Sn(II) reveal a Jsc value of 11 mA/cm−2, a
Voc of 0.64 V, FF of 0.84%, and an energy conversion efficiency
η (%) 5.92. The enhancement of Jsc, and FF, resulted in the
improve efficiency of bis(Mo/1,4-PHDTC)Sn(II) compared to
that of bis(Oct/isoDTC)Sn(II). In order to enhance the Voc,
various approaches such as assembling continues solar cells [32],
reducing
the
rate
of
recombination
at
the
photoanode/dye/electrolyte [33], control size and structure of the
semiconductor [34-36] have been recommended.
Table 2. J–V parameters of bis(Oct/isoDTC)Sn(II) and
bis(Mo/1,4-PHDTC)Sn(II).
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Abstract: South Africa’s energy transition is creating unique
socio-technical policy challenges and opportunities for
electricity distribution operators. This paper focusses on the
installation and integration of Small Scale Embedded Generation
(SSEG) systems. The specific focus is on rooftop photovoltaic
(PV) systems on private houses and their potential contribution
to this energy transition.

businesses impact the electricity system. Also, decisions made
by the electricity distributor as consequences for the national
electricity system. In other words, there is a need for
harmonisation in order to ensure that the system, overall, remains
least-cost and efficient, as “green” as intended, and with just and
equitable outcomes. As the tool highlights, the intended and
unintended consequences of policy decisions, this can lead to
more informed decision making.

The individual decision of a household to install (or not to install)
rooftop PV, depends on a myriad of factors, including; the cost
of the system; availability of installers; the metering type; the
electricity tariff pre installation; the electricity tariff policy of the
electricity distributor; the type of electricity meter; availability
of funds to cover the capital cost; loadshedding and other
electricity supply interruptions and; most of all, the level of
awareness that the specific household has about the availability
of these systems.

This paper presents the development of the tool, and highlights
early learnings from the use of real data.
Keywords: Rooftop solar photovoltaic; agent based modelling;
local government, decision making tool.
1. Introduction
Solar photovoltaic (PV) is undeniably a front-runner in the
global quest to move away from fossil fuel derived electricity.
This is due to the remarkable price reduction, its scalability and
the general acceptance for a wide range of applications,
including supplementing the electricity supply of both on- and
off-grid households. There is no doubt that PV already plays a
major role in the energy transition and that this role will only be
strengthened going forward, especially in conjunction with the
technological and cost advancements of battery systems.

A decision-making tool is being developed that demonstrates the
way that these individual investment decisions play out and the
impact that these decisions have on the electricity system. These
impacts are measured according to financial, technical and
environmental factors and include; whether the system is
registered or not; potential overloading of the system; financial
impact on the distributor and; whether the electricity from the
system is used or curtailed. This tool might assist distributors and
other policy makers with the challenging issue of developing a
tariff regime that serves all electricity users fairly, and also
serves the distributor’s mandate to deliver electricity. The tool is
based on agent-based modelling (ABM) and uses gamification
to enhance engagement and to improve the user’s outcome.

The rest of the paper is set out as follows; some background is
provided in Section 2 by means of short summaries of previously
published work [1], [2], [3], [4] and [5]. Section 3 provides
background on the modelling methodology used for the tool.
Section 4 introduces the framework and input that the tool is built
upon, while Section 5 outlines the model execution. Section 6
provides the provisional output from the tool and Section 7
concludes the work.

The tool highlight that local government, household and
commercial decisions concerning SSEG are impacted by the
state of the broader electricity system (Eskom tariffs and load
shedding); but equally that decisions made by households and
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crucially, whether other electricity customers will have to bear
extra costs due to the installations of rooftop PV by mostly
affluent households. The decision making tool aims to bring
these parties closer together by providing a platform for a
dialogue between electricity distributors and society at large on
how to encourage the installations of rooftop PV in a financially
viable, technically stable and safe manner that is equitable to all
electricity users [3].

2. Background
This research reported on in this paper builds on previously
published work [1], [2], [3], [4], [5]. The work was also
presented at forums and published in technical reports [6], [7].
This section provides short summaries of this work for context
and clarity.
To provide a solid foundation for this work, a literature study
was conducted to understand the international context [1].
Thereafter, a survey was conducted amongst South African
households to ascertain their interest in investing in rooftop PV.
There was 2 707 valid responses to the survey, including 271
respondents with existing rooftop PV installations. The most
interesting analysis of the survey responses are found in the
difference between the answers provided by respondents with
existing PV installations and those who are merely planning to
install. It is clear from this analysis that PV installations by
households is mostly influenced by financial and social factors.
As to the financial, it was found that being able to afford the high
upfront cost played a higher role than the eventual saving (the
return on investment or payback period). However, the most
important factor in deciding to install a PV system is whether
you know someone who already has such a system installed – so
in discussions with colleagues, neighbours, friends and family.
Another key outcome of this survey was the vast amount (75%)
of respondents with existing rooftop PV systems who indicated
that their electricity distributor is not aware of their installation.
Even though all rooftop PV installations that are connected to the
distribution system need to be registered with the electricity
distributor, this is often not done. It could be that households
with rooftop PV installations are “just not getting around to it”,
but it is more likely that many households actively disregard this
regulation in order to in effect put themselves on a net-metering
tariff. The electricity use of many South African households is
measured with mechanical disk meters. These meters are most
often able to run in reverse in the moments when the electricity
from the PV system exceeds the household electricity use. This
is especially lucrative for high users who are being billed on an
inclining block tariff [2].

The points of disagreement between electricity distributors and
rooftop PV owners, including the need to register their systems
and SSEG tariffs were further unpacked in [4], with the help of
electricity consumption data of a typical South African
household and various SSEG tariffs. This analysis shows clearly
that there are strong financial incentives not to register a rooftop
PV system and could be the reason why 75% of South African
households do not register their systems [4].
The decision making tool was first introduced in [5], describing
the “computerized multi-criteria decision support tool for policy
makers based on agent-based modelling (ABM) that mimics the
installation patterns of these rooftop PV installations by
households over time under different conditions” and “the tool
measures how, and to what extent, individual choices pertaining
to the installations of residential rooftop PV are both influenced
by the state of the system and influences the state of the system
in turn”. The paper describes the input to the tool as provided by
the results of the survey in [1] as well as other inputs, such as;
the structure of electricity tariffs; the increasing cost of
electricity and falling cost of rooftop PV systems; municipal and
national regulations; loadshedding and other interruptions in
electricity provision and; any punitive measures resulting from
unregistered and/or non-compliant rooftop PV systems. The
paper also provides a solid background on rooftop PV
installations from both the household and from the distribution
utility perspective as well as some general electricity tariff
information and an analysis of household electricity tariffs in
South Africa [5].
The main objective of the decision-making tool is to make
apparent the complex circular causes and effects pertaining to
the installations of rooftop PV by households. This will not only
assist the distribution companies in making more informed
decisions, but might also assist households to better understand
their impact on these decisions.

In [3], the South African electricity distribution environment
with Eskom distribution and municipalities taking on the role of
electricity distributors, was examined in the context of household
PV installations. Even though there is country-wide consensus
that rooftop PV could play a major role in the energy transition,
there is disagreement on how these investments should be
incentivises, be that via tariffs or otherwise. Whereas
homeowners prefer the excess electricity generated by their PV
systems to be bought by the distributor at a high a rate, the
distributors are generally concerned about technical risks to their
distribution systems, their financial sustainability and, most

3. Modelling methodology
The electricity system can be modelled with a multitude of
methods that could all be used to assist decision-making. These
include models traditionally used electricity planning and
design, such as optimisation models.
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large collective decisions play out over the years. The model runs
in one month time slots over twenty years.

In this study, simulation modelling is used, where it is not the
intention of the model to find an optimal system design, but
rather to envision the performance of the system over time and
space, given certain assumptions [8]. The main aim of simulation
modelling is thus not to arrive at a specific answer, but rather to
study the behaviour of the system over time with different
starting conditions and/or model assumptions.

The main agents in the system are;
The current tool includes one municipal area, but could be
expanded to neighbouring municipal areas in the future.
The municipal area is divided into suburbs, each with its own
unique characteristics, including the electricity distributor for
that area, namely Eskom directly, the municipality or via a local
area (such as re-selling via an estate), who in turns falls within
either an Eskom or municipal distribution area. Each suburb has
a unique number of households and these households each have
specific attributes, such as erf size, municipal valuation,
electricity use (per month), type of electricity meter,
applicable electricity tariff. Each household is also located
geographically within a specific suburb. In order to anonymise
the specific municipal data per household, each suburb’s data is
analysed per quantile according to property value and the
minimum, maximum and mode is derived from this. This data
is then fed into the model. See Table 1 and Table 2 for example
input data for an affluent suburb and Table 3 and Table 4 for
example data from a less affluent suburb. Due to space
limitations, only the electricity use for January (ElecUse1) is
listed. See Figure 1 for an example of the visual depiction of
households in suburb, where a blue outline depicts a municipal
electricity distribution area, black depicts Eskom direct
distribution and brown depicts re-selling to estate households
within an Eskom distribution area.

It is becoming increasingly crucial to augment traditional energy
system models, mostly optimisation models, with new design
tools, such as agent based and other modelling software that are
able to capture the complex system behaviour and observe the
emergent behaviour of systems [9]. Most existing models of this
system only include a one-way influence that electricity tariffs,
connection costs and the cost of rooftop PV systems might have
on rooftop PV adoption and do not include the impact that this
same rooftop PV adoption has on electricity tariffs or on
connection costs [10].
This decision-making tool described in this paper is built on the
Anylogic simulation software platform, mostly utilising agentbased modelling. AnyLogic is a multimethod simulation
modelling tool that supports agent-based, discrete event, and
system dynamics simulation methodologies [11]. These
methodologies are described below;
System dynamic modelling has been in use for about seventy
years. It is “the study of information-feedback characteristics of
industrial activity to show how organizational structure,
amplification (in policies), and time delays (in decisions and
actions) interact to influence the success of the enterprise” [12].
Processes are represented as stocks, flows between stocks and
information determining the values of these flows [13]. It is not
envisioned that the system dynamic modelling functionality will
be used in this tool.

Table 1. Example input data: Suburb 1
Size (m2)

Value
(Rand)

ElecUse1
(kWh/month)

Q1_Min

402

1 929 000

128

Q1_Max

1 203

4 720 000

1655

Q1_Mode

953

3 934 000

534

Q2_Min

862

4 721 000

167

Q2_Max

2 201

6 300 000

3123

With agent based modelling, the “selfish” behaviour of
“agents” are defined by the modeller at an individual level, with
the overall system behaviour emerging as a result of the
decisions made by these individual agents, based on the
environment they find themselves in [13].

Q2_Mode

1 070

5 479 000

737

Q3_Min

989

6 300 000

5

Q3_Max

2067

8 000 000

4 179

Q3_Mode

1185

7 000 000

802

4. Framework and input

Q4_Min

1 058

8 050 000

26

The main aim of the decision making tool is to show through
simulation modelling how small, individual decisions as well as

Q4_Max

4 736

16 640 000

5 443

Q4_Mode

1 566

10 000 000

1060

Discrete event modelling was developed in 1961 as a discrete
time simulation general-purpose programming language for
IBM (Gordon, 1961). With this type of modelling, entities are
passive objects that travel through blocks in a flowchart in a
typical algorithmic way [13]. A limited amount of discrete event
modelling functionality is used in the development of this tool.
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Table 2. Example input data: Suburb 1
Erven

295

Electricity area (1=municipality / 2=Eskom)

1

Resell area (estate) (1 = no / 2 = yes)

1

TOU electricity meter 4 at start (1=false)

1

Q1 probability Credit meter

0.78

Q2 probability Credit meter

0.78

Q3 probability Credit meter

0.8

Q4 probability Credit meter

0.8

Table 3. Example input data: Suburb 2
Size (m2)

Value
(Rand)

ElecUse1
(kWh/month)

Q1_Min

51

150 000

97

Q1_Max

440

250 000

329

Q1_Mode

91

220000

197

Q2_Min

57

255 000

108

Q2_Max

706

350 000

831

Q2_Mode

281

260 000

311

Q3_Min

162

355 000

118

Q3_Max

736

431 200

1053

Q3_Mode

240

380 000

424

Q4_Min

184

431 212

43

Q4_Max

1 433

2 091 000

1813

Q4_Mode

502

620 110

536

Fig. 1. Visual depiction of households within suburbs within
a municipal area
Further information that is loaded with the model initiation
includes tables with all the tariff regimes, a table with the cost of
the installation of rooftop PV per size, including different sizes
of battery systems. Smaller systems tend to be more expensive
per kWp installed and registered systems have an extra cost
associated with installation for the necessary inspection
certificates. If the metering system is changed to time-of-use
(TOU), the cost of the new meter will also be added to the
installation cost. These additional costs could, however, also be
carried by the municipality as an incentive to install rooftop PV.
A certain number or houses could have rooftop PV randomly
assigned at the model start time (based on the real installations
in that suburb) or the model could start off without any rooftop
PV installations.
5. Model execution
The model is run over any time period, but it is recommended to
be run over 25 years. Inflation is not considered and all financial
information is valued at the base year. However, increases in the
cost of electricity and decreases in the cost of PV and battery
technologies could be included in some of the simulation runs.

Table 3. Example input data: Suburb 2
Erven

1480

Electricity area (1=municipality / 2=Eskom)

1

Resell area (estate) (1 = no / 2 = yes)

1

Households make monthly decisions, estates make decisions
every 6 months and municipalities and Eskom make decisions
once a year.

TOU electricity meter 4 at start (1=false)

1

5.1. Monthly decisions

Q1 probability Credit meter

0.03

Q2 probability Credit meter

0.23

Q3 probability Credit meter

0.31

Q4 probability Credit meter

0.47

Once a month, each household runs through a decision making
process and decides whether to install a PV system. This decision
is based on the likelihood of having the necessary capital readily
available, the electricity use, the tariff regime, the cost of the PV
installation, whether there are other PV installations nearby,
SSEG related policies in the municipality, the electricity
distributor and the type of electricity meter installed. A high
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rooftop or stand-alone PV systems on communal land. The
decision tree is a simplified version of Fig. 2, as the likelihood
of exceeding self-consumption is limited.

number of loadshedding events will also have an influence on
this decision. The decision tree follows a reasonably rational
decision making process, but with some random irrationality
built in. This irrationality is included as it is assumed that not all
information is available or, in fact, understood by everyone
equally.

The municipality makes an annual decision as to their policies
on rooftop PV installations. This might be to stick to the status
quo or to change to strict enforcement of system registrations, or
even to provide municipal incentives to assist with registrations.
These policy decisions have financial implications for the
municipality, but could also lead to a more resilient grid and/or
higher income from electricity sales. The annual policy decision
also includes the tariff regime, including SSEG tariffs. The
decisions are informed by national and provincial policies,
policies of neighbouring municipalities, the Eskom tariff policy,
loadshedding events, the total number of rooftop PV installations
in the area, and the number of installations in the preceding year.

Once the decision is made to install a rooftop PV system, a
decision is made as to whether the system will be registered with
the electricity distributor, what size system will be installed and
whether a battery system will also be installed, including the size
of the battery. All rooftop PV systems are decommissioned after
25 years, but some might break down before that and be
decommissioned earlier. Households with existing rooftop PV
installations are included in the monthly decision making
process as they might choose to increase (or decrease) the size of
their installations. Other events, such as a major effort by the
municipality to reduce unregistered systems, will also influence
existing installations. The monthly household decision tree is
depicted in Figure 2.

The municipality bases the decision on the financial results for
the preceding year (sum of all electricity bills of customers,
Eskom bill, repair and maintenance to the electricity distribution
system), possible technical risks (too many unregistered rooftop
PV installations close together),
The model also measures the environmental benefit of the
installed rooftop PV systems for the preceding year. This benefit
is based on the calculated curtailment of the rooftop PV systems
and losses due to charging the battery systems, compared to the
potential electricity generation without curtailment.
6. Provisional output
The tool can be used in two ways; firstly, the user can input
various parameters and let the model run for a certain time period
and observe how the system unfolds. All the agents in the model
will make informed decisions at dedicated intervals, with some
irrationality built in as described above. The user can do as many
reruns as desired, changing input parameters or adding any
amount of random events to the system run. Alternatively, the
user can run the model in semi-autonomous mode. In this mode
the user acts as the municipality and makes the yearly policy
decisions according to the state of the system at that time,
including the state of finances, technical risks and the fossil fuel
based electricity generation reduction of the installed systems or
potential thereof. This mode can also be implemented
periodically, for instance; the model making all decisions based
on the input criteria, but the user intervenes once every say five
years. As these three criteria are often opposite to each other, this
places the user in the decision making position where they would
have to prioritise certain goals.

Fig. 2. The monthly decision making process for each
household as to whether to install a rooftop PV system or
not
5.2. Annual and bi-annual decisions
All resellers of electricity (estates) make decisions twice a year.
This decision mostly revolves around whether their existing
tariff regime still suits the current circumstances. This includes
whether the bill from their electricity distributor covers the
electricity income from households plus repairs and maintenance
to their distribution system. Estates could also decide to install

Even though the ultimate outcome of the tool is similar in the
two modes, when demonstrating the tool it seems that users
prefer to take control and make the decisions themselves.
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Running the tool in operator mode also seems to demonstrate the
dilemma of prioritising multiple criteria better as well. Users
often comment that they would have chosen differently than the
machine, but cannot argue their own decisions.

[8]

[9]

The tool succeeds in its aim of being a digital prototype of the
physical world to predict scenario outcomes under different
conditions. Input to the tool can be changed through consultation
to closer resemble different visions of the existing system. The
tool is successful in demonstrating rooftop PV installations
concentrated in specific areas and the impact that this has on the
system as a whole.

[10]

[11]
[12]

7. Conclusion

[13]

This paper describes a computerised decision support tool that
uses agent based modelling on the Anylogic software platform
that simulates municipal electricity purchases and sales in the
context of private households installing rooftop PV systems.
The tool is successful in demonstrating the dilemma that the
municipal electricity distributor finds itself in; how to balance
fair and equitable tariffs, the technical integrity of their
distribution grid and the promotion of greener and cleaner
electricity generation.
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Abstract: The energy output of a PV system greatly depends on
the solar insolation the system receives. The solar irradiance
consists of different wavelengths of light that collectively is
called the solar spectrum. The spectrum that reaches the surface
of the earth can vary depending on the state of the atmosphere.
The focus of this paper is to determine how changes in the solar
spectrum will affect the yield of a solar panel when a
pyranometer shows a constant reading with different light
spectrums.

as input to yield forecasting is irradiance data. Irradiance data
derived from satellite images can be used but measured data is
always best. It is cheaper to measure irradiance using a
pyranometer rather than using a spectrometer to measure the
solar spectrum, but due to the way a pyranometer functions the
spectrum information is lost and these pyranometer based
irradiance measurements can cause inaccuracies in the shortterm PV yield modelling. There can be a difference in the
simulated and measured output of a PV module when all the
inputs to the PV module seem to be the same.

The solar spectral model of Bird and Riordan is investigated to
determine how the different environmental variables affect the
spectrum. These environmental variables are studied
individually and together as the seasons of the year would
influence them. A sensitivity analysis is done to determine the
effects of these changing environmental variables on the
electrical output of a multi-crystalline solar panel. It was found
that changing the aerosol transmittance, precipitable water
vapour and measured pressure had the most significant effect on
the solar spectrum. The sensitivity analysis indicated that
changing the environmental variables can cause large variation
in the electrical output of the modelled solar panel even though
the effect on a pyranometer measurement would show an
insignificant change.

There are studies of pyranometer measurements used to derive
PV module outputs as well as studies of the solar spectrum and
how the environmental factors affect it, but information on the
errors that could result from yield modelling methods that use
irradiance instead of the solar spectrum information is lacking in
literature [4], [5].
In this study the effects on the electrical output of a PV module
output will be determined when a pyranometer measures the
same solar irradiance but there is a difference in the solar
spectrums.
2.

Each solar cell has a unique spectral response that depends on
the material characteristics as shown in Figure 1. The spectral
response of a PV module indicates the amount of current the
module can produce for the specific wavelength of irradiance
incident on the module and can be calculated using Equation 1
[6].
𝑒𝑒
𝑆𝑆𝑅𝑅𝜆𝜆 = 𝑄𝑄𝐸𝐸𝜆𝜆 × 𝜆𝜆
(1)
ℎ𝑐𝑐

The study confirms that when using irradiance measurements
from pyranometers the solar spectrum and the spectral efficiency
of a solar panel needs to be taken into consideration for more
accurate short-term yield forecasting.
Keywords: Solar; Efficiency; Spectral; Solar spectrum.
1.

Methodology

Introduction

South Africa has diverse energy sources such as coal, nuclear,
natural gas, renewable energy and hydro. Currently, the largest
of the sources used for electricity generation is coal, but this
source is not sustainable similar to the South African nuclear
power station, Koeberg, that is also reaching the end of its design
life in 2024. [1]

In Equation 1, 𝑆𝑆𝑆𝑆 is the spectral response [A/W], 𝑄𝑄𝐸𝐸𝜆𝜆 is the
quantum efficiency at wavelength 𝜆𝜆, 𝑒𝑒 is the electron charge, ℎ
is Plank’s constant, and 𝑐𝑐 is the speed of light [6]. Thus, the
output of a PV module is dependent on the solar spectrum input.
The electrical output of a solar cell is determined by multiplying
the spectral response with the solar spectrum.

As these resources lead to more and more pollution, the focus is
moved to renewable energy where the common utility scale
renewable resources used in South Africa are solar photovoltaic,
wind and concentrated solar power. The utilisation of solar PV
is increasing, and the number of registered rooftop solar PV
systems has grown significantly from 2014 to 2017. [2]

Another method more widely used for determining the output of
a PV module, is measuring the solar irradiance incident with a
pyranometer, and multiplying it with the solar module efficiency
[7].

PV systems are expensive, and people expect yield predictions
to be accurate to minimise the investment risk [3]. A requirement
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sun distance 𝐷𝐷, 𝑇𝑇𝑟𝑟𝑟𝑟 is the Rayleigh scattering, 𝑇𝑇𝑎𝑎𝑎𝑎 is the aerosol
transmittance, 𝑇𝑇𝑊𝑊𝑊𝑊 is the water vapour absorption, 𝑇𝑇𝑜𝑜𝑜𝑜 is the
ozone absorption, and 𝑇𝑇𝑢𝑢𝑢𝑢 is the uniformly mixed gas absorption.
For this study, the focus was placed on the following variables:
Angstrom turbidity coefficient 𝛽𝛽, precipitable water vapour 𝑊𝑊
[cm] and measured pressure 𝑃𝑃 [mb]. These variables affect the
Rayleigh scattering, the aerosol transmittance, the water vapour
absorption, and the gas absorption with regards to the direct
normal irradiance for which the equations to calculate these
coefficients is given in the following sections.
Rayleigh scattering
The Rayleigh scattering, 𝑇𝑇𝑟𝑟𝑟𝑟 , is provided by the equation below:
𝑇𝑇𝑟𝑟𝑟𝑟 = exp �

−𝑀𝑀′

�,

1.335
�
𝜆𝜆2

𝜆𝜆4 �115.6406−

(5)

where 𝑀𝑀′ is the pressure-corrected air mass and is determined by
Equation 6.

Figure 1: Spectral Response of various PV cells [6].

𝑀𝑀′ =

Solar Spectrum

𝑀𝑀𝑀𝑀
𝑃𝑃𝑜𝑜

(6)

In Equation 6, 𝑃𝑃 is the measured absolute pressure [𝑚𝑚𝑚𝑚], 𝑃𝑃𝑜𝑜 is
the reference pressure of 1015 𝑚𝑚𝑚𝑚, and the air mass, 𝑀𝑀, is
calculated using Equation 7.

A solar PV system's output depends on the solar radiation that
reaches the surface of the earth. This solar radiation consists of
different intensities for wavelengths from ultraviolet to infrared.
The emission spectrum for blackbodies is conceptualised with
Planck's law where the emission energy at a certain wavelength
is given by:

𝑀𝑀 = [cos 𝑍𝑍 + 0.15(93.885 − 𝑍𝑍)−1.253 ]−1

(7)

Aerosol transmittance

The aerosol transmittance is determined as follows:
𝐸𝐸𝜆𝜆 =

3.74×108

𝜆𝜆5 [exp�

,

14400
�−1]
𝜆𝜆𝜆𝜆

−𝛼𝛼𝑛𝑛

𝑇𝑇𝑎𝑎𝑎𝑎 = exp (−𝛽𝛽𝜆𝜆

(2)

The Angstrom exponent and the Angstrom turbidity coefficients
are used to calculate the Angstrom turbidity as shown in
Equation 9. This is required when calculating the diffuse
irradiance on a horizontal surface which will be discussed later.
𝜏𝜏𝑎𝑎𝑎𝑎 = 𝛽𝛽𝜆𝜆 𝜆𝜆−𝛼𝛼𝑛𝑛

(9)

Water Vapour Absorption

The water vapor absorption is represented by

(3)

𝑇𝑇𝑊𝑊𝑊𝑊 = exp �

2.1.1. Direct Normal Irradiance

−0.2385𝑎𝑎𝑊𝑊𝑊𝑊 𝑊𝑊𝑊𝑊
�,
(1 + 20.07𝑎𝑎𝑊𝑊𝑊𝑊 𝑊𝑊𝑊𝑊)0.45

(10)

in which 𝑊𝑊 is the precipitable water vapour measured in 𝑐𝑐𝑐𝑐 and
𝑎𝑎𝑊𝑊𝑊𝑊 is the water vapour absorption coefficient of which the value
is obtained from [9].

The direct normal irradiance calculated using the Bird and
Riordan model is represented by:
𝐼𝐼𝑑𝑑𝑑𝑑 = 𝐻𝐻𝑜𝑜𝑜𝑜 𝐷𝐷𝑇𝑇𝑟𝑟𝑟𝑟 𝑇𝑇𝑎𝑎𝑎𝑎 𝑇𝑇𝑊𝑊𝑊𝑊 𝑇𝑇𝑜𝑜𝑜𝑜 𝑇𝑇𝑢𝑢𝑢𝑢

(8)

In Equation 8, 𝛼𝛼 and 𝛽𝛽 refers to the Angstrom exponent and the
Angstrom turbidity coefficients, respectively [12]. The 𝛼𝛼 and 𝛽𝛽
coefficients have different values for different wavelength
intervals and is denoted by 𝜆𝜆 [9]. For this study 𝛼𝛼 is fixed with
a value of 1.140, and 𝛽𝛽 does not vary over time intervals only for
different wavelengths [10].

where 𝜆𝜆 is the wavelength of light and 𝑇𝑇 is the temperature of
the black body in Kelvin [8]. This black body spectrum curve
that is shown in Figure 2 is only an approximation and does not
represent the solar spectrum accurately. Bird and Riordan
designed a set of mathematical equations that better represents
the solar spectrum while taking in account the geographical and
environmental variables that influence the magnitudes of the
different wavelengths of light. The Bird and Riordan model can
provide the direct normal irradiance and the diffuse irradiance on
a horizontal or inclined surface. The total spectral irradiance on
a horizontal surface is represented by 𝐼𝐼𝑇𝑇𝑇𝑇 below and is a
combination of the direct irradiance ( 𝐼𝐼𝑑𝑑𝑑𝑑 , modified by the zenith
angle, 𝑍𝑍) and the diffused irradiance (𝐼𝐼𝑠𝑠𝑠𝑠 ). [9]
𝐼𝐼𝑇𝑇𝑇𝑇 = 𝐼𝐼𝑑𝑑𝑑𝑑 cos 𝑍𝑍 + 𝐼𝐼𝑠𝑠𝑠𝑠

𝑀𝑀)

(4)

where 𝐻𝐻𝑜𝑜𝑜𝑜 is the extra-terrestrial irradiance at the mean earth118

Uniformly Mixed Gas Absorption
The uniformly mixed gas absorption, 𝑇𝑇𝑢𝑢𝑢𝑢 , is determined by
𝑇𝑇𝑢𝑢𝑢𝑢 = exp �

−1.41𝑎𝑎𝑢𝑢𝑢𝑢 𝑀𝑀′
�,
(1 + 118.93𝑎𝑎𝑢𝑢𝑢𝑢 𝑀𝑀′ )0.45

(11)

in which 𝑎𝑎𝑢𝑢𝑢𝑢 is the absorption coefficient of gas and is given in
Table 2-1 of Bird and Riordan [9].
2.1.2. Diffuse Irradiance on a Horizontal Surface

The diffuse irradiance on a horizontal surface is given by the
equation below:
𝐼𝐼𝑠𝑠𝑠𝑠 = 𝐼𝐼𝑟𝑟𝑟𝑟 + 𝐼𝐼𝑎𝑎𝑎𝑎 + 𝐼𝐼𝑔𝑔𝑔𝑔 ,

(12)

where 𝐼𝐼𝑟𝑟𝑟𝑟 is the Rayleigh scattering, 𝐼𝐼𝑎𝑎𝑎𝑎 is the aerosol scattering,
and 𝐼𝐼𝑔𝑔𝑔𝑔 is the reflection component of irradiance between the
ground and the air. These three variables are also affected by the
variables 𝛽𝛽, 𝑊𝑊 and 𝑃𝑃. The expressions that are being affected
are as follows:

Figure 2: Solar Spectrum
2.2. Solar Panel Efficiency model

Equation 13 to 16 contains the Rayleigh scattering variable with
regards to the direct normal irradiance, 𝑇𝑇𝑟𝑟𝑟𝑟 .
0.95
𝐼𝐼𝑟𝑟𝑟𝑟 = 𝐻𝐻𝑜𝑜𝑜𝑜 𝐷𝐷 cos 𝑍𝑍 𝑇𝑇𝑜𝑜𝑜𝑜 𝑇𝑇𝑢𝑢𝑢𝑢 𝑇𝑇𝑊𝑊𝑊𝑊 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 �1 − 𝑇𝑇𝑟𝑟𝑟𝑟
�0.5𝐶𝐶𝑠𝑠

(13)

𝐼𝐼𝑎𝑎𝑎𝑎 = 𝐻𝐻𝑜𝑜𝑜𝑜 𝐷𝐷 cos 𝑍𝑍 𝑇𝑇𝑜𝑜𝑜𝑜 𝑇𝑇𝑢𝑢𝑢𝑢 𝑇𝑇𝑊𝑊𝑊𝑊 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇𝑟𝑟1.5 (1 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 )𝐹𝐹𝑠𝑠 𝐶𝐶𝑠𝑠

(14)

𝐼𝐼𝑔𝑔𝑔𝑔 =

(𝐼𝐼𝑑𝑑𝑑𝑑 cos 𝑍𝑍 + 𝐼𝐼𝑟𝑟𝑟𝑟 + 𝐼𝐼𝑎𝑎𝑎𝑎 )𝑟𝑟𝑠𝑠𝑠𝑠 𝑟𝑟𝑔𝑔𝑔𝑔 𝐶𝐶𝑠𝑠
(1 − 𝑟𝑟𝑠𝑠𝑠𝑠 𝑟𝑟𝑔𝑔𝑔𝑔 )

There are currently three major types of solar cell technologies,
namely monocrystalline, polycrystalline (multi-crystalline) and
thin film. For this study, the focus will only be on multicrystalline silicon solar cells because it is more affordable
although slightly less efficient than monocrystalline silicon solar
cells [15]. Multi-crystalline silicon solar cells have an efficiency
in the range of 24 - 29% [16]. These values are used to determine
the output of a solar panel by multiplying it with the amount of
solar irradiance the panel receives. However, a solar cell’s
efficiency is only a percentage of the input that is used and not
an accurate representation for every input it receives. This is due
to the spectral response as previously demonstrated in Figure 1
and now shown as a normalised spectral response in Figure 3
[17]. The spectral response is normalised to a peak value of 1 to
make it possible to determine the electrical output of a solar cell.
Thus, to determine the electrical output of a solar cell accurately,
the solar spectrum needs to be multiplied by the normalised
spectral response of a solar cell. Figure 4 demonstrates the use
of this method and shows the power output of a multi crystalline
solar cell compared to the input spectrum.

(15)

𝑟𝑟𝑠𝑠𝑠𝑠 = 𝑇𝑇𝑜𝑜𝑜𝑜 𝑇𝑇𝑊𝑊𝑊𝑊 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 [0.5(1 − 𝑇𝑇𝑟𝑟𝑟𝑟 ) + (1 − 𝐹𝐹 ′ 𝑠𝑠 )𝑇𝑇𝑟𝑟𝑟𝑟 (1 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 )]

(16)

The expressions above use the variables 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 which
contain the Angstrom turbidity, 𝜏𝜏𝑎𝑎𝑎𝑎 as in Equation 17 and 18.
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 = exp (−𝜔𝜔𝜆𝜆 𝜏𝜏𝑎𝑎𝑎𝑎 𝑀𝑀)

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 = exp [−(1 − 𝜔𝜔𝜆𝜆 )𝜏𝜏𝑎𝑎𝑎𝑎 𝑀𝑀]

(17)

(18)

2.3. Pyranometer
In this study, the focus is placed on thermopile-based
pyranometers as it does not get affected by temperature or
spectral effects as much as a reference cell [18]. Thermopilebased pyranometers have two dissimilar metals used as
junctions, one cold and the other hot. The hot junction absorbs
any solar radiation directed at it and the cold junction does not.
The temperature difference between the junctions is then used to
determine the electrical output as it is proportional to one another
[19]. A pyranometer only measures up to 4000 nm after which
the glass dome prohibits any measurements of solar irradiance
[18]. In Figure 5 the normalized spectral response of a Kipp &
Zonen thermopile pyranometer is shown in contrast to the solar
spectrum at sea level [19]. In the MATLAB model, the
pyranometer output is calculated by determining the area under
the solar spectrum curve using the function Trapz.

MATLAB Model
The spectral model of Bird and Riordan described above, is
replicated in MATLAB and Cape Town is used as the location
for further modelling. This is done by adapting the zenith angle
for the time and seasons of Cape Town [13].
Figure 2 illustrates Planck's law as a smooth curve compared to
the actual solar spectrum curve of Cape Town. In this figure the
blackbody solar spectrum is at 5800 K just outside the earth’s
𝑘𝑘𝑘𝑘
atmosphere which is about 1.37 2 [8] . The actual solar
𝑚𝑚
spectrum curve is calculated using the spectral model of Bird and
Riordan [9], and adapted to ASTM G-173 conditions [14].
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2.4. Test
The area under the modelled solar spectrum is equivalent to the
solar irradiance measurement a pyranometer would take. The
pyranometer readings for the winter and summer spectral curves
are determined, summer being the three months of the year
where the solar irradiance is at its highest and winter being the
three months of the year with the lowest solar irradiance. The
pyranometer values for the summer are compared to the
pyranometer values for the winter and when the values are equal,
the areas under the winter and summer spectral utilisation curves
are respectively determined and compared to identify whether
the values are the same or different.
These steps are repeated for each of the three environmental
variables as they are changed according to the seasons and
obtained from [10], [21] and [22]. These variables are the
turbidity coefficient 𝛽𝛽, the precipitable water vapor 𝑊𝑊, and the
measured pressure 𝑃𝑃.
3.

Figure 3: Normalised Spectral Response [17]

Results

3.1. Changing environmental variables effects
The three variables, 𝛽𝛽, 𝑊𝑊 or 𝑃𝑃, is varied from their maximum
to their minimum values specifically for the Cape Town region
and the resulting spectra is compared to the standard ASTM G173 spectrum in Figure 6 (𝛽𝛽 varied), Figure 7 (𝑊𝑊 varied) and
Figure 8 (𝑃𝑃 varied). The maximum turbidity coefficient for Cape
Town is remarkably lower than the ASTM G-173 turbidity
coefficient. The clear sky in Cape Town is due to environmental
factors such as low precipitable water, low aerosols, convective
activity, air mass and the weather patterns of this harbour city
[11]. Table 1 indicates the percentage difference between the
area beneath the standard solar spectrum defined by ASTM G173, and the area beneath the resulting solar spectrums of the
maximum and minimum of each of the three environmental
variables.
Table 1: Energy comparison of the ASTM G-173 spectrum
with spectrums under different environmental conditions.
Figure 4: Solar Spectrum vs Solar Cell electrical power

Variable
Turbidity Coefficient
Water Vapour [cm]
Measured
[mb]

Pressure

Comparison to ASTM G-173
Min

%

Max

%

0.016

7.310

0.039

-0.335

0.6

-2.881

3

3.138

1001

-0.093

1034

0.514

3.2. Winter and Summer Comparison
The solar spectrum changes throughout the year as the position
of the sun relative to the earth changes, thus affecting the zenith
angle of the sun. The solar spectrum will thus look different in
the winter compared to the summer, even if the three
environmental variables are kept constant.

Figure 5: Spectral Response of a Thermopile Pyranometer
in relation to the Solar Spectrum [20]
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For this comparison, the area under the solar spectrum curve for
all simulated days, which is the equivalent of a pyranometer
measurement, is determined. The winter values are then
compared to the summer values to determine whether there are
values that are the same, in other words where the total solar
irradiance for a specific timestamp in the winter is the same as
the total solar irradiance for a timestamp in the summer. In the
case that winter values correlate to summer irradiance values, the
electrical power output of a solar cell is determined for both
timestamps in the summer and in the winter. In Figure 9, the
three environmental variables, 𝛽𝛽, 𝑊𝑊 and 𝑃𝑃 are kept constant
throughout the two seasons to observe if a difference occur when
only the zenith angle is changed. The winter irradiance values
are used as the basis which means when the result is positive, the
summer electrical output is higher than the winter electrical
output and the opposite is true for negative results. For Figure
10, the turbidity coefficient 𝛽𝛽 is given its summer and winter
values for the two periods compared, and the process repeated
for Figure 11 with water vapour 𝑊𝑊, and Figure 12 for measured
pressure 𝑃𝑃. Table 2 is a summary of the minimum, maximum
and average of Figure 9 to Figure 12.

Figure 7: Standard solar spectrum with solar spectrums for
max and min water vapour

Table 2: Electrical output comparison of a solar cell when
the environmental variables are changed but the
pyranometer reading stays constant.
Variable

Min [%]

Max [%]

Average
[%]

Summer vs Winter

-3.26

1.61

0.19

Turbidity
coefficient

0

4.37

0.59

Water vapour [cm]

-3.26

1.64

0.17

Measured pressure
[mb]

-3.31

1.31

0.18

Figure 8: Standard solar spectrum with solar spectrums for
max and min measured pressure.
4.

Conclusion

The Bird and Riordan solar spectrum model is used to evaluate
different environmental variables that influence the solar
spectrum. The results clearly show a difference in the solar
spectrum when the individual environmental variables are
changed. This means that the environment and the changes that
the seasons bring, affects the solar spectrum. When the solar
spectrum is affected, it changes the amount of solar power the
solar cell is exposed to at different wavelengths. The energy
contained in the spectrum, that is equivalent to a pyranometer
reading, is then compared to the electrical power output of a
multi crystalline PV cell. The results show that there could be a
difference in the electrical output of a solar cell when a
pyranometer measures the same solar irradiance input. The
biggest difference is observed with the change in the Angstrom
turbidity coefficient. When turbidity is lower in the summer the

Figure 6: Standard solar spectrum with solar spectrums for
max and min turbidity coefficient values
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result is a higher electrical output of the PV cell, while a
pyranometer cannot differentiate between the spectral inputs. In
this case short-term PV forecasting will show the same output of
a PV plant in winter and summer when it is modelled at the same
irradiance and temperature levels. In practise a difference in
output will however be measured.
The differences in the electrical output of a PV cell are small
when exposed to different spectrums with the same broadband
energy. Although the electrical differences are small for multi
crystalline modules the work presented sheds some light on the
seasonal performance differences of PV plants.

Figure 11: Percentage difference in electrical output of a
solar cell when pyranometer measures the same input but
the precipitable water varies.

Figure 9: Percentage difference in electrical output of a
solar cell when pyranometer measures the same input but
the position of the sun changes.

Figure 12: Percentage difference in electrical output of a
solar cell when pyranometer measures the same input when
the measured pressure varies.
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Abstract: ‘Multiphysics’ and ‘co-simulation’ describe a new
type of simulation that considers aspects from multiple fields,
e.g., electromagnetic, thermal, circuital, fluid flow,
simultaneously.

being performed independently by the most appropriate
simulation package (for that type of simulation) available to the
operator [1].
‘Co-simulations’ or ‘Multiphysics’ simulations aim to consider
aspects from multiple simulations in a coupled or hybridised
manner, by combining modelling techniques from multiple
domains in a single simulation. Combining electromagnetic and
circuital simulation techniques (as in [2]) into a single simulation
would be of particular interest to the energy industry, as it would
allow for an assessment of the emissions and susceptibility of an
electrical installation, from both the radiated and conducted
perspectives, to be performed. One example of this type of
simulation is an investigation into the modelling of the extent to
which the electromagnetic fields from nearby lightning activity
may induce (potentially damaging) voltages and currents within
photovoltaic (PV) modules and arrays, as detailed in [3], [4], [5].

One common application of this type of simulation is for
electromagnetic compatibility (EMC) purposes. The ability to
perform lower frequency EMC-related simulations is especially
useful within the energy field. This is because the frequency
content of signals of interest (e.g., inverter switching, or transient
surge waveforms) is lower than those involved in more
traditional radio frequency applications.
When used correctly, these tools offer powerful insight into the
workings of electrical systems across domains. As coupled
simulations are a relatively recent innovation, users need to
carefully consider the methods used by each software package to
ensure that their simulations yield reliable results.

This article acts as a guide to setting up, simulating, and
performing a basic EMC (electromagnetic compatibility)
experiment which considers two electrically isolated circuits
operating in close proximity to each other.

This article provides guidance on these types of simulations for
those involved in research in the energy field by using a simple,
low-frequency crosstalk experiment. Two adjacent, but
electrically separate, loops (a source and victim) are formed. A
transient stimulus is connected to the source loop, and the
induced voltages and currents in the victim loop are computed
using three solvers from two of the most popular commercially
available software packages. The simulated results are compared
with each other, as well as with the measured results from a realworld experiment which mimics the simulation setup.

2. Methodology
In this article, the results of two popular simulation packages,
CST [6] and Feko [7], are compared with the measured results
from a desktop crosstalk experiment. The simulations in this
article make use of the measured voltage excitation applied in
the desktop experiment as their input signal and consider a wide
bandwidth (0-200 MHz). This was done in order to circumvent
the limitations of using ideal sources within the simulations, and
for a valid comparison between the measured and simulated
results to be performed.

Common pitfalls are discussed, and recommendations on
simulation packages for particular instances (e.g., the modelling
of non-linear devices, such as surge arresters) are given.

Keywords: simulation; electromagnetic; low-frequency; energy
systems; coupling; interference.

2.1. General Setup
Two square loops are constructed using copper wire, and placed
adjacent to each other in the same plane, as shown in Figure 1.

1. Introduction

The loop on the left-hand side is denoted the source loop, and the
loop on the right-hand side is denoted the victim loop. Both loops
have a side length l of 0.3 m (metres), and there is a separation
distance d of 0.02 m between them. The copper wire has a radius
r of 1.25 mm.

Computational modelling and simulations are prevalent
throughout both academia and industry. With the modelling of
complex systems, it is common practice to subdivide the desired
simulation outputs into separate simulation tasks, with each task
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A voltage source provides a time-varying excitation vs(t) to the
source loop. Two resistors, R1 and R2, are placed into the source
and victim loops, respectively, as indicated in Figure 1.

DC-100 MHz, and output a voltage signal with a conversion ratio
of 5 A/V. Waveforms were captured using a Tektronix
DPO2004B digital oscilloscope [11], which has a bandwidth of
DC-70 MHz and a sample rate of 1 GS/s.

Resistor R1 chosen as 50 Ω as this is the same magnitude of the
characteristic impedance Z0 of the pulse generator used later in
the physical testing. Due to limitations of the physical test setup
(the pulse generator maximum output voltage and current, and
the current probe sensitivity), the experiments and simulations
are performed where the magnitude of resistor R2 is either set to
0.001 Ω or 10 MΩ, in order to approximate a short- or opencircuit, respectively. These two cases were chosen as they would
exhibit the largest currents and voltages induced in the victim
loop.

Input Signal Connection
Voltage Probe
Series Resistor R1
Current Probe

Voltage Probe
at Open-Circuit

Source Loop

Victim Loop

Figure 2 - The practical experiment setup, with the victim
loop open-circuited.

Input Signal Connection
Voltage Probe
Series Resistor R1

Current Probe
at Short-Circuit

Figure 1 - General experimental setup.
The intended voltage excitation vs(t) was chosen as a delayed
square wave voltage pulse, with the following parameters:
•
•
•
•

Source Loop

Figure 3 - The practical experiment setup, with the victim
loop short-circuited.

An initial voltage of 0 V.
A maximum voltage of 5 V.
A delay of 5 µs.
An on-duration of 10 µs.

The pulse generator was adjusted until the measured voltage
excitation closely resembled the theoretical voltage excitation
described in Equation 1, as shown in Figure 4. As the result of
the self-inductance of the source loop, a voltage overshoot and
undershoot (both 4.5 V) occurred on the rising and falling edges
of the practical excitation waveform. Choosing resistor R 1,
which is shown in Figure 1, to have the same resistance
magnitude as the characteristic impedance of the pulse generator,
50 Ω, minimised any voltage ringing immediately after the rising
and falling edges of the excitation waveform.

This voltage excitation can be expressed mathematically, as in
Equation 1. The unit step function (also known as the Heaviside
step function) is represented by u(t), where t is in seconds. The
time and frequency-domain representations of this signal are
discussed further in the next section.
𝑣𝑠 (t) = 5(u(t − 5 × 10−6 ) − u(t − 15 × 10−6 )) V

Victim Loop

(1)

2.2. Practical Experiment Setup
The source and the victim loop were constructed using copper
wire to the dimensions mentioned in Section 2.1. A Philips
PM 5712 pulse generator [8] was used to provide the excitation
to the source loop. This pulse generator has a fast rise time of
4 ns, making it appropriate for practically approximating the
intended voltage excitation, described in Equation 1.
The voltages in the source loop and the victim loop (open-circuit
commutation) were measured using Tektronix TPP0100 10x
probes [9], which have an input resistance of 10 MΩ, an input
capacitance of <12 pF (picofarad), and a bandwidth of DC100 MHz. The currents in the source loop and the victim loop
(short-circuit commutation) were measured using a Tektronix
TCP303 AC/DC current probe [10], which can accurately
measure currents as low as 5 mA (milliampere), and has a
bandwidth of DC-15 MHz. The current probe was connected to
a Tektronix TCPA300 amplifier [10], which has a bandwidth of

Figure 4 - The theoretical and measured voltage
excitation vs(t).
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As shown in Figure 5 and Figure 6, most of the energy in the
voltage excitation signal is located at low frequencies, making it
representative of the square waves commonly found in
electronics within the power industry [12]. Figure 5 shows good
agreement between the power spectrums of the measured and
theoretical voltage excitation signals below 2.5 MHz. Figure 6
shows how the power spectrums of the measured and theoretical
voltage excitations differ at higher frequencies. It should be
noted that above 70 MHz, the low pass filter of the oscilloscope
attenuates the measured signal.

gap allowed for the definition of a discrete S-parameter
(scattering parameter) port in each loop, as shown in the inset in
Figure 7.

Port 1

Port 2

Figure 7 - The 3D view of the simulation setup in CST.
Figure 8 shows the schematic view of CST. A differential
external port was added in series with a 50 Ω resistor
(representing R1) at Port 1. A resistor, representing R2, was
defined at Port 2 along with an additional probe. This probe
allowed for the measurement of the voltage over and current
through the resistor. A probe was not necessary for the excitation
voltage and current in the source loop, as these are available by
default when using an external port.

Figure 5 - The 0-5 MHz power spectrum of the theoretical
and measured voltage excitation vs(t).

It should be noted that in the schematic view of CST, the ground
symbols represent the closure of the loop formed by an Sparameter port, and not an electrical potential of 0 V. All the
terminals of Port 1 and Port 2 are, therefore, still electrically
isolated from each other.
A transient simulation task was added, and the measured
practical voltage excitation signal was imported using the ASCII
option. Due to where the practical signal was measured (after the
internal impedance of the pulse generator) the inner resistance of
the excitation in the simulation task was set to 0 Ω - so as not to
introduce the effect of an additional resistance.

Figure 6 - The 0-200 MHz power spectrum of the
theoretical and measured voltage excitation v s(t).
2.3. CST Simulation Setup
The version of CST used in the simulations for this article was
2021.03, which was released on 18 March 2021. For this
simulation, a new CST project was created. The wizard was
specifically not used as the intention was to document the
simulation process from the beginning, without any existing
preselected definitions or settings. The source and victim loops
were constructed using cylinders, as shown in Figure 7. The
material was set to pure copper, as found in the built-in material
library. Notable parameters for this definition were: a relative
permeability µr of 1, and a conductivity of 59.13 MS/m. CST
does not allow for the definition of ports along a volume,
therefore a small gap (of 1 cm) was inserted in each loop. This

Figure 8 - The schematic view in CST.
For comparison purposes, simulations were performed using
both the time- and frequency-domain solvers. The start and stop
frequencies were chosen to be 0 Hz and 200 MHz, respectively.
This upper frequency limit was the lowest that would result in
the steady-state criterion of the time domain solver being
satisfied before the maximum number of pulse widths was met.
CST does not necessarily simulate for all frequencies in the
range, but rather for only as high a frequency as necessary (as
stipulated by the bandwidth of the time domain excitation signal
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in the transient task). The default excitation signal, a Gaussian
pulse whose parameters automatically adjust according to the
chosen bandwidth, was used in the 3D view setup.

After solving, a post-analysis was performed. In this postanalysis, the time analysis tool was used to import the measured
voltage excitation signal. The amplitude axis was scaled by a
factor of 0.2 as the MoM solver had already considered an
excitation with an amplitude of 5 V – therefore any imported
time signal had to be divided appropriately in order to be
processed correctly.

2.4. Feko Simulation Setup
The latest version of Feko available to the authors was
v2019.3.3. As with CST, a new project was created. The source
and victim loops were constructed using the line tool in the setup
portion of Feko, namely CADFEKO. Once each loop was
constructed, the segments were unioned in order to ensure that a
galvanic connection would be made between the segments. The
unioned lines were then defined as wires. The material property
was set to copper using the frequency-independent definition
found in the built-in material library. The notable parameters for
this definition were: a relative permeability of µr = 1, and a
conductivity of 58.13 MS/m (mega-Siemens/metre) – this
conductivity differed slightly from that used in CST, although
not enough to greatly affect the outcome of the simulations.

3. Results
The measured and simulated results for the voltage and current
in the source and victim loops are shown in Figure 10 to Figure
13. As expected, Figure 10 shows perfect agreement between the
measured voltage excitation and the voltage excitations used in
the three simulations.
The waveform for the measured current in the source loop is
shown in Figure 11. The current is in the form of a square pulse
with a magnitude of 100 mA, which was expected for the 5 V
excitation when terminated into the 50 Ω resistor, R1. There is a
slight overshoot and undershoot in the current waveform,
occurring after the rising and falling edges, respectively. This
observation is the result of the overshoot and undershoot of the
voltage excitation waveform, however, it does not appear as
sharply in Figure 11 as in Figure 4 due to the limited bandwidth
of the current probe (15 MHz). It was found that this overshoot
and undershoot increased when R1 was decreased to less than
50 Ω. Increasing the magnitude of R1 any further would have had
the undesirable effect of reducing the current passing through the
source loop, thereby reducing the extent of the interference as a
result of magnetic field coupling in the victim loop. The
simulated currents in the source loop agree both in magnitude
and shape with the measured source current waveform. This
indicated that any slight discrepancies between the simulated and
practical copper conductivities were negligible, as was the
tolerance value of the practical resistor R1.

Three wire ports were defined, namely Port 1, Port 2, and Port 3,
as shown in Figure 9. A voltage source with an amplitude of
5 V and a reference impedance of 50 Ω was defined at Port 1,
and loads of 1 mΩ and 10 MΩ were defined at Port 3
(representing the short-circuit and open-circuit commutations,
respectively). Feko does not allow for the series connection of a
voltage source with a defined reference impedance with a
resistor (R1) using a single port, whilst also allowing for the
extraction of the voltages over only the voltage source and its
internal impedance. As a result, a second port, Port 2, was
chosen to represent resistor R1. Feko also does not allow for the
definition of multiple ports along the same line, hence, Port 2
was defined at the leftmost section of the upper wire in the source
loop – the closest possible point to Port 1.
Port 2

From electromagnetic theory, the expected voltage waveform
over the open-circuited victim loop would be a positive pulse at
5 µs, followed by a negative pulse at 15 µs – corresponding to
the rising and falling edges in the source loop’s square pulse
current waveform. This was partially observed in Figure 12,
however, pulses of opposite polarity were also observed.

Port 1
Port 3

Figure 9 - The 3D view of the simulation setup in Feko.
The simulation was performed using the default solver in Feko,
the frequency domain MoM (Method-of-Moments) solver. The
low-frequency stabilisation and double-precision options were
selected within the solver settings. The start frequency was
chosen as 1 mHz, as Feko does not allow for a start frequency of
0 Hz. As before, the stop frequency was chosen as 200 MHz. A
total of 10001 linearly spaced frequencies were chosen, resulting
in a frequency increment of approximately 20 kHz.
Figure 10 - The voltage over the source loop.
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When the victim loop is short-circuited, the relationship between
the source loop and the victim loop behaves more like that found
in a current transformer. In this case, the current in the victim
loop behaves as a scaled version of the current in the source loop.
The small amplitude of the current waveform measured in the
short-circuited victim loop resulted in a poor signal-to-noise
ratio. In order to improve the clarity of the waveform, it was
passed through an IIR (Infinite Impulse Response) lowpass filter
(applied in MATLAB [13]) with a cut-off frequency of 1 MHz,
before being plotted in Figure 13. The Feko frequency domain
solver produced a waveform that accurately represented the
shape and amplitude (~8 mA) of the measured induced current
waveform, although with a DC offset of -3.5 mA. If this DC
offset were to be compensated for, the Feko results would closely
resemble the measured waveform for the induced current. The
CST frequency domain solver also produced a block pulse of the
correct amplitude and shape, although it also exhibited a nonconstant trend which would require the application of a more
complicated compensation method in order to correct. The least
accurate result was that provided by the CST time domain solver
– this is in contrast to the open-circuit voltage case where this
solver produced the most accurate results. In the short-circuit
case, this solver exhibited two different nonlinear trends in the
regions between 5 µs and 15 µs, and after 15 µs. Impulses of
~8 mA can be observed within the CST time domain results;
however, this result would be the most complicated to identify
and apply a correct de-trending algorithm to.

Figure 11 - The current in the source loop.
These additional pulses were the result of the opposite polarity
di/dt values resulting from the overshoot and undershoot
portions of the waveform in the source loop (derived through the
voltage measurement, due to the larger bandwidth of the voltage
probe). As the open-circuit voltage waveforms for the victim
loop were expected to be positive and negative impulses, the
waveforms were plotted with time delays of 1 µs for easier
viewing, as is shown in Figure 12. A comparison of the minimum
and maximum open-circuit voltages for the victim loop are
shown in Table 1. In this comparison, it was observed that the
CST time domain solver most accurately represented the
measured induced voltage within the victim loop, followed by
the Feko frequency domain solver. The CST frequency domain
solver produced the least accurate result in this circumstance. All
three simulated waveforms did not accurately reproduce the
additional voltage swings of opposite polarity which were
represented in the measured induced voltage signal.
Table 1 - Victim loop open-circuit voltage comparison.
Result
Feko: FD Solver
CST: FD Solver
CST: TD Solver
Measured

Maximum Value
(Rising Edge)
0.8189 V
0.5623 V
1.0845 V
1.1700 V

Minimum Value
(Falling Edge)
-0.8670 V
-0.5597 V
-1.0307 V
-1.1300 V

Figure 13 - The short-circuit current in the victim loop.
3.1. Simulation Package Considerations
3.1.1. CST
The source and load definitions in the simulations used in CST
in this article could have been defined in the same manner as for
Feko (as lumped elements within the 3D representation),
however, as with Feko, this would require a full run of the EM
solver in order to modify the circuit configuration or values. It
should be noted that the time domain EM solver in CST also
allows for the connection of external SPICE circuits, which may

Figure 12 - The open-circuit voltage over the victim loop.
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include nonlinear components – a powerful tool in the energy
industry, where many non-linear devices (such as inverters or
surge arresters) may exist within an installation.

time domain waveform did not correspond with what
electromagnetic theory would suggest. The undulating nature of
the computed waveform suggested that too few harmonics were
being considered in the time domain analysis – with no message
to the user indicating that the upper bandwidth limit should be
increased.

The schematic view in CST allows for the user to run the full EM
solver only once. If the circuital configuration or values were to
be changed, this would only require the circuital solver to be
rerun, shortening the total simulation time when considering
multiple variations.
Although the upper frequency limit for the simulations in this
article was initially chosen to match the bandwidth of the
measurement equipment, CST provided error and warning
messages when the default solver tolerances were not met. This
allowed the user to adjust the simulation settings until the criteria
were met. By default, CST did not require the user to choose how
the chosen solver would process the chosen frequency band.
3.1.2. Feko
In this article, all the sources and loads at the ports were defined
as either a voltage source (with a purely resistive internal
impedance), or a purely resistive load. Should it be necessary,
one can define loads with complex impedances by means of a
series or parallel RLC equivalent circuit representation. This
package also allows for the connection of an external SPICE
model to a port, which allows for the implementation of more
intricate linear circuits within simulations (without the need to
calculate an RLC-based equivalent impedance).

Figure 14 – A comparison of the simulated victim loop
open-circuit waveforms calculated for different numbers of
frequency points with the software suggested bandwidth.
The simulated frequency range was then set back to between
1 mHz and 200 MHz, and the results were computed for the same
numbers of frequencies. In this case, there is little discrepancy
between results computed for 10, 101, 1001, and 10001
frequencies, as shown in Figure 15. In this figure, a time delay
was introduced for the plotted waveforms in order to allow for
the comparison of the voltage levels. In the case of 10 linearly
spaced frequencies in this range, the frequency domain solver
would have skipped over the suggested 50-350 kHz band
completely, without an error message to the user.

One limitation of Feko, is that the default frequency domain
MoM (Method-of-Moments) solver cannot consider nonlinear
devices placed within an external SPICE model. Such devices
are ignored by the solver, without notifying the user with an error
or warning message. One may consider using the time-domain
TLM solver in order to circumvent this limitation, however, the
TLM solver currently does not support the connection of external
SPICE circuits.

No error or warning messages were presented to the user during
any of the simulations which computed the results shown in
Figure 14 or Figure 15. In addition to the number of frequency
points considered, sufficient bandwidth should also be
considered – especially when excitation signals with fast rise
times are utilised.

Another limitation of Feko, is that the voltage and current
parameters of the circuital components (the resistors and voltage
source, in this case) are considered simultaneously with the EM
solution. This requires a full run of the EM solver in order to
modify the circuit configuration or values, resulting in a long
total simulation time if multiple variations are to be considered.
In general, Feko provided few warnings when the desired time
domain signal would not be accurately represented by the
calculated frequency domain results. The one warning that was
initially received, notified the user of insufficient overlap
between the time signal bandwidth (50 kHz to 351 kHz) and the
simulated frequency range (1 mHz to 200 MHz).
A comparison was performed to demonstrate the influence of the
number of computed frequencies (chosen within the suggested
frequency range) on the computed results. The excitation signal
in this case was the theoretical excitation signal, as shown earlier
in Equation 1. The open-circuit voltage in the victim loop was
computed using 2, 10, 101, 1001, and 10001 (linearly spaced)
frequencies in the suggested range, with no distinguishable
difference in the results, as shown in Figure 14. Apart from the
peak and valley at 5 µs and 15 µs, respectively, the computed

Figure 15 – A comparison of the simulated victim loop
open-circuit waveforms calculated for different numbers of
frequency points with a wide bandwidth.
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4. Discussion

to consider complicated external circuitry (including nonlinear
devices), with both the time and frequency domain solvers is
particularly useful.

When importing the measured source loop voltage excitation
signal, all solvers accurately represented the current in the source
loop. In the victim loop, all solvers produced expected waveform
shapes for the open-circuit voltage. For this case, the CST time
domain solver most accurately modelled the amplitude of the
measured induced voltage signal, whilst the CST frequency
domain solver least accurately modelled the same signal. The
short-circuit current case resulted in the most disagreements
between the computed results. The Feko frequency domain
solver produced a waveform which most accurately resembled
the measured induced current waveform (although with a DC
offset, which is easily identified and compensated for). The CST
frequency domain solver produced a similar result to the Feko
frequency domain solver, without a DC offset, but incorporating
a trend which was easily identifiable, but would require postprocessing to resolve. The amplitudes of both waveforms
produced by the frequency domain solvers agreed with the
measured result. The CST time domain solver produced a
waveform with rising and falling edges of the correct magnitudes
at the correct times, however, the waveform exhibited piecewisedefined nonlinear trends that would be more difficult to identify
and compensate for, especially in a more complex simulation.
Section 3.1, however, highlighted the fact that the user needs to
carefully consider the simulation setup parameters in order to
ensure that the solver calculates the desired results – one cannot
always rely on an error message.

In conclusion, this article demonstrated the usefulness of coupled
EM-circuital simulations for EMC purpose. These simulations
are especially useful when experimenting with the physical test
setup is difficult or impossible (such as when a physical system
cannot be taken offline, or where there is a risk of damage), as is
often the case within the energy industry.
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Abstract: In this paper, the effects of ground potential rise
within a photovoltaic plant are explored. When lightning
currents are injected into an earthing electrode a potential
difference occurs, resulting in a loss of equipotential bonding.
When equipotential bonding is lost surge protection devices can
allow for partial lightning currents to flow in reverse through the
DC cables. This study focuses on how these partial currents can
be coupled to neighbouring DC cables.

along with little structures surrounding the PV plant creates an
optimal scenario for lightning flashes to occur. [4]
To protect these PV plants, lightning protection systems are
required and one of the main aspects when protecting against
lightning is the use of surge protection devices (SPDs) and
effective grounding arrangements. The SPDs work by limiting
the voltage transients in an electrical system by diverting
currents to ground.

Due to the physical size of commercial PV plants, this topic has
not yet been explored and can pose a threat to electrical systems.
To test this, earthing electrodes are simulated under lightning
conditions to measure the extent of the ground potential rise. The
PV plant and its DC cables are simulated to determine the
potential coupling that can occur. From these simulations, it is
found that differential currents of different magnitude and
polarity can be measured across a large area of the PV plant.
These currents can damage the electrical systems, depending on
the severity of the lightning strike.

The grounding arrangements works by embedding a conductive
material known as an earthing electrode into the earth to allow
for lightning currents to flow into the soil. However, for this to
be effective, the grounding arrangement needs to create a low
impedance path, or it will not sufficiently dissipate the lightning
currents into the earth. In some cases, the resistivity of the soil
might be too high to establish a low impedance path for the
lightning currents and thus multiple earthing electrodes or a more
complex earthing arrangement needs to be used.

Fossil fuels have been the dominant energy source since the
industrial revolution. As result, there has been a severe impact
on human health and the global climate due to the greenhouse
gasses these fossil fuels produce [1]. To move away from fossil
fuels renewable energy sources have grown more popular over
the years. From 2005 to 2018 the global solar photovoltaic
energy capacity has grown from five gigawatts to 500 gigawatts
[2]. Thus, as the second-largest growing renewable energy
source in 2019 more PV plants are being constructed globally[3].

An electrode embedded in the earth is described as a resistance
connected to electrical ground and when currents flow through
this resistance a potential difference occurs. This potential
difference between earthing electrodes (or locations) is known
as ground potential rise (GPR) [5]. Having a more complex
earthing arrangement could mean that the common ground is lost
when a GPR occurs. In the IEEE 1692, it is noted “When there
is a GPR event the SPD provides a connection of the
communication path in the reverse direction from which they
were intended to operate and increases the possibility of
equipment damage to telephone and power installations” [6].
Thus, when a GPR event occurs the SPDs intended to protect the
electrical systems against lightning transient could allow for
reverse currents to flow through the DC cables.

Typically, these PV plants are installed in open areas with little
to no structures surrounding the plant. This is done to maximize
surface area and minimize shading. More surface area results in
more power and shading cast onto the PV plant reduces the
overall power generation. Unfortunately, these wide-open areas

Due to the physical size of commercial PV plants, this topic has
not yet been explored and can pose a threat to PV modules and
their bypass diodes. This study aims to provide show that the use
of multiple surge protection devices can be harmful when
lightning does strike a structure and causes reverse current flow

Keywords: Lightning; grounding; PV plant; GPR; SPD; reverse
currents.
1. Introduction
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through these SPD devices.
2. Modelling of PV plant and components
In this section, all the electrical systems and components within
a PV plant is discussed. This is done to give clarity on how each
of the components within the PV plant is implemented and
brought together to form the model used for the GPR
simulations.
2.1. PV plant layout
A PV plant model is required to conduct the GPR testing and for
the model, a single inverter section from a local PV plant is
selected. Figure 1 shows the physical layout of the model.
Fig. 2. Illustration of the implemented Matlab model for PV
plant.
Next, the PV strings, earthing arrangement, SPDs and DC cables
will be discussed as these are the main components that make up
the model. The inverter is implemented as a high resistance of
1000 Ω as the assumption is made that the inverter will be in an
off state when lightning occurs.
2.2.1. PV string modelling
The traditional single diode model (SDM) is often used to
describe the DC characteristics of a PV cell but for this
application, a high-frequency representation is required. To do
so a dynamic SDM is used and can be seen in Figure 3 [7].

Fig. 1. Illustration showing PV plant section.
Two rows are combined at a combiner box and then connected
through to the inverter. In total there are 20 rows, 10 combiner
boxes and a single inverter. There are 24 panels per string where
each row has 16 strings. As the setup is based on the Sunny
Central 800 CP inverter there are ten combiner boxes and each
of the combiner boxes corresponds to one of the ten inverter
inputs. Each of the combiner boxes are labelled and each of the
inverter inputs corresponds to one of these labels. Thus, when
input A of the inverter is mentioned, it refers to the input of the
inverter which is connected to combiner box A.

Fig. 3. Dynamic SDM model [7].
For the dynamic SDM, capacitance and inductance are added to
capture the higher frequency impedance a solar cell exhibit. Also
included is a reverse breakdown diode with a voltage source
which represents the voltage at which reverse breakdown occurs.
However, the dynamic SDM in Figure 3 only represents a single
PV cell and for a single string, there would be 1440 PV cells.
With this large number of individual circuits within the PV plant
model, the instability and simulation times are high. To work
around this all the active components except the recombination
diode are removed as the DC characteristics are of little concern.
Then all 1440 of the PV cells are added together in a series
fashion as ultimately a PV string consists of multiple PV cells
stacked in series. This results in one dynamic SDM representing
the entire PV string. The saturation current of the recombination
diode is adjusted to match 1440 diodes placed in series. Matlab
also provides a diode model allowing for the simulation of the
exponential operation of a diode and placing multiple diodes in
series.

2.2. PV plant modelling
To create the simulation model the Matlab Simscape
environment is used as it provides a transmission line model for
the DC cables and has better stability when simulating the model
compared to Spice software. Figure 2 shows a simple illustration
of the PV plant model implemented in Matlab. It should be noted
that for the Matlab simulations only two rows and a single
combiner box leading to the inverter is simulated. This is done
to reduce the simulation time and increase stability.
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From the impedance data 𝑅𝑒 is determined by dividing the low
frequency impedance obtained from the Feko simulation by ten
as there are ten electrodes. The inductor values 𝐿𝑒 and 𝐿𝑐 are
determined by iteration using the impedance data obtained from
Feko as a reference. The resistance 𝑅𝑐 was simply determined
by calculating the resistance of a single core wire.

2.2.2. Earthing arrangement
Multiple methods for grounding can be applied to a PV plant and
for this case a simple type A grounding method is used. This is
used as it is simple to implement and easy to simulate. From the
IEC 62305-3 a type A grounding arrangement is made up out of
horizontal or vertical electrodes outside of the structure and
having two or more electrodes [8]. The electrode setup is shown
in Figure 4.

2.2.3.Surge protection device
SPDs come in multiple configurations with the most popular
being the Y configuration as it offers differential and normal
mode protection as well as offering a variable end of life
scenario. Thus, for this model, a Y configuration SPD is created
with the use of three metal oxide varistors (MOV). Figure 6
shows the Y configuration and how it is connected between the
positive, negative and earth terminal. At every combiner box and
corresponding inverter input SPD models are implemented. In
the Matlab models’ case, an SPD is installed at the inverter and
an SPD at the combiner box because only two rows and one
inverter input are simulated. Each of the MOVs is configured to
clamp at 500 V. This results in an SPD which will clamp at 1000
V differentially and normally.

Fig. 4. Earth electrode setup for PV plant model.
Ten electrodes are used to allow an individual electrode for each
of the combiner boxes. A length of 2.5 m for the electrodes are
used as at 500 Ω.m soil resistivity these electrodes adhere to all
four levels of protection set forth by the IEC 62305-1 [9]. These
electrodes are connected at the top to establish equipotential
bonding and each of the electrodes are labelled A – J to
correspond with the labels of the combiner boxes in Figure 1.
Next an equivalent circuit is created which represents the
earthing electrode arrangement. The earthing arrangement is
replicated within Feko to obtain the impedance data of the
earthing arrangement. From the data a circuit equivalent is
created which is presented in Figure 5.

Fig. 6. Different configurations of an SPD.
An accurate model for the MOV is required if it is to be used as
the main non-linear component within the SPD. To do so a
dynamic model, shown in Figure 7, is implemented. The goal
with the dynamic model is to have the high-frequency model
parameters which are important when applying lightning
impulses. It was found that the capacitor does not affect the
results and can be neglected while the inductor value is selected
as 70 nH. [10].

Fig. 5. Equivalent circuit of earthing electrode
arrangement.

2.2.4. DC cables
DC cables dissipate energy and can result in large losses if not
selected correctly. 2 % energy loss in DC cables are considered
acceptable and will be the benchmark in the selection of the
cables for the model.

Values for each of the components are presented in Table 1.
Table 1. Values for equivalent earth electrode arrangement.
Parameter

Obtained values

Unit

𝑅𝑒

120

Ω

𝑅𝑐

0.003

Ω

𝐿𝑒

38 × 10 − 6

H

𝐿𝑐

18 × 10 − 6

H
Fig. 7. Dynamic model of a MOV [10].
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•
•

Two cables are selected. Cable A carries the current from the
combiner box to the inverter and Cable B carries the current from
the PV strings to the combiner box. Figure 1 shows the cables
within the PV plant model. The cable dimensions are shown in
Table 2 and were selected to adhere to the 2 % energy loss.

These values are selected as the probability of such a lightning
flash occurring is 95 % as specified by the IEC 62305-1 [5], [9].
2.4.2. Validation of earthing arrangement

Table. 2. DC cable physical dimensions.
Cable

Crosssection

Conductor
diameter

Outer
diameter

A

50 𝑚𝑚2

9.9 𝑚𝑚

14.9 𝑚𝑚

B

2.5 𝑚𝑚2

2.5 𝑚𝑚

4.65 𝑚𝑚

Rise time of impulse 1.8 µs
Time to half peak value 30 µs

Feko is used as the software package to simulate the electrode
arrangement as it has shown precision in modelling earthing
electrodes [11]. A substrate layer was used as the earth layer. The
conductivity was set to 500 Ω.m and a relative permittivity of 15
is used, representing a medium-dry ground [12]. General
weather changes can affect the characteristics of soil and will
result in a different earthing resistance. In this case, the earthing
resistance is maintained constant.

The cables in the model are implemented as transmission lines
and to do so the per unit length parameters of each cable are
calculated using parallel wire transmission theory. In Matlab, the
transmission line components are used with the calculated
values.

This arrangement results in an earthing resistance of 12 Ω which
is slightly above the suggested 10 Ω but the arrangement
proposed does adhere to the IEC 62305-3 standard for a type A
arrangement [8]. Next, a lightning flash is applied to electrode A
and measurements are made at electrode A – J. This process was
repeated with the physical model created in Feko and the
equivalent circuit created within Matlab. A comparison of the
transients at electrode A and J is presented in Figure 8. Overall,
the transients are similar as the transients seen at electrode A
have the highest magnitudes and the transients decrease in
magnitude at the electrodes further away from the lightning
flash. However, the equivalent circuit does have a longer
transient and slightly lower magnitude. These differences do not
affect the phenomenon where the SPDs allow for reverse
currents to flow through the DC cables. And due to the slower
rise time and fall time of the transients seen in the equivalent
circuit, the high-frequency content will have a lower magnitude
making it a better case scenario for the PV plant. Thus, it is
concluded that the equivalent circuit should suffice in the PV
plant GPR simulations.

2.3. DC cable coupling
To test coupling on the PV plant Feko cable studio is used. All
the components are employed within the Feko model as in the
Matlab model with the exception that the entire PV plant is
modelled and not a single combiner box and accompanying PV
strings as in the Matlab model. However, a few adjustments need
to be made. Feko does not support active components so the
diode within the SDM model needs to be replaced as well as the
SPDs. The SPDs are replaced with a Y configuration resistor
network where the resistor connected to ground is 0.015 Ω and
the other two resistors connected to positive, and negative are
0.03 Ω each. The diode within the SDM model is replaced with
a 5 Ω resistor. These values were determined with the help of an
FFT analysis and the Matlab model. The resistors implemented
do not intend to replicate the functionality of the active
components but rather act as a form of current limiting devices.
The resistors also act as a path for the GPR current to flow as in
the Matlab simulations.
2.4. Model component validation
To ensure the model perform as required the transmission line,
PV strings and earthing arrangements are validated. The SPDs
do not require validation as the SPD model was not altered to fit
the GPR application.
2.4.1. Lightning impulse characteristics
For the testing of the earthing arrangement, a lightning impulse
needs to be defined. The lightning waveform is defined by the
IEC 62305-1 and the parameters of the lightning impulse are [9]:
•

Fig. 8. Comparison of the equivalent circuit and Feko model
voltage transient results.

Peak current is 4 kA.
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perform adequately within the Matlab model as there is likely
only a very small deviation in the parameters in the cables which
cause the shift in impedance across the frequency range. The
simulation is done up to 5 MHz to have a wide frequency range
but most of the lightning energy will be well below 1 Mhz. This
test was performed by injecting a current at various frequencies
which is why Figure 10 is a current vs time graph.

2.4.3. Validation of PV string model
PV strings in the PV plant model are implemented as a singular
dynamic SDM. But first, it needs to be established if the model
performs as multiple PV cells stacked in series. To do so 1440
SDMs were stacked to represent a PV string. The stacked PV
string and adjusted SDM is then subjected to an AC analysis. The
results can be seen in Figure 9 where it is shown over a wide
frequency range the adjusted dynamic SDM performs exactly as
1440 SDMs connected in series.

2.5. Model setup for GPR event measurements
For the following simulations, the same lightning parameters are
used as in section 2.3.1. A lightning flash is applied to electrode
A within the Matlab and Feko simulations as this creates a worstcase scenario. This is due to electrode A being distanced 126 m
from electrode J which creates a large potential difference across
the earthing arrangement when a lightning flash is applied. With
the large potential difference, the SPDs activate in reverse
allowing for currents to flow from electrode A, through the SPD
at combiner box A, through the DC cables and back into the
earthing arrangement at electrode J as seen in Figure 11.

Fig. 9. Comparison of Adjusted SDM and stacked SDMs.
2.4.4. Validation of transmission line models
To establish if the transmission line model within Matlab is
sufficient a 140 m cable is simulated in Matlab and Feko and in
Figure 10 a comparison is presented.

Fig. 11. Partial lightning current path.
Within the Matlab simulation, current measurements through
both SPDs are conducted to show the partial lightning currents
flowing through the SPDs. Voltage measurements are made
between the positive and negative terminals of the inverter and
the combiner box as this provides the differential transients
caused by the GPR event. Next voltage measurements are made
between the positive terminals of combiner box A and electrode
A to show the normal mode voltage transients at the combiner
box. And lastly, the normal mode voltage transients of the
inverter are measured between the positive terminal of the
inverter and electrode J.

Fig. 10. Comparison of transmission lines simulated in Feko
and Matlab.
There are deviations that can be caused by multiple factors. First
Feko specializes in electromagnetic simulations which means
more factors are considered than the theoretical calculations used
to determine the parameters of the cable in the Matlab
simulations. Secondly, if there is a small deviation in the
capacitance or inductance of the cable in Feko or Matlab the
results will differ greatly at the higher frequencies as it does in
Figure 10. However, at the lower frequencies, the cables perform
similarly which is ideal as most of the energy within a lightning
flash is at the lower frequencies. Although the Feko results differ
from the Matlab results the transmission lines are considered to

As the entire PV plant is simulated within the Feko model several
transients can be presented. However, only the most significant
transients will be shown to demonstrate the extent of the possible
coupling within the PV plant. Within the Feko simulations
measurements are made between the positive and negative
terminals of the combiner boxes and inverter to present the
differential voltage transients. Initially, SPDs are only added to
combiner box A and the corresponding inverter input. This
allows for partial lightning currents to flow through the DC
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cables as in the Matlab simulation and coupling to occur to the
neighbouring DC cables. No other protection measures are
installed on the other combiner boxes or inverter inputs to show
the possible extent of the coupling which can occur under GPR
conditions. Following is a simulation showing the coupling with
protection installed throughout the PV plant to demonstrate the
effectiveness of the SPDs even when the partial lightning
currents are coupled to neighbouring cables.

This is due to the complex relationship of the inductance and
capacitance of the system causing transients due to the rapid shift
in current passing through the SPDs. For the 4 kA lightning flash
simulations, the transients are not of a magnitude that could
cause damage. However, if the lightning currents magnitude
increases the transients will also increase to an extent to which
damage could occur.
From Figure 14 the SPDs clamp the voltage between the earth
electrodes and the positive conductor at 1000 V as expected.
These transients are at the 1000 V rating of the equipment and
continuous lightning activity could aid in the degradation as well
as possible failure of the equipment if the magnitude and
duration of the applied lightning flash are increased. Between
electrode A and J, a voltage differential of 2000 V is seen as both
the SPDs are activated.

3. Results
The results of the investigations that relate to the SPD currents
under GPR conditions, voltage transients within the PV plant and
the coupling between the DC cables are presented in this section.
3.1. SPD currents under GPR conditions
Under GPR conditions the SPDs activate allowing for 48% of
the lightning current to pass from electrode A through the DC
cables to electrode J as seen in Figure 12.

3.3. Coupling between DC cables
Figure 15 shows coupled differential transients. The inverter
inputs are labelled and correspond to the combiner box labels as
defined in Section 2.1. Some of the transients shown here are
well above the 1000 V rating of the equipment and could result
in damage to the inverter if protection is not installed.

3.2. Voltage transients within PV plant
From the differential measurements only, brief transients occur
when the SPDs start conducting and when the SPDs stop
conducting as seen in Figure 13.

Fig. 12. Current passing through the SPDs.
Fig. 14. Normal mode transient between positive and
ground.

Fig. 13. Differential transients at combiner box and
inverter.

Fig. 15. Most significant transients at inverter
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There are no transients reported at the combiner boxes as these
transients are below the 1000 V rating of the SPDs and inverter.
Thus, it is assumed that these transients are not of concern. Next
results are shown for when protection is added to the Feko
simulation. Figure 16 and Figure 17 shows the transients seen at
the combiner box and inverter. Due to the introduction of SPDs,
in the form of resistors, the dynamics of the system has changed,
and the most significant transients are located at different
inverter inputs.

arrangement, under lightning conditions, allowing for the reverse
conduction of the SPDs. Nearly 50 % of the lightning current
pass through the DC cables due to the reverse operation of SPDs.
The resulting differential and normal mode currents show little
concern as the SPDs clamped the transients to 1000 V which is
within the operating specifications of the electrical systems.
Coupling between neighbouring DC cables did occur and
showed dangerous transients if not adequately protected.
From the simulations conducted it is shown that the lightning
protection system implemented, created new potential lightning
risks. This work aims to identify the potential problems
associated with lightning protection systems and to create a basis
for further GPR research.

The transients are severely reduced because the resistors used to
replace the SPDs within the Feko model are static and do not
change as the SPDs within the Matlab simulation. If the coupling
could be replicated within the Matlab model the transients would
look more like the transients seen in Figure 14 where the voltage
is clamped at 1000 V.
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Abstract: The increasing use of renewable energy installations
(and photovoltaic (PV) installations in particular) in South
Africa has placed an emphasis on the ability to adequately assess
and monitor the performance and natural degradation of PV
systems. This information is critical to investors, developers and
domestic installers as they seek to assess the value of an
installation over the product’s lifespan. This study seeks to
assess the degradation of PV systems over a 20-year period by
utilising a statistical method to model and predict the degradation
of PV modules in South Africa. A degradation model that uses
maximum ambient temperature is considered as this data is
readily available to both domestic and commercial/industrial
installers. The model utilises ambient temperature forecasts from
a seasonal auto-regressive integrated moving average
(SARIMA) model to predict PV performance and degradation.
Using the forecasted ambient temperatures and the fitted
statistical model, the performance and degradation is predicted
for 2017 to 2035 for Polycrystalline (p-Si) and Amorphous
silicon (a-Si) PV modules situated at Nelson Mandela
University, in Port Elizabeth, South Africa. The predicted
degradation for each module is then used to make a comparison
of the lifespan of each technology. It is found that temperature
plays a significant role in the prediction of PV degradation and
allows for the addition of additional outdoor weather variables
to the model. According to the developed degradation models,
the p-Si PV module is predicted to experience less degradation
compared to the a-Si PV module over the 20-year period between
2015 and 2035.

1. Introduction
In South Africa, economic growth and an improvement in the
accessibility to energy by the population has contributed to the
increase in energy demand [1], [2]. This demand has mainly been
met using fossil fuels [1], with coal currently contributing to
approximately 90% of South Africa’s energy generation [3].
Using fossil fuels to meet the energy demand is an unsustainable
solution and, in addition, has a negative effect on the
environment, for example, it is known to contribute to global
warming and air pollution [4]. This motivates the need to move
towards renewable energy systems that are both sustainable and
reduce the negative impact on the environment.
South Africa is fortunate that, in addition to its bountiful coal
supply, the country is enriched with renewable energy resources
[5]. The two most abundant renewable resources in South Africa
are wind and solar, with solar energy having the greatest
potential to produce energy [6]. South Africa has an average of
2 500 hours of sun per year and a daily average of direct radiation
between 4.5 kWh/m2 and 6.5 kWh/m2, placing South Africa in
the top three countries in the world for available solar radiation
[7]. The South African government is committed to an increased
use of renewable energy, including solar energy, as indicated in
the 2003 Renewable Energy White Paper and the 2003 National
Climate Change Response Policy White Paper. This increase has
brought about the need to assess and monitor the performance of
PV.
This study aims to shed additional light on the longevity of PV
systems in South Africa by utilising a statistical method, as
proposed by Pan et al. [8], to predict the degradation of PV
modules in a South African setting. This method will be used to

Keywords: photovoltaics, degradation, statistical modelling,
regression, performance prediction
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it is nontoxic [16]. The main disadvantage of silicon use is the
high manufacturing cost [17]. c-Si cells are predominantly split
into monocrystalline (m-Si) and polycrystalline (p-Si) cells. mSi cells are cut in an octagonal shape from high- quality pure
silicon [12] while p-Si cells are cut in squares from multiple
layers of silicon crystals [12]. p-Si solar cells are less expensive
than m-Si solar cells but are also are less efficient [15].

make a comparison between the predicted degradation of two PV
technologies, namely polycrystalline silicon (p-Si) and
amorphous silicon (a-Si). This information is believed to be of
particular interest to investors and developers when planning the
long-term viability of a solar energy installation.
2. Literature Review

Thin-film cells, on the other hand, are produced by placing thin
layers of semiconductor materials on a backing sheet. The
backing sheet can be made of materials such as glass, stainless
steel, or plastic. This technology is cheaper to manufacturer than
crystalline silicon cells, however they are less efficient. An
installer would need double the surface area of thin-film to
produce the same energy output as crystalline silicon cells [12].
There are three types of thin-film solar cells available, namely
[16] amorphous silicon (a-Si), cadmium telluride (CdTe) and
copper indium selenide (CIS).

2.1. History of PV
Using PV to create energy started in 1839 when a French
scientist Edmond Becquerel discovered that when specific
materials were exposed to sunlight an electric current is
produced – known as the photoelectric effect [9], [10].
In 1873 the photoconductivity of selenium was noticed by
Willoughby Smith and in 1883 American inventor Charles Frittz
produced the first solar cell using selenium wafers [10]. Leading
up to the 1900s the photoelectric effect was not well understood.
This changed in 1905 when German physicist Albert Einstein
published a paper, which would later win a Nobel prize, that
explained the photoelectric effect [9], [10]. However, it was not
until 1954 that a solar cell which was able to generate a
significant amount of energy was produced by Daryl Chapin,
Calvin Fuller, and Gerald Pearson at Bell Laboratories [9].

In this study a single technology from each category is
considered. Namely, the p-Si and a-Si technologies from the
crystalline and thin-film types, respectively.
2.3. Degradation of PV Panels
Since the use of PV systems is increasing exponentially [18], it
is in the interest of investors and developers to have information
concerning the PV modules reliability and life span. This
information relies on predicting the decrease in power output
produced over time [19]. A factor that affects the power output
generated by a PV module is degradation.

2.2. PV Systems and Technologies
2.2.1.PV Systems
PV systems comprise of solar cells that convert solar energy into
electricity and are made of semiconducting materials such as
diodes and transistors [11]. Solar cells consist of a p-n junction;
positive on one side and negative on the other. As photons from
the sun strike the solar cell, electrons on the negative side
dislodge and move to the positive side. This movement of
electrons creates an electrical current [12].

Degradation is the decay of components from a system which
negatively affects its performance. PV module degradation may
be caused by outdoor meteorological factors [20] including but
are not limited to, humidity, thermal cycling, and radiation [21].
A PV module that has degraded can still produce electricity.
However, when the PV module produces less than 80% of its
initial output manufacturers consider the PV module to be
degraded [20].

Solar cells are connected in series to form a PV module or panel.
PV modules can be connected to form a PV array, this can be
done in two ways. Modules can be connected in series to form a
string. This increases the voltage of the array. Alternatively,
modules can be connected in parallel which increases the current
produced while maintaining a constant array voltage [13]. This
allows the modules to be connected to achieve a required voltage
and current [14].

PV modules are known to be reliable - with suppliers providing
warranties which state that after 10-12 years the power output
produced will be at least 90% of the initial output, and after 2025 years it will be at least 80% of the initial power output. Many
of these warranties, however, are not a result of in-field
environmental specific testing [21]. Since environmental factors
play an important role in the long-term power production of a PV
system [8], when PV modules are placed outdoors, they seldom
meet the performance level as those recorded in STC [23]. STC
specifies a cell temperature of 25°C, an irradiance level of 1000
W/m2 and an air mass of 1.5 [24].

2.2.2.PV Technologies
The two main technologies of solar cells available for the
production of PV modules are crystalline silicon and thin film
cells.
Crystalline silicon (c-Si) cells are the most commonly used in
PV modules [15]. This is due to many advantages of silicon,
namely there is an abundant supply, it is chemically stable, and

For planning purposes, therefore, it is important to predict any
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decrease in power output over time. The quantification of a
decrease in power output over time is known as the degradation
rate [19]. This is particularly useful when the prevailing
environment specific conditions at the location of the PV module
installation can be utilised to determine the specific degradation
rate for a technology installed at that location.

to model an acceleration factor. The study uses the log-linear
function of the Arrhenius function which models the effect of
Δ𝐻𝐻

temperature. The Arrhenius function is given as [28] 𝑏𝑏 = 𝐴𝐴𝑒𝑒 𝑘𝑘𝐵𝐵𝑇𝑇
where 𝑇𝑇 is the temperature in degrees Kelvin, 𝑘𝑘𝐵𝐵 is Boltzmann’s
constant, 𝐴𝐴 is a scaling factor and Δ𝐻𝐻 is the activation energy.
The log-linear function of this is given as ln(𝑏𝑏) = ln(𝐴𝐴) +

Prediction of degradation rates have utilised varying
methodologies. These include IV characterisation [25],
regression approaches [26] and time-series approaches [27].

1

𝑇𝑇

⋅
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1

𝑇𝑇(𝑡𝑡)

= 𝑐𝑐0 + 𝑐𝑐1 𝑠𝑠̅(𝑘𝑘) + 𝑐𝑐2 ln(𝑘𝑘)

(5)

represents the temperature stress level at time

𝑡𝑡. The unknown parameters above, namely 𝑐𝑐0 , 𝑐𝑐1 and 𝑐𝑐2 can be
estimated is a regression model using the method of least
squares. An adjustment can be made to the model above in order
to avoid undefined values on the left-hand side when a PV
module produces output exceeding its maximum rated power.
This adjustment is simply to increase the denominator in the
above to 110 instead of 100.

2.4. Degradation Model by Pan et al. [8]
The degradation model developed and proposed by Pan et al. [8]
is a model for the power output of a PV module and is given by
100
� = 𝑏𝑏𝑡𝑡 𝑎𝑎
𝑅𝑅

(1)
where 𝑅𝑅 is the percentage of the initial power output, 𝑎𝑎 is a
parameter related to the materials lifetime, 𝑏𝑏 can be regarded as
an acceleration factor (which may prolong or shorten a products
lifespan due to the effect of environmental stresses), and 𝑡𝑡 is the
observed time for the environmental factors. When the stress
factor is a stochastic process, 𝑏𝑏 is denoted by 𝑏𝑏�𝑠𝑠(𝑡𝑡)� and
represents an acceleration factor measured at time 𝑡𝑡 [8].

Once this model is fitted, to use for prediction of future
degradation, forecasted or predicted estimates of the future
maximum ambient temperature are required. Pan et al. [8] used
a HW model with additive seasonality time series approach to
predict the future maximum ambient temperatures for the 5 years
following their study.
In this study a seasonal autoregressive integrated moving
average (SARIMA) model is used to forecast maximum ambient
temperature. This method was selected since the SARIMA
model is known for forecasting accuracy [29]. The SARIMA
model also takes into account seasonal variation in the time
series [30]. Additionally, the SARIMA model is often used in the
related literature to forecast ambient temperature. Aghelpour et
al. [30] compared three forecasting methods for monthly average
temperature data from 5 stations in ran. The methods were the
SARIMA, support vector regression and support vector
regression merged with the Firefly optimization algorithm.
Aghelpour et al. [30] noted that the SARIMA model performed
best for all 5 stations in long term temperature forecasting.
Asamoah-Boaheng [31] used the SARIMA model to forecast
temperature data from the Ashanti Region in Ghana from the
period 1980-2013. Khajavi et al. [32] used a SARIMA model to
forecast temperature from the Southern Caspian Sea coast.
Rajendran et al. [33], on the relational impact of climate changes
on Cholera, used a SARIMA model to forecast both air
temperature and relative humidity.

Since temperature stress is a stochastic process the instantaneous
degradation measured at time 𝑡𝑡, with temperature as a stress
factor is [8]
100
�
𝑅𝑅 = 𝑏𝑏�𝑠𝑠(𝑡𝑡)�𝑎𝑎𝑡𝑡 𝑎𝑎−1
𝑑𝑑𝑑𝑑

𝑑𝑑 ln �

(2)
The cumulative degradation over time period 𝑘𝑘 is then given by
𝑘𝑘

100
� = � 𝑏𝑏�𝑠𝑠(𝑡𝑡)�𝑎𝑎𝑡𝑡 𝑎𝑎−1 𝑑𝑑𝑑𝑑.
ln �
𝑅𝑅
0

(3)
Pan et al. [8] approximated the above using an average
𝑘𝑘
acceleration factor 𝑏𝑏� = ∫ 𝑏𝑏�𝑠𝑠(𝑡𝑡)�𝑑𝑑𝑑𝑑, which resulted in
0

𝑘𝑘

. Combining these ideas Pan et al. [8] proposed the following

model to predicted degradation

Pan et al. [8] utilised a combination of the time-series approach
and the regression approach to model degradation of PV panels
in Arizona, USA based on easy-to-obtain weather and
environmental information. This approach is utilised in this
study to model and predict the degradation rates of p-Si and a-Si
modules situated in Port Elizabeth, South Africa.

ln �

Δ𝐻𝐻

𝑘𝑘

100
ln �
� = � 𝑏𝑏�𝑘𝑘 𝑎𝑎 .
𝑅𝑅(𝑘𝑘)
0

(4)
Pan et al. [8] mentioned that log-linear functions are often used
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3. Data and Methodology

used in the degradation model to predict PV performance.

3.1. Data Collection and Constraints

3.2. PV Module Details
The details for the p-Si and a-Si modules assessed in this study
are provided in Table 1.

This section provides a summary of the PV power output (W),
PV energy yield (Wh), hourly maximum ambient air temperature
(ºC) and global horizontal irradiance (GHI) (W/m2) data used in
this study.

Table 1. PV module details

There were several challenges experienced during the course
study due to data constraints. The main constraint experienced
was the unavailability of consistent measured data for GHI,
hourly maximum ambient air temperature, total incident
radiation and module temperature.

p-Si

a-Si

Module Type

SRP-240-6PB

STH 100

Rated Max Power

240W

100W

3.3. PV Module Performance Measure

After an assessment of the data extracted from the Southern
African Universities Radiometric Network (SAURAN), it was
found that there were many incorrectly recorded hourly
maximum ambient air temperature data. As such, GHI and
hourly maximum temperature data for the Port Elizabeth airport
was obtained from History+ which is provided by meteoblue
[34]. Two data sets were obtained from meteoblue [34]. The first
data set consisted of the average hourly GHI values and was for
the period of 2015-03-31 to 2017-07-31. The second data set
consisted of hourly maximum ambient temperature for the
period of 2000-01-01 to 2019-12-31.

Pan et al. [8] calculated the values of 𝑅𝑅(𝑘𝑘) by transforming the
performance data into STC. In order to transform data into STC,
module temperature and plane of array irradiance are required.
Module temperature data was not available for this study. As a
result, a different performance measure 𝑃𝑃𝑃𝑃 was used as a proxy
for 𝑅𝑅(𝑘𝑘) in this study. The 𝑃𝑃𝑃𝑃 value is calculated as
𝑃𝑃𝑃𝑃 =

𝐸𝐸 ⋅ 𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆
𝐻𝐻 ⋅ 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀(𝑆𝑆𝑆𝑆𝑆𝑆)

(6)
where 𝐸𝐸 is the energy yield (Wh) in a given time period, 𝐻𝐻 is the
total incident radiation (W/m2) in a time period, 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀(𝑆𝑆𝑆𝑆𝑆𝑆) is the
maximum power (W) of the PV module at STC and 𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆 is the
irradiance (W/m2) at STC [23]. 𝑃𝑃𝑃𝑃 was selected since it can
transform energy produced into a comparable value without
requiring the PV module temperature which was not available.
The 𝑃𝑃𝑅𝑅 can be used to make comparisons between different PV
technologies, and used was used to compare the performance of
five PV technologies (including p-Si and a-Si technologies)
situated in Perth, Australia [23]. As such, this measure was
deemed appropriate for the current study.

Energy yield data were collected from the Outdoor Research
Facility (ORF) situated on Nelson Mandela University South
Campus, Port Elizabeth, South Africa. This data was in the form
of one-minute interval power output data, measured in Watts
(W), for the p-Si and a-Si PV modules for the time period of
2015-03-01 to 2017-07-31.
Outliers were graphically displayed using boxplots and
identified using the 1.5IQR rule for the maximum ambient
temperature, GHI and the hourly energy yield for the p-Si and aSi data. The 1.5IQR rule identifies any observations which fall
1.5IQR above the third quartile or below the first quartile of the
data as outliers [35].

3.4. Statistical Modelling
Owing to the data constraints as discussed, the modelling
procedure used a different performance measure to than
originally proposed by Pan et al. [8]. The resulting regression
model is given as

For the purpose of this study the total incident radiation on the
PV modules situated at the ORF was estimated with the aid of
simulated data from PVSyst [36]. Using the ratio of the incident
radiation and the GHI for each month and time period, incident
radiation was estimated for the modules.

ln �− ln �

𝑃𝑃𝑃𝑃(𝑘𝑘)
�� = 𝑐𝑐0 + 𝑐𝑐1 𝑠𝑠̅(𝑘𝑘) + 𝑐𝑐2 ln(𝑘𝑘)
𝑀𝑀

(7)
where 𝑃𝑃𝑃𝑃(𝑘𝑘) is the performance ratio measured at time 𝑘𝑘, 𝑀𝑀 is
either 100 or 110 depending on the data requirements and the
remaining variable are as defined by Pan et al. [8]. The 𝑐𝑐0 , 𝑐𝑐1 and
𝑐𝑐2 coefficients of this regression model were estimated from the
data collected using the method of least squares. The data used
to fit this model spanned a 28-month period from 2015-03-31 to
2017-07-31.

The GHI and simulated incident radiation data together with the
PV energy yield data from 2015-03-01 to 2017-07-31 was used
to calculate a performance ratio (𝑃𝑃𝑃𝑃) for each module. The
transformed PV energy yield and maximum ambient temperature
data from 2015-03-01 to 2017- 07-31 were used to develop the
degradation model. The maximum ambient temperature from
2000-01-01 to 2019-12-31 was used to develop a time series
model to forecast maximum ambient temperature which was
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A traditional time series 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑝𝑝, 𝑑𝑑, 𝑞𝑞) × (𝑃𝑃, 𝐷𝐷, 𝑄𝑄)𝑠𝑠 model
was fitted to the monthly maximum temperature data for the 20year period of 2000-01-01 to 2019-12-31. This model was used
to forecast maximum ambient temperatures from the time period
2020-2035. These forecasts, and the provided data for 20172019, were used in the model represented by equation (7) to
determine and predict the performance of the PV modules for
period of 2017-2035 for both the p-Si and a-Si technologies.
4. Results and Discussion
The methodology as described above was implemented using R
version 3.6.1 [37].
Fig. 1. Plot of the ambient temperature data (black) and 36
month 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺(𝟐𝟐, 𝟎𝟎, 𝟎𝟎) × (𝟎𝟎, 𝟏𝟏, 𝟏𝟏)𝟏𝟏𝟏𝟏 forecasts (blue).

4.1. Fitted Models
4.1.1.Regression Model

4.2. Predicted Degradation

The estimates for the fitted models for each technology are
provided in Table 2.

The fitted regression models and forecast ambient temperature
values using the fitted time series model were used to predict the
performance, and thus degradation, of the p-Si and a-Si modules
for the 20-year period from 2015-2035. If measured data were
available, that is, for the years of 2015-2019 then these data were
used.

Table 2. Regression model estimates for the PV
technologies considered.
Coefficients

p-Si

a-Si

𝑐𝑐0

-184.2**

-178.397**

𝑐𝑐1

53860**

52035. 27**

𝑐𝑐2

0.095

0.275

𝐹𝐹-test

3.121*

4.705**

The predicted performance and related degradation of the p-Si
and a-Si modules are illustrated in Figure 2 and Figure 3,
respectively. Immediately apparent in these figures is that the aSi module is predicted to degrade at a faster rate than that of the
p-Si module. It must also be noted that the a-Si initially indicated
𝑃𝑃𝑃𝑃 values above 100 and so, for the a-Si analysis 𝑀𝑀 = 110 in
equation (7). Seasonal variations in the performances are
observed as well, with higher rates of performance in the colder
months of the year. This is observed for both technologies. This
effect becomes less evident over time.

** indicates significance at a 5% level, * indicates significance at a 10% level

The results in Table 2 indicate that the modules are both useful
for prediction at at least a 10% level. The 𝑐𝑐2 coefficient is not
found to be statistically significant, which is surprising as this is
the measure of accumulated time. As future predictions are
required, this variable is essential, and as such it is not removed
from the model. Both models were deemed satisfactory for
prediction purposes.
4.1.2.Time Series Model
Fitting the time series data for the ambient temperature resulted
in the 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(2,0,0) × (0,1,1)12 being the most appropriate
for prediction purposes. The data and predictions using this time
series model for the 2017-2020 period are provided in Figure 1.
Figure 1 illustrates that the time series model adequately
represents the data and should perform satisfactorily for
prediction purposes. These forecasts were extended to the end of
2035.

Fig. 2. Predicted 𝑷𝑷𝑷𝑷 for the p-Si module for 2017-2035.
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20 a-Si modules installed in Poland for a 6-year period would
degrade less than 1% per year. Again, this confirms the findings
of the current study for predicted a-si PV degradation.
Thongpao et al. [42] investigated the 𝑃𝑃𝑃𝑃 of p-Si and a-Si PV
modules exposed to outdoor weather conditions situated in
Thailand over a 3-year period. They found that the p-Si modules
did not experience degradation over the time observed, however
the a-Si did. This may indicate that the a-Si PV module degrades
faster than the p-Si PV module. This is in line with the findings
of this study as the a-Si modules is predicted to degrade at
approximately double the rate of the p-Si module.
Fig. 3. Predicted 𝑷𝑷𝑷𝑷 for the a-Si module for 2017-2035.

5. Conclusion

Table 3 compares the yearly average predicted 𝑃𝑃𝑃𝑃 for the p-Si
and a-Si modules using the fitted model and predicted ambient
temperatures. The 2015 performance measure is not calculated
using predicted using the model, but by using the original data
which was available for the time period.

From the results obtained in this study, the degradation model
originally proposed by Pan et al. [8] and adapted for use in a
South African case study provides evidence that this model
would be useful for prediction of solar module degradation in
South Africa. Such a model, which only requires a prediction of
the ambient temperature in future years, is useful for its
simplicity in obtaining a degradation estimate and can used when
planning a solar installation and limited data are available.

Table 3. Yearly average 𝑷𝑷𝑷𝑷 for p-Si and a-Si PV
technologies (2015-2035).
Year

p-Si

a-Si

2015

99.791

109.895

2020

91.915

97.43

2025

91.213

94.706

The authors would like to acknowledge the National Research
Foundation/SASA (Academic Statistics Grant Number 118777)
and the Nelson Mandela University Research Capacity
Development Office for their financial support.

2030

90.822

92.945
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Abstract: Accurate performance models of solar PV systems are
critical for accurate estimates of the Levelized Cost of Electricity
(LCOE) generated by the systems. Modelling of solar PV systems
is widely used for predicting the seasonal, annual, and lifetime
electricity generation of a solar PV system which is a key input to
estimate the LCOE. Inaccurate models lead to inaccurate estimates
of the LCOE which impacts the business case for PV systems. This
study compared modelled versus actual DC output across various
flat-plate PV technologies installed at the CSIR outdoor test facility
(OTF). The Solar Advisor Model (SAM) is used to simulate the
predicted DC output based on a typical meteorological year (TMY)
weather file downloaded from PVGIS and the expected output based
on a weather file created from ground-based resource
measurements. The predicted and expected data is compared with
actual PV power output measured on a pair of individual
modules for each of six (6) PV technologies. During project
planning and business case development, often only the satellite
data is available. The root mean squared error is calculated for
each month and technology. The expected and predicted output
of the modules exceeded the actual output by 5-10%, except for
one technology. The calculated RMSE between the expected and
actual ranges from 9% to 16%.

Fig. 1. Distribution of GHI in South Africa
The high solar resource in South Africa means that the LCOE
should be amongst the lowest in the world because the higher
solar resources result in higher electricity generation for the same
system configuration installed elsewhere in the world. This
assumes that the prices for construction, operations, and
maintenance are equal or less than other regions of the world.
Fig. 2 shows the growing number of solar PV installations in
South Africa in recent years [5].

Keywords: PV technology; Modelling; SAM; Predicted;
Expected; Actual; RMSE.
1. Introduction
The increased global installation of solar PV has created an
interest in the operations, maintenance and the financial aspects
of the technology, which has led to development of models
which simulate and analyse solar PV prior installation. The
modelling and simulation phase is crucial in predicting the
potential energy output for a given location and system design
based on different technologies and mounting configurations
[1],[2].
Solar energy is one of the most readily accessible renewable
energy resources in South Africa with a daily average range of
4.5 to 6.5 kWh/m2 [3], [4]. Fig. 1 shows the annual sum of the
global horizontal irradiance (GHI) across South Africa with the
best resource in the Northern Cape [3]. The solar resource
available in South Africa is higher than in many other regions of
the world.

Fig. 2. Number of Solar PV installations in South Africa
The levelized cost of electricity (LCOE) from PV systems in
South Africa has also dropped in recent years. According to the
Integrated Resource Plan (IRP) 2010, the cost was predicted to
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be R0.62/ kWh for the year 2021 [6]. Fig. 3 shows the actual
tariffs for utility scale projects developed under the Renewable
Energy Independent Power Producers (REIPP) program in
recent years. The predicted tariffs for electricity from REIPP
projects is also shown out to 2040 [6].

2.1. Different PV technologies under test
The OTF monitors six (6) pairs of different PV module
technologies mounted on a fixed tilt rack facing true north (0
degrees azimuth) at 25 degrees tilt. The OTF is located on a twostory building with a flat rooftop, so shading from nearby trees
and building is minimized. Fig. 4 shows five (5) of the different
PV module technologies mounted side-by-side. One identical
rack sits nearby with the second module for each of these five
(5) technologies. A third rack hold two pairs of bifacial modules
and includes a pyranometer on the backside to measure the
albedo.

Fig. 3. Actual and predicted future cost of electricity

Solar PV power plants deploy different PV technologies and
system mounting configurations. PV technologies include PV
modules made from mono crystalline silicon cells (mc-Si), multi
or poly crystalline silicon cells (pc-Si), amorphous silicon (a-Si)
and thin film (TF) technologies like copper indium di-selenide
(CIS), copper indium gallium selenide (CIGS) and cadmium
telluride (CdTe) [7]. Mono c-Si technology is proven to the more
efficient and is the most used around the world [7]. The
performance and lifetime of today’s PV technology is typically
warrantied for 25 years of operation [5]. Mono c-Si and poly cSi and thin film (TF) technologies are dominant in the market
today. PV system mounting configurations include fixed tilt
array, single-axis tracked, and dual-axis tracked. This paper will
focus on comparing modelled PV output versus actual PV
module performance and assess the model accuracy across
various flat-plate PV technologies.

Fig. 4. Different PV module technologies under test at the
CSIR Pretoria campus
The PV modules currently under test include Bi-facial PERC 270
Wp, Bi-facial n-type c-Si 280Wp, mono-crystalline 275Wp,
mono-crystalline (HIT) 330Wp, poly-crystalline 315Wp and
Thinfilm175 Wp modules, as shown in Table 1.
Table 1. PV technologies on the CSIR Outdoor test facility
commissioned in 2018
PV Technology

2. CSIR Outdoor test facility
CSIR Energy Centre commissioned an outdoor testing facility
(OTF) for PV modules in 2018. The facility supports the
renewable energy industry, specifically on PV module quality,
design, system modelling, operations, maintenance, and
monitoring. As the photovoltaic industry in South Africa is
growing, there is a need for high-quality research on solar system
design and optimization based in real-world environmental
conditions [8]. The OTF makes it possible to study and
understand the performance of PV modules under real-world
South African climatic conditions.

Rated Power peak
(W)

SolarWorld bifacial n-Type c-Si

280

Yingli bifacial PERC

270

Yingli mono c-Si

275

Panasonic HIT

330

BYD multi c-Si

315

Solar Frontier CIS

175

Each module is individually connected to an electronic load
housed inside a cabinet on the roof (Fig. 5). The cabinet is
configured with the electronic loads, a data logger, an ethernet
switch, and an air-conditioner. The electronic loads are capable
of maximum power point tracking (MPPT), measuring DC
current-voltage (I-V) curves, and connecting to the local AC
distribution network to provide AC electricity to the building
between measurements. The maximum peak power (Pmp)
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is the simulated energy output and “N” is the total number of
records for the measurement period.

measurements on the crystalline modules are recorded every one
(1) minute and I-V sweeps every ten (10) minutes. Thin film
modules I-V sweeps are carried at every two (2) minutes.

3.1. Data pre-processing
The data pre-processing necessary for the analysis is extensive.
The work is scripted in python for traceability and consistency.
First, the measured datasets are averaged to hourly intervals.
Then the hourly datasets are merged on the datetime field so that
the measured, expected, and predicted performance data is
aligned for each hour for each module. The expected and
predicted performance data is exported from the modelling
software for each module type. The expected performance data
is based on the measured weather data and the predicted
performance data is based on the TMY satellite data. Next the
weather files are merged with the electrical data to create a final
dataset at the hourly interval. The measured data is scaled up to
the match the system size modelled in SAM using 4-6 PV
modules approximating a one kW system for each technology.
For example, the measured power for the BYD module is
multiplied by four (4) to match the system size in SAM. The
hourly records are then filtered to exclude records if the electrical
data or the weather data is missing. Extreme outliers are
removed. The final dataset consisting of hourly values for
measured performance, modelled performance, and weather is
then used to generate the monthly and yearly analysis.

Fig. 5. MPPT system connected to every PV module under
test
3. Methodology
The System Advisor Model (SAM) software is used to simulate
the “predicted” and “expected” power output of the different PV
technologies. The predicted output is based on a SAM model and
a weather file downloaded from the PVGIS website. The PVGIS
weather data is largely derived from satellite data. The expected
output is based on the same SAM model with a weather file
recorded from ground-based measurements from the weather
station co-located with the PV modules at the OTF. The
predicted and expected output is compared with actual PV power
output measured at the OTF.

4. Results and analysis
4.1. Performance ratio by PV technology
Fig. 6 shows the annual DC performance ratios of six (6) pairs
of PV modules. The performance ratios are calculated using the
front side plane of array irradiance only. Albedo measurements
are not included when calculating performance ratios of bifacial
modules, which explains the higher PR measured on the
bifacials. The highest DC PR is measured on the Yingli and
SolarWorld bifacial modules, followed by the Panasonic 330, the
Solar Frontier 175, the Yingli 275, and lastly the BYD 315. The
two types of bifacials (Bifacial_280Wp and Bifacial_270Wp)
show an average PR of 95% and 94%, respectively. The
Panasonic HIT_330 Wp cells show an average PR of 88%. The
Solar Frontier 175 Wp shows an average PR of 85%. The Yingli
mono c-Si_275 Wp shows an average of 86%. Finally, the BYD
multi c-Si_315 Wp technology measured the lower PR of 80%.
All but one module measured a flat or decreasing PR year-overyear.

Solar PV output depends on the environmental conditions such
as solar irradiance, ambient temperature, spectral distribution,
and other climatic parameters. Therefore, the expected output
from a simulation using ground-based measurements and the
predicted output from a simulation based on PVGIS satellite data
should be different. The accuracy of the expected and predicted
is summarised by calculating the root mean squared error
(RMSE) between the measured and simulated values of the solar
PV output power [9], [10]. The RMSE for actual and simulated
is calculated using equation 1:
RMSE= √

2
∑𝑁
𝑖=1(𝑃𝐴𝑐𝑡𝑢𝑎𝑙 −𝑃𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 )

𝑁

(1)

Where “Pactual” is the actual measured energy output, “Psimulated”
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Fig. 6. Annual DC PR of twelve (12) PV modules from six
(6) technologies from 2018-2 through 2020-03

Fig. 7. Month-to-month predicted and expected DC output
for each PV technology (pairs) in comparison with the
actual output from 2018-02 through 2019-10

Fig. 7 shows the comparison between actual measurements and
the simulated (predicted and expected) DC output on a monthly
basis. Each technology shows two plots which represent the
pairs. The predicted monthly output does not track well with the
actual monthly output because the weather file from the satellite
data does not match the actual weather file. The trends for the
difference between expected output based on the SAM model
and the measured weather file are much flatter by comparison.
The trends also show a tendency for the expected and predicted
output to be higher than the actual output for the standard
modules and on target for the bifacial modules. The SAM model
for the bifacial modules included the bifacial parameter in the
system configuration. The actual DC measurements are lower
than the expected for five (5) PV technologies except the Yingli
bifacial 270Wp which shows a positive difference (+0.83%),
meaning the actual performance exceed the expected
performance. The difference between the actual and expected
ranges from +0.8% to -12%.

Fig. 8 shows the monthly RMSE between the expected output
and the measured output. The average monthly RMSE between
the simulated DC output (expected) and the actual DC output for
the PV technologies ranged from 9% to 16.4%.

Fig. 8. Monthly RMSE of each pair of PV technologies
comparisons between actuals and expected measurements
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Table 2 shows the RMSE for each module type averaged across
the monthly values for each module type. The sample size (N)
represents the number of monthly values included in the average.
For example, N = 36 means that two modules are measured
across 18 months and average together.
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Table 2 Average of monthly values for actual – expected
(%), actual – predicted (%), the RMSE for actual –
expected (%), and the DC performance ratio by module.
Module

N

Act-Exp
(%)

Act-Pred
(%)

RMSE
Act-Exp
(%)

PR (%)

1

SolarWorld bifacial

36

-0.1

4.7

9.0

95

2

Yingli bifacial

36

0.8

5.5

9.7

93.4

3

Panasonic HIT

38

4.0

1.4

9.8

88.6

4

Solar Frontier

26

-7.1

0.3

12.9

85.5

5

Yingli mono c-Si

38

-4.7

0.1

12.3

85.5

6

BYD multi c-Si

38

-12.0

-7.8

16.4

80.0

Row

5. Conclusion
The annual DC performance ratio of each PV technology is
calculated for 2018 and 2019. The performance ratios range from
a high of 95% for a bifacial module to a low of 80% for a multi
c-Si module. The difference between monthly actual and
monthly predicted output averaged over the two years ranged
from +5.5% to -7.8% across the different technologies. The
difference between monthly actual and monthly expected output
averaged across the two years ranged from +0.8% to -12% across
the difference technologies. The actual DC measurements are
lower than the expected for the technologies measured except for
the Yingli bifacial which shows a 1% higher actual output
compared to expected. The calculated monthly RMSEs for
expected versus actuals averaged across the two years ranged
between 9% and 16.4%. The large differences in actual verses
expected output indicates an opportunity for improvement with
either the simulation, the measurement system, or both.
Future work
We will incorporate the expected and predicted output from
PVSyst to quantify any difference between the two simulation
programs in the future work. We will also look at the correlation
between PV module performance and spectral content.
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Abstract: The Internet of Things (IoT) has proven to be
valuable this past year, 2020, in which the world has
experienced a global pandemic. With people shifting from the
office to their homes, IoT enabled workers to work from home,
since it still allowed for remote monitoring of various systems.
With the connected devices gathering data, remote workers can
gain insights into how their systems are performing. IoT is used
in many industries, such as manufacturing, agriculture,
transportation, retail, healthcare, just to name a few. IoT can
also be used in the energy sector to monitor the health of a solar
farm at a module level.

in an intuitive way. The Solar Edge monitoring platform
notifies customers if a solar PV module is underperforming and
enables one to view the historical data of each module. The
complete yield of the PV installation can also be viewed over
various time frames. The physical layout of the installation must
be set up manually on the website to present a birds-eye-view
of the installation and to intuitively monitor the modules [2].
The measurement data, which has an accuracy of ±2.5%, from
the power optimisers are sent to the Solar Edge inverter using
the Solar PV module’s DC cables [3]. This means that for a
customer to make use of this system, they will have to make use
of the Solar Edge power optimisers, as well as their inverters.

In large solar PV installations, it becomes difficult to detect
which PV modules are compromised. If these compromised
modules are not attended to, the solar farm will be
underperforming. With over 25% of the overall O&M costs at
a solar farm stemming from inefficient maintenance operations,
it is crucial to detect problems within the solar farm as early as
possible.

Since the power optimisers only measure voltage and current,
the Solar Edge system will not be effective in detecting hot
spots on solar PV modules. This could prove to be important
since hot spots on solar PV modules can be a potential fire
hazard [4].
Tigo, on the other hand, offers different module-level sensors
which range from power optimisers with monitoring capability
to sensors with only monitoring capability. These sensors
wirelessly report their data to a Tigo Access Point (TAP), which
is a proprietary hardware device from Tigo. To enable wireless
module monitoring the TAP needs to be paired to a Cloud
Connect Advanced (CCA) via an RS-485 cable, which is their
proprietary data logger [5].

An IoT monitoring system was developed using an AES
encrypted LoRa wireless network. The system consists of plugand-play sensors that periodically send unsolicited data to
gateways, which then upload this data to an online database.
The data from all the sensors are accessible and visualised via
the developed online web application.
Using LoRa as a communication medium, where data is
periodically sent across large line-of-sight distances, ensures a
good battery life while accommodating many sensors per
gateway.

Tigo also has their own web portal to their monitoring platform,
with similar features to that of the Solar Edge offering. The Tigo
sensors also do not measure the module temperatures and as a
result, will be ineffective in detecting hot spots on solar PV
modules.

The first results from this system indicate that the system is
scalable and that the sensors measure the parameters of a solar
PV module with good accuracy.

Table 1. Key Features of the Solar Edge and Tigo ModuleLevel Monitoring Systems

Keywords: IoT; LoRa; Advanced Encryption Standard (AES); Plugand-play; Monitoring system.

1. Introduction
In large solar PV installations, it is difficult to detect which solar
PV modules are not performing like the rest. If these
compromised modules are not attended to, the solar farm will
be underperforming. With over 25% of the overall operations
and maintenance (O&M) costs at solar farms stemming from
inefficient maintenance operations, it is crucial to detect
problems within the farm as early as possible [1].
Solar Edge currently offers a solution to this problem with their
power optimisers. These optimisers have built-in sensors to
monitor the instantaneous voltage and current of each module.
Solar Edge has a monitoring web portal, which presents the
measurement data from all the power optimisers to customers
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Features

Solar Edge

Tigo

Measures module
voltage & current

YES

YES

Measures module
temperature

NO

NO

Network type

Wired

Wireless + Wired
data logger

Compatible with other
inverter brands

NO

YES

Measurement data
accuracy

±2.5%

NOT STATED

2. System Design

The main difference between the Tigo system and the Solar
Edge system is the fact that the Tigo sensors can be used with
different inverters. Table 1 compares the key features of the
Solar Edge and Tigo systems.

In this section, the system design will be presented by first
providing a system overview and then the hardware, as well as
software design, will be discussed.

The main limitation of the Solar Edge PV monitoring system is
that their proprietary inverters need to be used with the power
optimisers. This will require that pre-existing infrastructure will
need to be upgraded just to make use of their monitoring
system.

2.1. System overview
The system consists of sensor nodes, which send unsolicited
data to a central wireless gateway using LoRa as the
communication medium. The gateway then uploads this data to
an online database. A web application is used to interact with
the database and facilitate the monitoring capability of the
system. Figure 1 illustrates the basic system architecture, which
is made up of the following components:

Tigo offers a different solution to the problem, however, it also
does not offer a true plug-and-play solution, since it does
require the TAP to be connected to the CCA with a physical
connection. This could be difficult to do when being installed at
remote locations and will require additional infrastructure.
Another drawback of the system is that the TAP must be within
35m of the sensors, which would require multiple TAP’s to be
installed across a large PV installation [6]. This can drastically
increase the complexity of the system since every TAP needs to
report to a CCA.

•
•

A module-level health monitoring system has been developed
at Stellenbosch University [7]. The system can measure the
following performance parameters from a solar PV module:
current, voltage, irradiance, and temperature at a single point.
The system also included ambient temperature monitoring, as
well as tamper detection.

•

•

The measured data is wirelessly sent to a central gateway, using
LoRa as wireless communication. This data is then uploaded to
an online database via a gateway.

The design of the sensor nodes, gateway, and web client is
briefly discussed in the sections that follow.

The drawback of this system is that the software is not designed
to be scalable, and does not have a web portal, therefore, it is
required that software be installed on a computer to make use
of the monitoring platform. Other features, or shortcomings, of
the system include [8]:
•
•
•
•

Sensor Nodes: Periodically sends measurement data from
PV modules wirelessly to a gateway, using LoRa, and is
powered by a 18650 Li-Ion battery.
Gateway: Receives measurement data from sensor nodes
and uploads this data to an online database, Cloud
Firestore. The gateway can also communicate with sensor
nodes to reconfigure them.
Cloud Firestore: NoSQL cloud database which stores all
the measured data from sensor nodes, as well as the
information of registered users who can use the PV
monitoring system.
Clients: Computers with an internet connection, which
uses the web application to monitor a particular PV
installation.

Cloud Firestore

Client

Gateway
Sensor Node

Each sensor requires a small solar PV module to
charge the onboard battery,
The gateway is not able to simultaneously receive and
transmit data,
The system does not make use of a stable voltage
reference for the ADC measurements and
The system only measured the temperature of a
module at one location and therefore would not be too
effective at detecting hot spots on the solar PV module.

Fig. 1. System diagram of the developed system. Adapted
from [5]
2.2. Sensor design
The sensor design is split into a hardware and software design
that will be discussed in subsection 2.2.1 and 2.2.2.

The work presented in this article focuses on the further
development of the module-level monitoring systems that have
been developed at Stellenbosch University. The project aims
not only to improve on the shortcomings of the aforementioned
systems but also to develop a universal, secure, plug-and-play
wireless sensor network to aid with the monitoring of solar PV
installations at a module level.

2.2.1. Hardware design
The sensor requirements and the solutions that aim to address
the shortcomings of the current system from Stellenbosch
University are listed in Table 2 below.
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Table 2. Features required from each monitoring sensor
Features

Solution

Make accurate
ADC
measurements

All voltages are sampled with a 10bit ADC of the microcontroller, using
a stable 2.5V voltage reference [9].

Due to the sensor reporting its current location to a gateway,
which is sensitive information, it is deemed necessary to
encrypt the messages from sensor nodes. The advanced
encryption standard (AES) is used to encrypt the
communications between the gateways and end nodes. The
ATECC608A cryptographic co-processor is used to facilitate
this encryption technique in the sensor nodes.

Measure module
and battery
voltages

Simple voltage divider circuits are
used to measure both the module and
sensor battery voltage

LoRa is used as wireless communication technology, due to its
low power consumption and relatively long-range when there is
a direct line of sight between gateways and end nodes[11].

Measure module
current

The module current is measured with
a maximum error of ± 2%, using a
galvanically isolated, linear halleffect current sensor [10].

Measure module
temperature &
ambient
temperature

The sensor measures the temperature
of a solar PV module at three
different locations across the
diagonal of the module. Inexpensive
direct-to-digital temperature sensors,
with an accuracy of ±0.5˚C, are used.

The sensor uses two IP67 waterproof connectors to interface
with the MC4 connectors of a solar PV module, as well as the
four external temperature sensors. This allows for the sensor to
be easily serviced or replaced, without making any adjustments
to the physical connections. Figure 2 shows a manufactured
sensor node.

Measure module
location

GPS module

Charge sensor
battery with
PV module

Single-cell Li-Ion charge controller

Measure enclosure
temperature

The microcontroller has an onboard
temperature sensor that is used to
measure the temperature inside the
enclosure[9].

Measure module
acceleration

A 3-Axis ±16g accelerometer is used
to monitor if there is any tampering
with a module during the evenings.

Encrypted
communication

A cryptographic co-processor is used
for AES encryption to ensure secure
communication between sensors and
the gateway

Wireless
communication

A LoRa transceiver is used for
wireless communication between the
sensor and gateway.

Fig. 2. Manufactured sensor node
The electrical characteristics of the sensor node are
documented in Table 3. Please note the following:
•
•

The operating temperature range is limited by the
18650 lithium-ion battery[12].
The battery of the sensor will not charge when the
input voltage drops below 6 V[13].

Table 3. Sensor node common electrical characteristics

The inexpensive, low-power Atmega328PB is used as the
microcontroller for the sensor.
To complement the plug-and-play functionally of the sensor, a
GPS module is integrated to allow a sensor to report its current
location from the PV site. This negates the need for labelling
each sensor-module combination.

Description

Min

Max

Operating
temperature (˚C)

-20

70

Input voltage (V)

0

50

Input current (A)

-10

10

Measurement
Accuracy (%)

-2

2

2.2.2.Software design and operating system

To increase the amount of time that each sensor can stay in the
field, the battery of each sensor is charged by the module that it
is connected to. A switch-mode power supply is used to step
down the solar PV module voltage to 5 V, where this rail is then
used to power the battery charge controller.

Real-Time Embedded systems are commonly driven by events,
where the system software reacts to events and performs
appropriate tasks based on the received event. Developing these
reactive systems poses two main challenges. The first is
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responding to these events and subsequently performing the
correct computations, and the second is to respond to these
events in a timely manner[14].

The basic functionality of the sensor software, can be described
as follows:
•

Many embedded systems are traditionally developed with
sequential code, where the expected event sequences are hard
coded in system software. The problem with the sequential
paradigm is that the system is constantly waiting for a specific
event to arrive and is therefore not responsive to any other
events. Most real-life embedded systems are required to be
responsive to many events, where the sequence of the events
isn’t necessarily predictable. This is also true for the proposed
sensor. As a result, the Quantum Platform Nano (QPN), RealTime Embedded Framework (RTEF) from Quantum Leaps is
used to develop robust system software [15].

•

•

The framework provides a reusable architecture based on active
objects. Active objects are essentially event-driven, strictly
encapsulated software objects running in their own threads of
control. The system software was created with multiple active
objects, which can communicate with one another by
asynchronously exchanging events [16].

•

Each active object is responsible for one main part of the
functionality of the sensor, for example, the GPS active object
interfaces with the GPS and exchanges GPS data to other active
objects asynchronously. The basic functionality of every active
object is implemented using hierarchical state machines
(HSMs).

When the sensor is first switched on, a Power On Self Test
(POST) is performed, which ensures that the
microcontroller is receiving information from all the
peripheral hardware devices.
After a successful POST, the sensor enters a “polling”
state. In this state, the sensor polls the different hardware
components for measurement data and either enters a sleep
mode or continues processing the event queues of other
active objects, while it is waiting for a response from these
devices. The polling state is called at a set interval, which
effectively determines the intervals at which the sensor will
send measurement data to the gateway.
Once all the required measurement data is received, the
sensor enters a “transmit” state. In the transmit state, the
measurement data is processed and sent to the gateway. It
should be noted that the sensor sends its serial number
along with the measurement data to the gateway.
When the sensor is not in a sleep state or busy with other
computations, it is constantly listening for messages from
the gateway. This functionality is embedded inside another
active object which is not displayed in the flow diagram.

The active objects of the system software, and their respective
functions are summarised below:
•
•

The QV-nano kernel is used to execute active objects one at a
time, with fixed priority scheduling. The invoked active object
then processes its entire event queue and then the kernel
executes the consecutive active objects based on their
respective priorities [17].

•
•

These active objects are utilised to implement the behaviour of
the sensor. Figure 3 illustrates the simplified operation of the
sensor software, where active objects are simplified to just a
single state which performs a particular function. Keep in mind
that in reality each active object consists of its own HSM with
numerous different states. The diagram also combines some
active object into a single block of functionality such as the
“Polling” state.

•
•
•

ADC: Responsible for all the ADC measurements,
Temperature: Responsible for all the temperature
measurements,
GPS: Interfaces with the GPS module,
Polling: Responsible for coordinating with the other
active objects to retrieve measurement data. When all
the measurement data is received from the different
active objects, the polling active object passes this data
on to the LORA active object,
POST: Performs the POST,
LORA: Responsible for receiving and transmitting
LoRa packets and
Accelerometer: Interfaces with the accelerometer.

Start

POST
success?

POST

YES

Received
measurement data
from all hardware
peripherals?

Polling

YES

Transmit

NO
NO

Sleep

NO

Active
objects have event
queues that need
processing?

YES

Polling timeout
triggered?

NO

Process active
objects event queues

YES

Fig. 3. Simplified flow diagram illustrating the basic operation of the sensor software
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For the gateway to be truly able to concurrently receive and
transmit messages, a dual-core microcontroller (ESP32) is used.
In this configuration, one core is responsible for transmitting
data and the other for processing received messages. The
gateway is also equipped with two ATECC608A cryptographic
co-processors so that the two cores did not have to share a
resource to encrypt, and decrypt packets.

2.3. Gateway design
The gateway is responsible for communicating with sensor
nodes and processing the unsolicited messages from these end
nodes. The required features of the gateway are described in
Table 4.
Table 4. Required features from a gateway.
Features

Solution

Full-duplex
communication

Two LoRa transceivers

Simultaneously send
and receive LoRa
packets

Dual-core microcontroller & two
cryptographic co-processors

Process LoRa packets
and upload
measurement data to
an online database

A Raspberry Pi is used as the
“brains” of the gateway and
interfaces with the ESP32 to send
commands to end nodes. It also
processes received packets and
uploads them to Cloud Firestore.

One cable for internet
connection and power

A Raspberry Pi Hat is designed
which features a 5 V, 20W DC-DC
converter and uses the Power over
Ethernet (PoE) header of the
Raspberry Pi as the input voltage to
power the gateway.

Water-resistant

IP67 waterproof ethernet adapter &
enclosure design

Due to the gateway being truly concurrent, the sequential
programming architecture was adequate to develop the software
for the gateway.

2.4. Client / Website design
The success of the project heavily depends on the ease by which
the performance of the PV installation can be monitored. The
monitoring platform is developed as a web application instead of
a mobile application since the screen size of mobile devices
could make it difficult to monitor larger PV installations.
The web application is developed using Angular as the front-end
framework and Google Firebase as the backend framework. The
web application retrieves sensor data from the online database
and displays their respective locations on a large satellite view
map. Each marker can be selected, which then displays the realtime measurement data from the sensor.
For the web application to be an adequate measurement platform
the following requirements need to be met:
1.
2.
3.

Since LoRa modules are only half-duplex devices, they cannot
simultaneously receive and transmit data. This is not a problem
for the sensor nodes, since they will rarely be required to transmit
and receive data simultaneously, however, this is not true for the
gateway. The gateway is required to constantly listen for
messages from end nodes and cannot afford to stop doing so to
transmit commands to end nodes, since this can result in packets
being dropped. As a result, the gateway is fitted with two LoRa
modules, with one module being responsible for transmitting
data and the other for receiving data. A gateway is illustrated in
Figure 4.

Provide an intuitive user interface,
display real-time measurement information from all the
sensors and
display the historical data from the sensors.

2.5. Sensor field test setup
A single sensor was first connected to a standalone PV module
in a short-circuit configuration to verify that the current was
being correctly sampled. Afterward, the sensor was connected
to the PV module in an open-circuit configuration to verify that
the module voltage was being correctly sampled.
After verifying that the sensor was reporting the correct shortcircuit current and open-circuit voltage of the solar PV module,
as well as its battery voltage level, sensor nodes were connected
to the modules of the PV installation.
The gateway is installed inside a shipping container office at the
PV installation site. This is done to simulate some obstructions
between sensor nodes and the gateway.
Sensor nodes are configured to report measurement data every
10 seconds and have the following LoRa parameters:
•
•
•
•
•
•

Fig. 4. Manufactured gateway
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Spreading factor (SF) of 12
Bandwidth (BW) of 125 kHz
Transmit power of 17 dBm
Coding rate of 4/5
Center frequency of 433 MHz
Message length of 68 bytes

3. Results and Discussion

attributed to numerous factors such as the position of the sensor
relative to the gateway at the time of transmission, as well as the
fact that the LoRa signal had to propagate through the metal
container to reach the gateway.

After verifying the correct operation of a single sensor, sensor
nodes were connected to modules of the PV installation and
Figure 5 shows how the sensor nodes were connected to the PV
modules.

These results are comparable to other studies which analysed the
performance of LoRa when the signal needs to propagate
through physical structures [18].

The measurement data were verified as being correct, by using a
Fluke clamp current meter, as well as a Fluke multimeter to
confirm the voltage readings.

The gateway received the LoRa packets with good signal
strength, with most of the received packets having a Received
Signal Strength Indication (RSSI) of -85dBm. Since the sensor
nodes were installed approximately 50 meters away from the
gateway, this was a promising sign that the sensor nodes will
perform well over greater distances.
Each sensor accurately reported its location, which the
monitoring platform used to display the location of the sensor on
a satellite view map, without any additional configuration
required. A drone image overlay makes it easy to distinguish the
exact panel to which the sensor was connected.
The beta version of the website is fully functional and allows for
the sensors to be monitored remotely. When a sensor is selected
on the map of the web application, a pop-up window appears and
allows the monitoring of the instantaneous module voltage,
module current, module power, module temperature, ambient
temperature, enclosure temperature, and the battery voltage of
the sensor. This pop-up window is shown in Figure 7.

Fig. 5. Installed sensor box
The sensor nodes reported data reliably over an extended period
and survived a few rain showers, as well as a few hot summer
days. It was therefore concluded that the enclosure of the sensor
was adequately designed to be able to withstand different
weather conditions.

There is also an additional tab that displays the graphs of the
module voltage, module current, and module power over 24
hours.

The measured sensor data also indicated that the sensor battery
was being reliably charged by the PV module and that it was not
being overcharged by the charge controller.

The system already proved to be useful when it was evident in
the power graphs of a sensor, that the single-axis tracking of the
PV installation was not functioning correctly. This is illustrated
in Figure 8. This highlighted the fact that these monitoring
systems do add value and helps to gain insights as to what is
happening on the site of the installation.

As stated in the previous section, the sensor reported
measurement data every 10 seconds. This means that over a 24hour window it can be approximated that the sensor would have
sent 8640 LoRa packets. As each packet was received, the
gateway saved the contents of the packet on its local storage
drive. Figure 6 illustrates the packet delivery ratio (PDR) of the
system over 4 days.

Fig. 6. Packet delivery ratio of the LoRa packets at the set
LoRa transceiver parameters

Fig. 7. Sensor overview which presents live data to the user
on the website

As is evident from Figure 6 the PDR was consistent at
approximately 87%. The LoRa packets that were dropped can be
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[7]
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Fig. 8. Power graph of the system, when the single-axis
tracking system is not functioning

[9]

4. Conclusions
This project aims to address the shortcomings of different
module-level monitoring systems. For this project, LoRa is
utilised to reliably achieve high resolution monitoring data from
PV modules. This is evident when considering the large packet
size and a good PDR of approximately 87%.
To negate the need to document all the sensor-module positions,
sensors are equipped with a small GPS module, which proved to
be a promising solution for larger installations. Due to sensitive
information being transmitted, AES encryption is used to
successfully secure communications between sensor nodes and
gateways.
Since hot spots can potentially be a fire hazard, it is imperative
that the embedded system software does not enter unknown
states and stop reporting data. To combat this, the Quantum
Leaps QPN framework is utilised to reliably develop robust realtime embedded system software and it is recommended that this
framework be used for all future work.
The monitoring system is successfully leveraged to detect
problems remotely and effectively at a PV installation, as is
demonstrated in the previous section.
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advancements [1], [2]. However, the variability in renewable
resources brings challenges to the power system operator. These
daily and seasonal variations in the grid-tied PV systems threaten
the stability and reliability of the power network [3]. The ability
to predict PV power output offers better system preparedness [4].
The application of artificial intelligence (AI) and supervised
machine learning have been topics of interest in the PV space
[5]–[7]. In PV predictions, these models have proven to be more
reliable and economical than traditional methods on both PV
generation and weather predictions. The computer algorithms
are convenient in meeting specific aspects in the PV domain, be
it in PV power prediction or weather related influences. [5], [7]–
[12]. Supervised learning models work by finding the complex
hidden data patterns between given inputs and map output values
with great accuracy [13].

Abstract
This work focuses on developing prediction models for the
power output of multiple PV technologies installed at the
outdoor test facility on the Pretoria campus of the Council for
Scientific and Industrial Research. Random Forest (RF) and
Adaboost machine learning models are trained with historic
time-series data sets (measured meteorological and PV electrical
parameters) to predict historical output power of the photovoltaic
(PV) system. Sub-hourly measured data from January 2019 until
November 2019 was averaged to hourly intervals for training and
testing. The data undergo a pre-processing step where outliers
are identified and removed. A very strong correlation (r2 ~ 0.99)
was calculated between Isc and PV output because PV output is
largely determined by the plane of array irradiance and the
resulting current generation. A strong correlation between PV
output and plane of array (0.89 < r2 < 0.99) and between PV
output and module temperature (0.62 < r 2 < 0.72) are also
calculated, depending on the module type. The models are then
trained on the datasets and the accuracy is quantified based on
the root mean squared error (RMSE) between the actual
measured PV output and the predicted PV output of different PV
technologies. RF generally outperformed the Adaboost
regression. Both regression models achieved minimal RMSE on
predictions for the thin film module technologies with maximum
RMSE of 0.2 W for Adaboost and 1.2 W for the Random Forest.
In future work, the trained models will be used to forecast future
electricity production from PV plants using only forecasted
weather data as inputs.

This study uses supervised machine learning (ML) approach to
predict PV power output based on multiple inputs. Two machine
learning models are considered in defining the prediction
models: Random Forest regression and Adaptive boosting
(Adaboost) regression. Initially, the dataset is pre-processed to
prune out the outliers and lessen the training time and modelling
errors resulting from an unfiltered dataset. The relative
importance between parameters is assessed and correlations
quantified. The prediction performances of both models are
examined using regression metrics and various plots.
2. Methodology
2.1. System set up
The outdoor test facility stationed at the rooftop of building 34
at the Council for Scientific and Industrial Research (CSIR),
Pretoria campus was utilized in this study. The system was built
on a flat rooftop and hosts seven (7) pairs of different PV
modules mounted on a fixed tilt rack facing true north (0 0
azimuth) at 250 tilt. The PV modules under test include Bi-facial
PERC 270 Watt peak (Wp), Bi-facial n-type c-Si 280 Wp, Monofacial mono-crystalline 275 Wp, Mono-facial mono-crystalline
330 Wp, Mono-facial poly-crystalline 315 Wp, Thin film 105

Keywords: Photovoltaic module; Random Forest; Adaptive
Boosting; Power output predictions
1. Introduction
Solar Photovoltaic (PV) installations have been leading the
renewable energy industry in the past few years, with the total
installed global capacity of 627 GW by the end of 2019 [1]. The
main driver for the evolution of this renewable technology has
been dramatic reductions in cost and significant technological
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Wp and Thin film 175 Wp. Five of the seven module types are
shown in Fig. 1 below

Fig. 1. Modules under test at the outdoor test facility on
Building 34 in the CSIR Pretoria campus

Fig. 3. CSIR weather station in Pretoria campus

Each PV module is connected to an individual maximum power
point tracker (MPP) system coupled with the electronic load
(EL) and is configured in accordance with the manufacturer
rating label. The EL and MPP equipment are shown in Fig. 2
below.

2.2. Data Exploration
The hourly averaged PV system and meteorological data for the
period from January 2019 to November 2019 is used for this
research. The data set of seven (7) PV module pairs measured
from 5 AM to 6 PM sun hours. The dataset features and
parameters include open-circuit voltages (Voc), short-circuit
current (Isc), maximum power point voltages (Vmpp), maximum
power point current (Impp), maximum power (PV output), plan
of array irradiance (PoA), wind speed, module temperatures and
ambient temperatures. One week hourly data of BYD module
during March equinox (20th March 2019) is plotted in Fig. 4
below to show the measured electrical and weather parameters.

Fig. 2. MPPT and Electronic Loads (EL)
The maximum power point (Pmpp) measurements for both thin
film and crystalline Silicon (c-Si) technologies are measured
every 1 minute and 10 minutes, respectively. Current-Voltage
(IV) sweeps are carried out at every 2-minutes interval for thin
films and 10-minutes for c-Si. Fig. 3 below shows the weather
station also situated on Building 34. The measured
meteorological datasets from the weather station includes a plane
of array irradiance (PoA), temperatures (ambient and PV module
temperatures), and wind speed all recorded at 1 minute intervals.

Fig. 4. PV and weather parameters near March equinox.
In this work, python programming language is used to train and
evaluate the chosen ML models. All the measured data are used
as input variables to the developed models except for the
measured Pmp which is chosen as output variable in the study as
shown in Fig. 5 below.
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module. The correlation between PV Output and module
temperature is moderate (0.62 < r2 < 0.72). Based on these
correlations, the forecasting models should include the PoA
irradiance and module temperature as important inputs when
forecasting PV output.

Fig. 5. Inputs and Output parameters
The data undergo a pre-processing step where possible invalid
values are identified and removed. The outliers consist of
missing and invalid values arising from maintenance and system
faults. The relationship among the many parameters in the
dataset is explored to assess the distributions and the
correlations.
Fig. 6 below shows the univariate distributions of each electrical
performance parameter along the diagonal and the pairwise
scatterplots in the off the diagonal for all seven (7) PV module
types, coloured by module name. The figure shows only the data
from the test dataset. The linear correlation between Isc and PV
output is strong, as expected. The square of the linear correlation
coefficient (r2) is greater than or equal to 0.99 for all module
types, meaning 99% of the variability in the PV Output can be
explained by the variability in Isc. The slope of each line varies
depending on the module technology. The linear correlation
between Voc and PV Output is weak (r2 < 0.31) for all module
types, so not as useful in predicting PV Output as the Isc.

Fig. 7. Scatterplots showing the correlation among weather
parameters and PV Output for the PV modules under test
2.3 Training and Testing
The cleaned data sets of each of the seven (7) module pairs are
randomly sliced into training and testing subsets. The training
data is used to optimize the model parameters and the test data is
used to quantify the error in the predictions. Table 1 below
summarizes the total number of observations and parameters in
each data set.
Table 1. Data set allocation and sizes
Data Size

Data subsets
Rows
Original
dataset

Columns

X

60203

8

Y

60203

1

X-Train

48162

8

Y-Train

48162

1

X-Test

12041

8

Y-Test

12041

1

100%

80%

Training

20%

Testing

Fig. 6. Scatterplots showing the correlation among
electrical parameters for the PV modules under test
Fig. 7 below shows the univariate distributions of the measured
weather parameters along the diagonal and the correlation with
PV Output, coloured by module name. The correlation between
PV Output and PoA is strong (0.89 < r2 < 0.99) depending on the

Size [%]

Prior to training, each parameter in the data sets is normalized
using the z-score as expressed in Equation 1. The z-score
transforms the raw data from the measured units to standardized
values for each parameter resulting in a mean of zero (0) and a
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variance value of one (1). This process helps to speed up the
training model completeness [16], [17].
𝑧=

𝑥−𝑢
𝑠

(1)

Where u represents the mean value of the training sample and s
represents the standard deviation.
2.4. Random Forest Regression Model
The random forest works on a crowd wisdom theory. It is centred
on the principle where the group decisions carry more weight
than individual decisions. This means during prediction each tree
casts a vote and the majority vote wins. RF regression then
calculates the average of all votes received to generate a great
estimate of what the expected value should be. RFs fall in both
supervised learning algorithms and ensemble algorithms. In
supervised learning, inputs and resultant outputs are grouped into
a training set where the model learns the hidden relationship
between inputs and output features. The trained model is tested
on the test data where new inputs are given and the model uses
learned skill and predicts the unseen output. It ensembles a great
number of decision trees into its final prediction [14]–[17].




The number of output or target value is one (1) in both
models.



The random state is set to forty two (42). This is used
as a seed to the random generator to ensure that the
model is deterministic and reproducible in each
execution.

2.6.1 Mean Squared Error
The mean squared error is the quadratic error or loss calculated
as:
𝑀𝑆𝐸 (𝑦𝑖 , 𝑦̂𝑖 ) =

𝑛

1
𝑛𝑠𝑎𝑚𝑝𝑙𝑒

−1

𝑠𝑎𝑚𝑝𝑙𝑒
∑𝑖=0
(𝑦𝑖 − 𝑦̂𝑖 )2

(2)

Where 𝑦𝑖 represents the actual values and 𝑦̂𝑖 represents the
predicted values of the i-th sample. The squared error is
calculated for each hourly measurement in the data set. Then the
MSE is calculated from the hourly errors for each time interval
of interest. The calculated errors from MSE are watt squared
(W2) values. In this case, we consider RMSE on a monthly basis
for each module.
2.6.2 Root Mean Squared Error
The root mean squared error is described as:
𝑅𝑀𝑆𝐸 (𝑦𝑖 , 𝑦̂𝑖 ) = √

1

𝑛𝑠𝑎𝑚𝑝𝑙𝑒

𝑛

−1

𝑠𝑎𝑚𝑝𝑙𝑒
∑𝑖=0
(𝑦𝑖 − 𝑦̂𝑖 )2

(3)

Where 𝑦𝑖 represents the actual values and 𝑦̂𝑖 represents the
predicted values of the i-th sample. The RMSE is calculated by
taking a square root of the obtained results from Equation 2
above. This will results in the same units as the target variable
while the MSE results in squared units.

base_estimator: The weak learners used to train the
model.
n_estimators: Total number of weak learners to train in
each iteration.
learning_rate: It adds to the weights of weak learners
and uses 1 as a default value.
base_estimator: It is a weak learner used to train the
model.

3. Results
3.1. Evaluation of prediction errors per PV module
The trained Adaboost (AD) and Random Forest (RF) regression
models are tested on the randomly selected 20% as shown earlier
in Table 1 above. The predictions are inclusive of all the seven
(7) PV module pairs. From the available test dataset, a single
(sun hours) record of 2nd February 2019 is shown in Fig. 8 below
to visualize the model predictions. The profiles for each module
are very similar in shape since each module is exposed to the
same PoA and mounted on the same tilt. The predicted Pmp by
both models on each module type follow a similar trend and are

In both models, the architectural design of both ML models
consist is as follows:




The developed machine learning models are evaluated using the
conventional model evaluation metrics to assess the prediction
performances of each model.

The Adaptive Boost (Adaboost) ensemble works on fitting
sequences of weak learners that are modified or repeated to
become better. This is done to minimize the loss function. The
decision trees with single splits are called weak learners. The
weighted sum of all predictions results in the final predictions.
The number of weak learners are managed by n-estimators and
the learning rate-parameters manage the contribution of the weak
learners in the final combination [13], [18]. In practice, a uniform
weight is allocated for each training dataset to determine its
significance. When the assigned weights are high, that set of
training data points have great influence on the training set. In
the same way, when assigned weights are low, their influence in
the training set is low. In Adaboost, the feature of importance in
are:



Then the number of n_estimators is one thousand five
hundred (1500) in both models.

2.6. Model evaluation metrics

2.5. Adaptive Boost (Adaboost) Regression Model





Total number of inputs considered is eight (8) in both
models.
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closely matched to the measured actual Pmp.

a maximum value of 58.9 W in the SW_Bi module and minimum
of 13.7 W in the Nice module. The RF maintained the lowest
RMSEs on total sums with maximum RMSE of 9.4 W in the Pan
module and minimum of 3.2 W in the Nice module.
Table 2. Averaged actual, predictions and RMSE powers.

Fig. 8. Hourly actual Pmp and predicted Pmp of each PV
module type
The monthly RMSE predictions of all module pairs from the test
dataset are presented in Fig. 9 below. The RMSE values are
calculated from the hourly records of each module and presented
in monthly values. Then the RMSE results for each module type
over the entire measurement period in hourly sums are also
presented in Table 2.

PV
Module

Actual
Power
[Wh]

RF Pred.
[Wh]

AB Pred.
[Wh]

RF
RMSE
[W]

AB
RMSE
[W]

BYD

135222.1

135178.5

139211.7

8.7

55.9

Nice

43680.5

43669.6

44329

3.2

13.7

Pan

162153.2

162116.1

163506.6

9.4

43.8

SF

76576

76596.1

77699.6

5.3

21.1

SW-Bi

148072

148084.1

151071.1

7.1

58.9

Yl

130640.8

130666.4

132149.5

8.7

46.1

Yl-Bi

139945.0

139935.3

142518.5

8.4

48.8

5. Conclusion
In this work, the Adaboost and Random Forest machine learning
models are trained and evaluated for predicting the PV output of
different PV modules in the CSIR outdoor test facility. Analysis
of the weather data shows the plane of array irradiance and
module temperature have the strongest correlation with the PV
output, so they must be included as inputs to the prediction
models. The models are evaluated based on the RMSE of
measured versus predicted power. The Random Forest algorithm
achieved the lowest RMSE with no exceptions. On a technology
level, all the RMSEs for thin film PV modules are lower
compared to crystalline silicon PV modules for both machine
learning models. The prediction error values measured in this
paper clearly indicate that the Random Forest algorithm is
superior to the Adaboost algorithm.

Fig. 9. RMSE of Pmp of each PV module manufacturer
On module level, RF prediction errors outperformed the AB
prediction errors. Both the thin-film PV modules; Solar Frontier
and Nice (SF& Nice) show minimal RMSE on both models with
a maximum of 0.2 W and 1.2 W respectively.
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Abstract: Solar PV system component reliability is key to longterm success for the PV industry, given the 25-year lifespan of
PV generators. PV modules are one key component needed to
deliver on the lifetime production of PV systems, as they are the
engines that convert the fuel from the sun into the electrons for
use here on Earth. This research presents the results from the first
round of reliability testing for commercially available PV
modules based on accelerated stress tests conducted at the CSIR
Energy Centre. Four module types with a specific bill of
materials (BOM) were subjected to a series of accelerated stress
tests as defined by the C450 international standard. Pre- and
post-stress characterizations were conducted to quantify the
changes in safety and performance due to the accelerated stress.
PV module power decreased by less than 3% for all modules
subjected to mechanical loads, humidity-freeze, thermal cycling,
and PID. However, the degradation rates among the four BOMs
differed significantly (p<0.001) following the thermal cycling
sequence. PV module power decreased by as much as 9%
following the damp heat stress prior to the final stabilization. The
work was conducted to demonstrate the value of accelerated
stress testing now available in South African to support the PV
industry. The round one results highlight potential differences in
the long-term performance of PV module BOMs in the field,
supporting the value of accelerated stress testing to de-risk
investments in PV generators.

Reliability Test Laboratory (PQRL) conducted a reliability pilot
program on four distinct PV module bill of materials (BOMs)
beginning in 2019. This paper describes the test flow, test
procedures, and the test results anonymously to protect the brand
identities, both foreign and domestic. Each sequence in the
reliability program is designed to accelerate specific field
failures known to occur on crystalline silicon modules over years
in the field, so that long-term reliability may be simulated, and
PV models may be ranked according to the loss in power
resulting from the stress tests.
The reliability pilot program was funded by the CSIR Energy
Centre with module donations coming from the participants in
exchange for test results. Thirteen (13) modules were selected at
random and assigned to various test sequences. Performance and
safety tests were conducted prior to the stress tests to establish a
baseline and again at multiple stages throughout the test
sequence to quantify changes in electrical performance and
safety caused by each accelerated stress. The final ranking of PV
models is based on the power loss between the initial and final
characterization.
The reliability test program provides quantitative data that can
be used to rank the PV modules included in the test protocol. The
PVEL PV Scorecard [1] provides an example of how the global
PV industry interest in ranking and rating of PV modules based
on results from accelerated stress testing. The reliability program
can identify PV modules that exhibit unusual electrical
performance or safety test degradation after accelerated stress
tests in weeks instead of years. The test results should correlate
with the long-term reliability of PV modules by accelerating
typical field failures that might otherwise take years to develop
and help to identify modules that are particularly susceptible to
degradation in the field. PV module manufacturers use these

Keywords: PV module, quality, reliability, accelerated stress
test, electrical performance, safety, IEC.

1. Introduction
The CSIR Energy Centre Solar Photovoltaic Quality and
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results to identify areas for improvement in product reliability
and market independently verified reliable products. PV plant
developers and owners use these results at the procurement stage
to reduce the risk of under-performance over the lifetime of the
PV plant.

2.2. Test Descriptions
This section provides a brief description of each test conducted
as part of the C450 test sequence. The stress tests are designed
to provoke specific failures observed in fielded modules over
time. The stress tests include thermal cycling (TC), humidityfreeze (HF), damp heat (DH), dynamic mechanical load (DML),
and potential induced degradation (PID). The characterization
steps are designed to quantify the results of the stress. The
characterization
steps
include
visual
inspection,
electroluminescence imaging (EL), electrical performance at
standard test conditions (STC), dry insulation resistance safety
test, and the wet leakage current safety test. This section briefly
describes the characterization steps first, followed by the stress
tests.

2. Method
2.1. Test Procedures
Figure 1 shows the PV module reliability test sequence as
defined by the CSA/ANSI C450-18 standard [2]. This test
sequence is the first publicly available standard for long-term
reliability testing for solar PV modules. The C450 standard
development committee represented a broad range of
participants from the PV industry. The C450 standard is a
collection of tests defined in the IEC 61215-2 for PV module
type qualification [3], IEC 61730-2 for PV module safety [4], TS
60904-13 for electroluminescence imaging [5], and IEC TS
62804-1 for potential induced degradation (PID) [6].

2.2.1. Visual Inspection, IEC 61215:2016 MQT 01
The visual inspection of each module serves to document any
visual changes due to the stress tests, such as cracks, bubbles in
the backsheet, scratches or delamination, etc. which may impact
the module performance.
2.2.2.Electroluminescence imaging IEC 60904-13
The electroluminescence (EL) image of the PV module serves to
document changes in the module that are not visible to the naked
eye, especially cracks and inactive cells. The EL image of a PV
module is similar in purpose to an x-ray for a human skeleton.
The module is connected to DC power supply in a forward bias
condition and current equal to the rated short circuit current (Isc)
is applied. The image is taken in the dark with a specially filtered
camera to capture emissions in the 1100 nm wavelength range.
2.2.3.Performance at STC, IEC 61215:2016 MQT 6.1
The electrical performance of the PV module at standard test
conditions (STC) serves to document changes in the power
output due to the stress test. The current-voltage (IV) curve of
the PV module is recorded using a Class A+A+A+ indoor sun
simulator at a cell temperature of 25 ± 2 °C, irradiance of 1 000
± 2 W/m2 and air mass of 1.5. Several summary statistics are
extracted from each IV curve, including, to quantify changes in
the electrical performance.

Figure 1. The C450 test sequence for PV module reliability
testing

Figure 2 below shows the characterization steps included in the
C450 sequence, with reference to the relevant standard and
sections.

2.2.4.Insulation Resistance, IEC 61215:2016 MQT 03
The electrical insulation test serves to document changes in the
electrical safety of each module under high voltage bias and dry
conditions due to the stress test. To conduct the test, a module is
connected to a DC power supply and biased at the maximum
system voltage (1000 V or 1500 V) plus twice the maximum
system voltage for one (1) minute. Then the voltage bias is
reduced to the maximum system voltage, held for two (2)

Figure 2. Characterization steps conducted before and after
stress tests
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minutes, and the insulation resistance is recorded.

jig designed to simulate typical mounting configurations in the
field. A 1000 Pa load is applied to the module downward and
upward at a rate of 3-7 cycles per minute for 1000 cycles. This
is used to provoke micro cracks in the solar cells that may worsen
under subsequent thermal cycling and humidity freeze (HF).

2.2.5.Wet Leakage current test MQT 15 IEC 61215:2016
The wet leakage test serves to document changes in the electrical
safety of each module under high voltage bias and wet conditions
due to the stress test. The module is immersed in water with
resistivity less than 3500 Ω and temperature of 22 (±2) °C. The
maximum system voltage is applied for two (2) minutes and the
insulation resistance is recorded. The insulation resistance must
exceed a certain minimum threshold to ensure no dangerous
levels of current can flow between the internal electrical circuit
and accessible parts.

2.2.10. Potential Induced Degradation, IEC TS 62804-1 MST
13
The potential induced degradation (PID) tests the ability of the
PV module to resist leakage current under damp conditions in
the presence of high electrical bias. This phenomenon occurs
early in the mornings when condensation has collected on the PV
module glass and the inverter has not yet initialized. To simulate
this condition, the module is loaded into an environmental
chamber and subjected to 85% RH and 85°C for 96 hours with
an electrical bias of 1000 or 1500 V between the circuit and the
frame, depending on the maximum rated system voltage
specified by the manufacturer. The PID stress is designed to
provoke the leakage path between the internal circuit and the
frame, which can lead to significant loss of power in the PV
plant.

2.2.6.Thermal cycling, IEC 61215:2016 MQT 11
Thermal cycling (TC) tests the ability of the PV module to
withstand the thermal stresses associated with changes in
temperatures over the course of the day and the seasons. The
module is loaded in an environmental chamber and subjected to
200 temperature cycles ranging from – 40 °C to +85 °C. An
electrical bias equivalent to the module current at maximum
power is applied to the module during the ramp up from -40 °C
to + 80 °C to simulate the electrical flow inside the circuit that
occurs naturally in the sunlight. The stress is designed to provoke
broken interconnects, broken cells, electrical bond failures,
junction box adhesion failures, and open circuit-potential leading
to arcing.

3. PV modules
The PV modules were solicited from various suppliers willing to
provide samples free of charge in exchange for test results. A
total of four (4) PV module BOMs were tested simultaneously in
the lab, and well-known PV module brands were included in the
pilot program from both foreign and domestic brands. Table
1shows some characteristics of the PV modules included in the
test, along with an anonymous label used throughout the article
for reference.

2.2.7.Humidity Freeze, IEC 61215, MQT 12
Humidity-freeze (HF) tests the ability of the PV module to
withstand damp heat stress in combination with freezing
conditions. The module is loaded in the environmental chamber
and subjected to 85 °C and 85% relative humidity (RH) for 20
hours followed by a four (4) hour freeze cycle at -40 °C for 30
minutes. The sequence is repeated for ten (10) cycles. The stress
is designed to provoke delamination of the encapsulant, junction
box adhesion failures, and inadequate edge deletion.

Table 1. Module characteristics of four (4) PV module
models included in the pilot program
ID

Pmp
(W)

Cell type

# of
cells

Bifacial

19034

375

mono-PERC

72

Yes

19040

320

multi

72

No

19047

385

multi-PERC

72

No

19058

300

mono

72

No

2.2.8. Damp Heat Testing, IEC 61215:2016 MQT 13
Damp heat (DH) tests the ability of the PV module to withstand
damp heat stress associated with hot, humid environments. The
PV module is loaded into an environmental chamber and
exposed to 85% relative humidity (RH) and 85°C for 1000 hours.
The stress is designed to provoke corrosion, delamination,
encapsulant loss of adhesion & elasticity, and junction box
adhesion failures.

The detailed BOM used in the construction of each PV module
tested was not made available from all participants. Two of the
models were constructed with passivated emitter rear-contact
(PERC) cells according to the company contact, although the

2.2.9.Dynamic Mechanical Load Testing IEC TS 62782
The dynamic mechanical load (DMLT) tests the ability of the PV
module to resist micro-cracks. The module is fastened to a test
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CSIR was not able to independently verify. The rest of the
characteristics were easily verified by inspection. The BOM
details are necessary to consider when attempting to make
inference on the larger population of PV modules from which
these samples were selected, as not all PV modules with identical
model numbers are constructed with the same BOM. PV
manufacturers often substitute suppliers and optimize process
parameters over the production lifetime of a PV model, and longterm performance in field may vary because of changes in the
BOM.
Figure 3. EL images of 19058-03 at initial, post TC200, post
TC400, and post TC600

Furthermore, the PV modules tested in this pilot program were
not based on a random sample of the population. Given the lack
of transparency regarding the BOM and the lack of randomness
in the sample selection, the results of this pilot program tests are
strictly limited in terms of broad inference on the larger
population of modules. Rather the results should be viewed as
indicative of the types of failures that can occur during
accelerated stress testing. Results based on accelerated stress
tests are informatize when conducted on batches of modules
selected at random from production runs that are planned for
specific projects with a specific BOM. Under these conditions,
inference can be made about the performance of the entire
production run subjected to the same sequence of tests.

4.3. Electrical Performance
Figure 4 shows the change in maximum power (Pmp) relative to
the initial power measurement for each module following each
stress test. The results are grouped by test sequence starting with
the damp heat (DH) on the left and ending with the thermal
cycling (TC) on the right. The grey horizontal lines represent +/1%, and the thick black line represents the 5% pass/fail criteria
for PV module qualification tests. The colors represent the four
BOMs and there are two or three measurements per BOM per
stage.

4. Test Results and discussion
4.1. Visual Inspection
All modules were visually inspected at the start of the test
sequence and following each stress test. Nothing remarkable was
noted at initial visual inspection or final visual inspection.

4.2. EL Images
EL images for all modules were captured during initial
characterization and following each stress test. In general, the EL
images remained unchanged over the test sequence with a few
cracked cells noted on some modules. BOM 19058, however,
exhibited an unusual number of cracked cells during the TC600
sequence. Figure 3 shows the initial and post TC600 EL images
for 19058-03, one of the three modules subjected to this
sequence. Nineteen (19) cracked cells were noted following
TC600 where none existed at the initial inspection. Error!
Reference source not found. also shows the cumulative number
of cracked cells across all three modules after TC600 by position.
The cells in the upper left corner and bottom right corner tended
to crack more the cells in other positions.

Figure 4. Change in maximum power (Pmp) relative to
initial Pmp for BOM 19034 (red), 19040 (green), 19047
(blue), and 19058 (orange).
4.3.1. Initial IV and post stabilization:
Initial IV measurements at STC were conducted on the modules
as received and after stabilization process in natural sunlight to
establish baseline IV characteristics. The initial measurement
serves as a baseline reference to quantify the degradation in each
module after each stress test. The measured degradation in Pmp
decreased by as little as 0.2% for BOM 19058 and as much as
0.6% for BOM 19034 due to the outdoor light stabilization, on
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average.

and 19047 (p<0.0001) which were constructed from PERC cells.
To address concerns over potential impacts from the test
procedure itself, the latest draft of IEC 61215 includes a stress
specific stabilization procedure to reverse boron-oxygen defects
that may become artificially active due to the damp heat stress
conditions. The modules from all four BOMs were stabilized at
80 C for 48 hours with electrical bias, according to the draft
standard. The subsequent IV tests showed an increase in Pmp for
both PERC cell BOMs and one of the two standard cell BOMs.
The Pmp for BOM 19040 decreased by 5% compared to the
previous measurement, which was unexpected. Further analysis
and research are required to understand the implications of the
damp heat sequence.

4.3.2. Sequence A, Thermal Cycling test (TC):
Three modules from each BOM were subjected to thermal stress
at intervals of two hundred cycles each: TC200, TC400 and
TC600. The measured maximum power (Pmp) decreased by less
than 3% relative to initial for all four BOMs after TC600.
However, the power loss was significantly different among the
four BOMs after TC600 (p < 0.001). BOM 19034 measured the
least degradation (0.4%, on average) and BOM 19040 measured
the most degradation (2.6%, on average). The difference in
maximum power loss among the BOMs correlates strongly to
difference in Vmp losses.
The thermal cycling stress accelerates the impacts from
temperature changes in the field resulting from day/night cycles
and fluctuations in irradiance due to passing clouds. The TC600
exposed the PV modules to 600 extreme temperature cycles, and
600 day/night cycles occur over 1.6 years in the field. Assuming
a 1:1 relationship between the 600 cycles in the chamber and 600
day/night cycles in the field, then module power for BOM 19034
would degrade by 0.25% per year while module power for BOM
19040 would degrade by 1.6 % per year in the field. While the
relationship between power loss under accelerated stress versus
power loss in the field is by no means a certainty, this does
provide some indication that one might could be more durable
than another over the useful lifetime of the PV module.

4.3.5. Sequence E, Potential Induced Degradation (PID):
Two modules from each BOM were subjected to high
temperature and high humidity stress for 96 hours each while
under electrical bias between the cells and the frame. Due to shut
down related to the national lockdown, only one of the two
intervals was completed. The measured Pmp decreased by less
than 2.5% relative to initial for all modules and no significant
difference was observed among the BOMs.

4.3.6. Control Modules:
Two control modules from each BOM were kept in the sun
simulator work area throughout the test sequence. The control
modules were measured to validate the stability of the
measurement system every time before any stress test modules
were measured to confirm that significant shifts in IV
characteristics of tested modules were due to the stress and not
due to a drift in the measurement system. The control modules
were stable and measured within the +/- 0.5% control limits
during the test sequence for three out of four BOMs, indicating
the measurement system was stable. The maximum power for
BOM 19047 control modules decreased by 1.1% over the course
of the test sequence, suggesting some electrical instability in the
BOM.

4.3.3. Sequence B, DMLT/TC50/HF10:
Three modules from each BOM were subjected to a sequential
stress sequence in this order: Dynamic Mechanical Load Testing
(DMLT), Thermal Cycling (TC), and Humidity Freeze (HF).
The Pmp decreased by 0.5% on average relative to initial Pmp
after DMLT stress test. Most of this decrease had already
occurred following the outdoor light soaking. The Pmp
decreased by less than 0.5% on average following the TC50
stress test. Finally, the measured Pmp decreased by
approximately 1 % on average follow the HF10. The decrease in
Pmp was not significantly different for any of the four BOMs at
the 5% significance level (p = 0.08).

4.4. Insulation Resistance
4.3.4. Sequence D, Damp Heat:

All the modules were subjected to the dry insulation resistance
test following each stress test, and none failed for safety at any
stage. All insulation resistance measurements were above the
pass/fail threshold of 20-25 MΩ at maximum system voltage.
The results indicate that the insulation resistance between live
parts and accessible parts is sufficiently high to meet the

Three modules from each BOM were subjected to high
temperature and high humidity stress tests over two intervals of
1000 hours each. After DH2000, the decrease in Pmp was
significantly less for BOMs 19040 and 19058 constructed with
standard cells compared to the decrease in Pmp for BOMs 19034
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requirements for PV module qualification according to IEC
standards, even after all the additional stress tests.

The PV scorecard may also be extended to include other results
in addition to the electrical performance. For example, BOM
19058 proved to be most durable in terms of electrical
performance yet exhibited unusual crack patterns during the
TC600 sequence. The number of cracked cells could be included
in scorecard, despite the low impact on the electrical
performance. In that case, the extent of the cracks, the orientation
of the cracks, and the resultant inactive regions should also be
considered, as these factors can impact the degree of power loss
[7]. The PVEL PV Scorecard does not explicitly rank according
to the cracked cells, but EL images do feature in the summary
report to show the changes that occur because of humidityfreeze, PID, and other stresses. The safety tests could also be
incorporated. In this pilot, all the modules passed the electrical
safety tests, so there was no distinction among the BOMs.
However, should an electrical safety test failure occur, how does
that result get incorporated into the ranking? In the end, the
PVEL PV Scorecard approach may strike the correct balance by
ranking all the models by stress sequence and avoiding a single,
combined score.

4.5. Wet Leakage Current Test
All the modules were subjected to the wet leakage current safety
test at every stage, and none failed for safety at any stage. All
insulation resistance measurements exceeded the pass/fail
threshold of 20-25 MΩ, depending on the area of the PV module.
These results indicate that the wet leakage current resistance
between live parts and accessible parts is sufficiently high to
meet the requirements for PV module qualification according to
IEC standards, even after all the additional stress tests.

5. PV Scorecard
Table 2 shows a simple PV scorecard that summarizes the
relative performance for each BOM based on the decrease in
Pmp after the final characterization relative to the initial Pmp,
sorted by project ID. A one (1) corresponds to the lowest Pmp
loss among the four (4) BOMs for a given sequence and a four
(4) corresponds to the highest Pmp loss for that sequence. The
totals show the sum of the ranks from each sequence A, B, D,
and E using both the Pmp loss for sequence D measured after
the DH2000 and measured after the BO stabilization treatment.
The ranks remain relatively stable for three out of four BOMs
with both approaches, but BOM 19040 moves from second best
to worst performer when the BO stabilization is included. This
was the only BOM to show power loss after the BO
stabilization process. The value and the relevance of the BO
stabilization is debated among experts but the impact on the
rankings in the scorecard is significant. BOM 19058 is ranked
best using both metrics.

6. Conclusion
The first extended reliability test program at the CSIR PV
module quality and reliability was completed in 2019-2020. The
results demonstrate the capability to deliver accelerated stress
test results to evaluate the relative performance of PV module
brands, both foreign and domestic. The power output from the
four (4) BOMs tested degraded by less than 3% following a
defined test protocol that included thermal stress, humidityfreeze stress, dynamic mechanical stress, and potential induced
degradation. The power loss from the damp heat stress was
ambiguous, as three out of four BOMs recovered most of the
power loss from damp heat when followed by a stabilization
process. The power loss for modules from the fourth BOM
increased following the stabilization process. The relative
ranking in the PV scorecard was impacted by the results from the
stabilization procedure.

Table 2. PV scorecard showing the ranks of each BOM for
each sequence based on the power loss between initial and
final characterization with lower scores corresponding to
lower power loss
Project

A

B

19034
19040
19047
19058

1
4
2
3

4
1
3
2

D
D
DH200 BO LID
3
2
1
4
4
3
2
1

E
4
3
2
1

Total after
Total
DH2000 after BO
12
11
9
12
11
10
8
7

The reliability pilot program demonstrated a new capability for
the CSIR to support the local PV industry. Accelerated stress
testing for PV modules is now available locally for decision
support regarding PV module procurement, batch testing for
independent verification of PV module reliability, and
troubleshooting field failures.

The PV scorecard is an oversimplification of the electrical
performance results, but perhaps a useful tool as the number of
BOMs in the database grows. The PVEL PV Scorecard does rank
PV models for each test sequence but does not attempt to rank
across all sequences combined to provide one score.
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Abstract

curves of the individual cells are combined with the dark IV
curve of the complete string of cells and two separate parameter
optimisation algorithms are then used to determine the dark
electrical characteristics of the individual cells and therefore the
complete string of cells. Depending on what is being imaged, a
string of cells could be a string of cells within a module, a
complete module or a string of modules.

The method outlined in this paper uses injection-dependent
Electroluminescence (EL) imaging to quantitatively characterise
PV modules down to cell level. EL imaging is an industrystandard for qualitative characterisation for Photovoltaic (PV)
modules. However, the method used in this paper uses EL
images and the electrical data from the module to quantitatively
characterise the module on the cell level. This allows for the
modelling of the electrical response of the module under various
conditions. The assumptions that are used in this method are that
all cells in series are at the same temperature and have the same
photocurrent. The purpose of this work is to apply injection
dependent EL imaging to study anomalous current-voltage (IV)
curve modelling of PV modules and module strings. This method
has been used to successfully model the light IV response of
multiple individual modules at different irradiance levels with an
average accuracy of 1.36%. This includes modules with
anomalous IV curves, defects and degradation. For seriesconnected module strings in operation, the same assumptions
that apply to the cells of the individual module can be applied to
the module string. This is particularly useful for onsite testing on
large scale PV power plants as this can be used to determine
whether or not it is cost-effective to replace a specific module in
a module string. It is also plausible to use this method to optimise
module string deployment for space-limited applications.
Keywords: Photovoltaics, mismatch,
imaging, injection-dependent

One of the main benefits of this method is that it is possible to
estimate the power of the complete cell string (or module or
module string) at different temperatures or light intensities
without a solar simulator. This method also allows for cell level
non-destructive electrical characterisation which under even
further assumptions can be used to characterise points on the PV
cell. However, one of the main draw backs to this technique is
the requirement of high quality (low signal to noise ratio) EL
images, as shown in some of the results, application of the
method to a series string of two older generation PV modules
could not provide accurate enough IV data for the individual
cells at low EL intensity. The details of which will be discussed
in the results.
An injection dependent EL imaging technique was developed by
Pothoff, et al. [1] in 2010, this technique allows for the
calculation of individual cell voltages through EL images. This
is done by utilising the relationship between the local junction
voltage (𝑉𝑉(x,y)) of a PV cell with the emission (∅(𝑥𝑥, 𝑦𝑦)) from
any local site as represented in equation 1 [2]. Considering the
work of Pothoff, et al [1], the voltage of each cell operating in a
PV module (𝑉𝑉𝑖𝑖 ) can be calculated using the brightest pixels in
each cell (∅𝑚𝑚𝑚𝑚𝑚𝑚
) as they are assumed to have the exact same
𝑖𝑖
calibration factor (𝐶𝐶) for a given system. The cells in a typical
module are connected in series, allowing for the calibration
factor to be calculated by equation 2. Once the calibration is

electroluminescence

1. Introduction
This paper outlines the necessary theoretical background for the
presented injection-dependent electroluminescence (EL)
imaging method. Assuming photovoltaic (PV) cells are
connected in series, injection dependent EL imaging can be used
to determine the individual cell dark IV curves. The dark IV
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secondary genetic algorithm for parameter optimisation is then
applied to the IV parameters and the dark IV curve of the
complete module. This results in complete dark IV
characterisation of the module and the individual cells. This can
then be used to estimate the power of the module. In this paper
this method is applied to module strings.

completed, it is possible to determine each cell’s operational
voltage using equation 3.

Where 𝑉𝑉𝑇𝑇 is the thermal voltage, 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 is the module voltage, N
is the number of cells.
In this paper, a two-diode model is assumed for each cell within
the modules. However, the idealities are fixed for diode (1 and 2
respectively). The relationship between current (𝐼𝐼𝑗𝑗 ) and voltage
(𝑉𝑉𝑗𝑗 )is shown in equation 4.
Fig. 1 EL data processing to module power estimation [4]
2. Experimental
The EL imaging and dark IV measurements were acquired in a
temperature controlled dark room (set to 25ºC). The EL camera
and power supplies specifications are summarised in Table 1.
Four PV module samples were used in this study, two monocrystalline PERC Si modules and two multi-crystalline Si
modules. The specifications of the PERC modules and the
known specification of the multi-crystalline modules are
summarised in Table 2.

Where 𝐼𝐼𝑗𝑗01 and 𝐼𝐼𝑗𝑗02 is the jth cell’s saturation current of diode 1
and 2 respectively, 𝐼𝐼𝑗𝑗𝑗𝑗ℎ is the photo generated current (equal to
zero if in the dark), 𝑅𝑅𝑗𝑗𝑗𝑗𝑗𝑗 is the series resistance, 𝑅𝑅𝑗𝑗𝑗𝑗ℎ is the shunt
resistance and T is the system’s absolute temperature.

EL Camera
Detector type
Image Size
Data Resolution
Image Format
Power supply
Current range
Current accuracy
Voltage range
Voltage accuracy

Individual cell IV data has been utilised in previous work to
characterise the individual cells within a PV module [3-4], as
well as estimate the maximum power of the complete module
[4]; however, it has not been used to evaluate module strings or
estimate module string performance. This provides more
accurate electrical characterisation of the PV module / module
string than by standard IV characterisation. A more complete
description of the method extended in this paper was originally
presented in [4]. In summary, as shown in Fig. 1, this method
makes use of injection dependent EL data (an EL data cube), to
determine individual cell IV curves. A genetic algorithm for
parameter optimisation is then applied to each cells IV data to
determine the electrical parameters for each cell. However, due
to the low emission at low injection levels the shunt resistance
values are inaccurate. To increase the accuracy of these, a

Si CCD
1024 x 1024 pixel
16 bit
.tif
0 – 10 A
0.3 %
0 – 150 V
0.1 %

Table 1. Summary of EL imaging setup and Dark IV
system.
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3. Results and Discussion

Mono-crystalline PERC Si module
Cell number
60 (6x10)
Max. power
310
Short circuit current
10.04 A
Open circuit voltage
40.3 V
Max. power current
9.51 A
Max. power voltage
32.6 V
Multi-crystalline Si module
Cell number
36 (4x9)
Max. power
100
Short circuit current
Unknown
Open circuit voltage
Unknown
Max. power current
Unknown
Max. power voltage
Unknown

3.1. Mono-crystalline PERC Si Modules
These two samples were previously used in two different
degradation studies. The PERC Module 1 was exposed to high
injection current (20 A) at 85°C for 24 hours. This was the first
step in a light and elevated temperature induced degradation
(LeTID) study. However, after this step the module’s power
output went from 292.8 W to 299.8 W, that is a gain of
approximately 2.39 % in power [5]. It was concluded in that
study that the applied process in fact improved material quality
by annealing out recombination active defects (the process is
discussed in references [5] and [6]). The post “degradation” data
for this module is used in this paper (first degradation step). The
PERC Module 2 was exposed to a potential induced degradation
(PID) procedure, 1000V for 100 hours at 85°C and 85 % relative
humidity. The power output of the module went from 292.3 W
to 290.0 W, that is equivalent to a loss of 0.76%. The degradation
was shown to be present but not significant [5]. The post
degradation data for this module is used in this paper.

Table 2. Summary of PV modules used in study.
For light IV measurements, two separate systems were utilised.
The choice for the measurements were based solely upon
practicality. The monocrystalline samples’ light IV curves were
measured using a solar simulator. The solar simulator
specifications are summarised in Table 3. The light IV curves of
the multi-crystalline samples were measured using an IV tracer.
The specifications of the IV tracer are summarised in Table 4.
The data acquired was temperature and irradiance corrected
using the software provided by the manufacturer of the IV tracer.
Parameter
Spectral quality
Long Term Stability
Homogeneity
Pulse Length
Reference cell
Irradiance intensity

The two PERC modules were imaged at a variety of different
injection levels. Fig. 2 (a) is the high injection (10 A) EL image
of the PERC Module 1 and (b) is the high injection (10 A) EL
image of the PERC Module 2. The modules were at the same
temperature (25°C), the injection levels were the same and the
imaging settings were all the same. The images in Fig. 2 had their
contrasts adjusted so to have their scales match (essentially, the
difference in contrast noted in the figure is related only to EL
emission from the samples). Therefore, as EL intensity is
positively related to cell voltage, it is clear that the cells of PERC
Module 1 are operating at a higher voltage. This is likely due to
the difference in electrical characteristics and therefore quality.
Therefore, it is likely that these modules are then mismatched to
each other. The results shown below will be used to quantify the
effect of mismatch on the string power output.

Classification
A+
A+ (instability < ± 0.25%)
A+ (inaccuracy < ± 1.5%)
> 200 ms
2 % accuracy
200 - 1000 W / m²

Table 3. Summary of important specifications of the Solar
Simulator.
Parameter
Current Range
Current Accuracy
Voltage Range
Voltage Accuracy
Irradiance range
Irradiance accuracy
Temperature accuracy

Classification
0-20 A
±0.5% ± 0.04 A
0–1000 V
±0.5% ± 0.25 V
0 to 1 500 W/m2
±2%
±2°C

These electrical differences were quantified using the method
described in the Introduction. A set of injection dependent EL
images for each module was acquired. These images were
converted into individual IV curves for each cell and therefore,
the individual electrical characteristics were determined.

Table 4. Summary of important specifications of the IV
Tracer
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(a)

Fig. 4 shows the comparison between measured light IVs of the
modules and the simulation of the series connected string. The
horizontal lines within the figure are representative of the current
at the maximum power point of the modules and the string. The
currents for the modules at maximum power are 9.12 A and
8.98 A for Module 1 and Module 2, respectively. The simulation
indicated that the series-connected module string of these
modules would have a maximum power current of 9.04 A. This
implies that both modules would operate sub-optimally.
Therefore, for large scale operations, matching modules for
string operation could provide higher system output. In this case
the mismatch between the modules only resulted in a 0.06% loss
in power. However, the main loss mechanism when combined in
a string is related to series resistance. With each module at their
own maximum power point the string would produce 589.8 W,
at string level maximum power point the combined power would
be 589.4 W. However, when considering that when modules are
connected in series, the series resistances add, the increased
series resistance would result in a maximum power output of
568.9 W. That is a power loss of 3.48%. This has implications
for systems containing modules with disconnected busbars or
high-current modules. There was a paper that recently
investigated this point [8].

(b)

Fig. 2. High injection EL images (10 A) of (a)
monocrystalline PERC Module 1 and (b)
monocrystalline PERC Module 2.
Fig. 3 shows the measured STC light IV curves for both PERC
modules. As discussed previously, PERC Module 1 and Module
2 have maximum power outputs of 299.8 W and 290.0 W,
respectively. It is clear that the modules are mismatched to some
degree. Another feature must be noted in PERC Module 2, the
step in the IV curve at ∼9 V, which is indicative of bypass diode
activation. This is due to either mismatch of light generated
current or severe electrical mismatch between the cells.

Fig. 4. Comparison of the Light IV curves at STC for
monocrystalline PERC Modules 1 and 2 and the
simulation of the resultant series connected string.
3.2. Multi-crystalline Si Modules
The multi-crystalline (mc) Modules 1 and 2 are modules that
were previously investigated after the manufacturer noted low
shunt resistance. These modules have also been in operation for
20 years. Low current injection dark thermal images (not shown)
indicated edge shunts (a typical cell manufacturing fault [9]).

Fig. 3. Light IV curves at STC for monocrystalline
PERC Modules 1 and 2.
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Fig. 5 shows the low injection level EL image of the string of mc
Modules 1 and 2. As EL intensity is positively related to local
junction voltage, it is apparent that the module on the left (mc
Module 1) is at a lower applied voltage than that of the module
on the right (mc Module 2).

Fig. 6. EL of the string of the two multi-crystalline
modules at high injection (7 A)

Fig. 5. EL of the string of the two multi-crystalline
modules at low injection (1.4 A)
Fig. 6 shows the high injection level EL image of the string of
mc Modules 1 and 2. As EL intensity is positively related to local
junction voltage, it is apparent that the modules are now at
similar voltage levels.
Combining the results from both injection level, it appears that
the module on the left is either affected by higher levels of
shunting or increased recombination associated with defects.
Fig. 7 shows the light IV curves for the individual mc modules
as well as the resultant string. To correctly interpret this result,
one must consider that when in series, the current matches
between the cells. That is considering that the modules are
operating at ~6.5A. According to the IV data Module 1 would be
operating at ~2.1 V while Module 2 would be at at ~13.5V.
Looking at the string IV data, at 6.5 A the string would be at
15.5 V. This validates the fact that the low performing module
affects the operational point of the string.

Fig. 7. Measured light IVs at STC for mc Modules 1 and
2 as well as the resultant module string.
The low voltage at 6.5 A for Module 1 is likely due to some
combination of lower shunt resistance values for Module 1 than
Module 2, and at least one cell of photo-generated of ≤ 6.5 A
compared to the short circuit current of ~7 A. This would cause
the cell (s) with lower photo-generated current to be reverse
biased, dissipated generated power generated by the other cells.
However, it must be noted the slope near short circuit current
indicates that both modules exhibit shunting (the closer to
horizontal the higher the shunt resistance, comparing this to the

174

newer PERC modules, these modules are severely shunted in
comparison).

paper is a possible solution to the lack of luminescence in heavily
shunt modules at low injection.

Maximum power point for mc Module 1 is 84.0 W (5.60 A, 15V)
while for mc Module 2 it is 93.9 W (5.94 A, 15.81 V). However,
the maximum power point for the string is 174.2 W (5.63 A,
30.96 V). As before, it is clear that the strings maximum power
point is skewed by the lower performing module. Within their
individual IV curves at 5.63 A, Module 1 is operating at ~83.6
W (~14.8V) and Module 2 is operating at ~91.8 W (16.27 V).
This equates to a power loss of ~0.5 % and ~ 2.2 % for each
module respectively.

4. Conclusion
The injection dependent EL imaging method was successfully
applied to the mono-crystalline PERC modules. The application
of the method revealed the power loss mechanisms of the string
of modules. While within that system, mismatch does contribute
to power loss (0.06%) the main contribution to power loss would
be from series resistance. However, this loss is system and
connection dependent.
The method was incompletely applied to the multi-crystalline
modules. The method did reveal qualitatively that there are
significantly shunted cells within the modules that limited the
quantitative EL characterisation. This result of heavily shunted
cells is corroborated by the indicators of low shunt resistance in
the light IV curves. The mismatch between the modules
indicated by the IV curves is also present in the low injection EL
images.

Unfortunately, application of the EL imaging method was not
successful at characterising the module on the cell level
quantitatively. One of the contributing factors was the fact that
the lowest injection level that a viable EL image could be
obtained was 1.6 A which is ~23 % of the short circuit current
(due to the low shunt resistance values attributed to
mc Module 1). This current is too high for the calibration image
as series resistance affects are not negligible at that injection
level. Even using the EL image at 1.6 A, the signal to noise ratio
is simply too low, causing erroneous / noisy cell IV data. The
higher injection level required also limited the effective dark IV
data for application of the Genetic Algorithm. This is shown in
Fig. 8.
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Solar Photovoltaic (PV) technology plays a substantial role in
electrical power generation in several countries due to
technological advances, decreasing capital costs and the drive
towards clean energy. The shift towards solar energy requires a
reliable operation and effective maintenance of PV plants for PV
modules to operate for the expected life span of more than 20
years [1]. Regular inspection of PV modules is crucial for early
detection of anomalies on solar cells which can develop and
impact on performance of the modules, return on investment and
cause safety issues.

Abstract
When photovoltaic (PV) modules are installed, they are exposed
to real field conditions which can cause mismatch in substrings,
thermal irregularities and in turn reduce the life span of the
modules. Thermal Infrared (TIR) imaging is an extensively used
technique applied to identify modules having thermal
abnormalities in PV plants. TIR imaging is generally
misinterpreted because of the dynamic nature of thermal
signatures and of the current-voltage (I-V) operating point of
individual cells, and modules in a string or array. TIR imaging
identifies underperforming cells, as abnormally hot cells, in PV
modules operating under steady meteorological conditions,
however, under dynamic operational conditions, the cells can
behave differently. PV modules in the field are prone to soiling,
and if soil unevenly shades the crystalline silicon cells it causes
current mismatch in substrings of the soiled module. Hence, the
need to understand the behaviour of thermal signatures and
operational points of monocrystalline silicon (c-Si) PV modules
and strings, under different operational conditions. TIR images
of nine c-Si PV modules in an array showed several abnormal
hot cells in a substring, at high irradiance (1000 W.m-2) and
output power (1100 W), which decrease in number when the
irradiance and output power drops due to minimal current
mismatch. The faulty bypass diode paralleled to the substring
caused the whole substring to appear dark on the
electroluminescence (EL) image. Partial soiling on one cell in
the substring that contains the hot cells forced the MPP of the
substring to be at a different operational voltage than expected
and resulted in the bad cells not showing their abnormal thermal
signatures. This scenario can mislead decisions during
maintenance of PV modules. Therefore, a greater understanding
of the operational conditions under which a TIR image is
recorded is required.

PV arrays are usually built with several module strings (series
connected modules) connected in parallel to increase current
generation and produce the required power at a desired voltage.
Crystalline PV modules are commonly made up of three strings
of series connected cells (substrings) with a bypass diode in
parallel to each substring in the junction box [2]. The solar cells
connected in series are ideally meant to operate at same
operational voltage while generating equal currents. However,
cells in a module can generate power at different operational
points when they are of different qualities and when exposed to
real dynamic conditions in the field. PV modules installed in the
field operate under dynamic climatic conditions; sunny, cloudy,
windy, change in ambient temperature and different forms of
shading which can cause abnormal operation of solar cells.
Abnormal operation of the cells creates current mismatch in
substrings which can result in power loss and quick degradation
of the module [3][4]. The operational variables such as irradiance
intensity, cell temperature and degradation can drift the
operational maximum power point (MPP) of individual cells,
and in-turn impact on power generated by the module. The cells
can perform at a combined maximum power point of the module
which can be different from the sum of individual maximums.
This can also interrupt the follow-up by MPP trackers in PV
inverters as they regularly check the MPP so as to deliver
optimum power to load [5][6]. Modules in the field are prone to
dust and bird droppings just like any outdoor surface, and it is
practically impossible to avoid contaminants on installed PV
modules. The contaminants can limit the illumination on solar
cells and cause the shaded cells to underperform [7][8]. A cell

Keywords: Operational conditions; current mismatch; thermal
signature
1. Introduction
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that underperforms influences the current generated by the
affected substring in the module, and the effect cascades to
power loss of the string and array.

2. Experimental procedure
TIR imaging was conducted on an array of monocrystalline
silicon PV modules under varying operational conditions. The
1.6 kW array under test is installed at the Outdoor Research
Facility (ORF) of Nelson Mandela University, Eastern Cape,
South Africa (34.0085ºS, 25.6652ºE). The array consists of three
strings connected in parallel, with each string containing three
series connected modules. The layout of the array containing
nine monocrystalline Si PV modules under study is shown in
Fig. 1. Each module contained seventy-two cells in three
substrings (SS), with each substring having a bypass diode in
parallel to it in the junction box.

Centralised monitoring of operating module strings is achieved
by using a Supervisory Control and Data Acquisition (SCADA)
system. The SCADA system reveals, in real time, any power loss
when strings underperform. [9]. Identifying individual modules
causing the string to generate low power usually involves taking
I-V measurements, EL imaging or TIR imaging [1]. I-V
measurements and EL testing methods are costly as they disrupt
production of electrical energy when being conducted. These
techniques are carried out when the PV source under test is offload. This requires more time in disconnecting modules off the
string and inverter, unlike TIR imaging which is conducted in
situ. TIR imaging is a non-contact method that is widely applied
in the PV industry. It is non-destructive and fast in locating
underperforming cells as hot cells [10]. A PV cell operating in a
module appears abnormally hot on TIR images when it is
defective, shaded or of poor quality. The cell can operate under
reverse bias conditions resulting in it converting the substring’s
generated electrical energy to heat energy [11]. This creates
current mismatch in substrings which can be significant enough
to overheat the cell and activate the bypass diode paralleled to
the substring. Bypass diodes are incorporated in crystalline PV
modules to minimise the abnormal heating effect on bad cells by
providing a current path around the affected substring [2].
Abnormal thermal signatures on solar cells can lead to damage
of the encapsulant, module glass cracks, burnt marks and risk of
fire and affect the longevity of the PV module. In addition, if the
bypass diode continuously conducts the current produced by the
string and no corrective action is taken then it will eventually get
damaged.

Fig. 1: Visual image of the monocrystalline silicon PV
array under test at the ORF.
TIR images were captured when the array was producing power
of 1100 W, 900 W, and 600 W and when one module was
partially soiled. The output power was achieved by varying the
load connected to the array and thus causing the array to operate
at current and voltage operational points that is different to the
maximum power point. The irradiance received by the array was
monitored and was always above 600 W.m-2. The I-V
characteristics of the array, string and individual modules were
measured and corrected to standard testing conditions (STC),
1000 W.m-2 and 25 °C [13]. TIR imaging was also conducted
when one cell in substring, ST3-M2-SS3, was partially soiled
(≤10%). Partial soiling was applied on the cell to simulate any
contaminants such as bird droppings and soil that shades solar
cells in the field. This was carried out to understand the dynamics
of the thermal signatures on monocrystalline cells operating
under non-uniform shading. I-V characteristics of the strings and
individual modules were taken with and without partial soiling.
String EL images were recorded during the night using a
Greateyes LumiSolar Outdoor EL system. Each string was
forward biased by a power source that supplied voltage and
current of 130 V and 7.3 A, respectively, to the modules. The
TIR images were locked on same temperature scale using the
FLIR Research Studio (FRS) and were analysed and correlated
to EL images and I-V parameters to understand the dynamics of
the thermal signatures.

Solar cells operating at an elevated temperature can easily be
identified if the thermal images are taken at a solar irradiance of
more than 600 W/m2, with the TIR camera properly positioned
almost perpendicular to the module surface to avoid reflections.
TIR imaging is conducted under steady ambient conditions, clear
sky, stable temperature, and low air flow [1][12]. However, PV
modules operate under dynamic climatic conditions which can
influence non-uniform temperature distribution in PV modules.
Hence, the need to study the behaviour of thermal signatures and
MPP point, of crystalline silicon PV modules under changing
operational conditions. It is crucial to understand the dynamics
of thermal signatures and interpret them correctly so that
abnormal features that are detected in the modules can be
diagnosed at an early stage and their evolution to possible defects
can be clearly understood for proper maintenance and long-term
reliability of PV pants.
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(800 W.m-2, 650 W.m-2) and output power (900 W, 600 W), the
number of the abnormally hot cells in the underperforming
substring ST3-M2-SS3 were reduced. Fig. 2(a), (b) and (c) are
locked on same temperature scale and it can be seen that the
operational temperature of bad cells in substring ST3-M2-SS3
drops with decrease in irradiance and output power. At lower
irradiance, the cells generated lower current, than at high
irradiance of 1000 W.m-2, resulting in minimal current mismatch
and reduction in number of abnormal hot cells. The minimal
current mismatch resulted in the bad cells dissipating less
electrical energy and operating at lower temperature.

3. Results and discussion
TIR images of the 1.6 kW array were captured when the array
was operating under changing irradiance and output power.
Fig. 2 shows the TIR images that were recorded when irradiance
dropped in the order (a) 1000 W.m-2, (b) 800 W.m-2 and (c)
650 W.m-2, when the array was generating power of 1100 W,
900 W and 600 W, respectively. Fig. 2 (a) shows non-uniform
temperature distribution in the plane of array that was caused by
several abnormally hot cells in string 3, module 2, substring 3
(ST3-M2-SS3). The problematic cells were underperforming
and created current mismatch with good operating cells, forcing
the bad cells to operate at elevated temperature compared to the
good cells.

Fig. 3 shows the TIR image taken when the plane of array was
receiving high irradiance of 1 sun (1000 W.m-2) and with one
good cell in substring, ST3-M2-SS3, partially soiled (≤10%).

a

Partially
soiled cell

Irradiance = 1000 W.m-2, Output power = 1100 W
Fig. 3: Thermal image of the array captured under 1 sun
and output power of 1100 W, with a partially soiled cell.

b

The soiled cell heated up and operated at abnormal temperature
while the rest of the cells in the substring operate at uniform
temperature. The whole cell seems to be abnormally hot mainly
due to current mismatch, when the cell was partially shaded and
operating in reverse bias, and unlikely caused by different
thermal emissivity of the module glass and soil. Difference in
thermal emissivity of the module glass and soil can cause only
the contaminated part of the cell to be at an elevated temperature
than the unsoiled part as the soil will radiate more thermal energy
than glass [14]. Partial soiling caused non-uniform illumination
on the soiled cell which forced the soiled cell to operate in
reverse bias and dissipating the substring’s electrical energy as
heat, thus minimising the current generated by the substring.
This resulted in the bad cells not showing their abnormal thermal
signature as seen on the TIR image in Fig. 3. Minimal current
mismatch causes the operational temperature of bad cells to be
low such that they appear as good cells on TIR images. Partial
soiling influence current mismatch in operational crystalline
modules and affect results on TIR images, which can mislead to
only cleaning the PV modules yet other anomalies are hidden.

Irradiance = 800 W.m-2, Output power = 900 W
c

Irradiance = 650 W.m-2, Output power = 600 W
Fig. 2: TIR images of the array captured under
different irradiance and output power.

Fig. 4 shows the I-V measurements of the strings and selected
modules of the array.

When the operational conditions changed from high irradiance
(1000 W.m-2) and output power (1100 W) to lower irradiance
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6

as evident by the EL image of the array shown in Fig. 5. PV cells
luminesce when a forward bias is applied. The intensity of
photoemission from the cells should generally be bright and
uniform on all cells. However, a problematic cell can appear dark
on EL image [10], as highlighted on some cells in Fig. 5.
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Fig. 4: I-V characteristics of the strings and modules in
the array.

Fig. 5: EL image of the monocrystalline array showing a
bypassed substring and other EL features.

The I-V parameters of good performing strings, ST1 and ST2,
match and differ from I-V parameters of ST3 which was
underperforming because of the bad cells in substring ST3-M2SS3. The I-V characteristics of the module ST3-M2 show that
the module is underperforming when compared to modules ST2M1 and ST3-M3 due to different VOCs and MPPs. The substring
caused a drop in VOC of approximately 12 V (~VOC of one
substring) between good and bad strings, and modules. Table 1
shows the I-V parameters of the strings and modules.

The substring ST3-M2-SS3 appears dark since it was bypassed
when the string was biased for EL imaging. If the bypass diode
was not shorted, then the supplied current would have passed
forward biased the individual cells in the substring ST3-M2-SS3
and reveal the problematic cells as dark cells which will probably
correspond to the hot cells in Fig. 2(a). The EL image in Fig. 5
reveals other problematic cells showing EL features, however
the anomalies on these cells could not cause significant current
mismatch for them to appear as hot spots on TIR images.

Table 1: Performance parameters of the strings and
modules in the monocrystalline array.
String /
Module

Isc (A)

Voc (V)

Imp (A)

Vmp (V)

Pmax (W)

±1.2%

±0.8%

±1.4%

±0.9%

±4.2%

ST2-M1

5.3

38.7

4.7

29.9

139.3

ST3-M2

5.3

27.1

5.2

22.0

114.4

ST2

5.3

117.6

4.9

86.6

424.3

ST3

5.3

105.9

4.7

82.1

385.9

4. Conclusion
Dynamic operational conditions influence current generated by
crystalline PV cells and in turn affect current mismatch and
abnormal thermal signatures in substrings. The abnormally hot
cells that were identified on TIR images showed a decrease in
their number and operational temperature, due to reduction in
current mismatch, when the irradiance received by the array fell
from 1000 W.m-2 through 800 W.m-2 to 650 W.m-2 and when the
power generated by the array dropped from 1100 W through
900 W to 600 W. The hot cells identified in substring ST3-M2SS3 operated and appeared as good cells when the substring was
partially soiled. Dynamic operational conditions can mislead
decisions during maintenance of PV modules since problematic
cells can only reveal their abnormal thermal signature under
certain conditions when cells are significantly mismatched. I-V
measurements and EL imaging add valuable information on the
performance and state of the PV cells, and are necessary for
informed decision making.

The abnormalities in substring ST3-M2-SS3 shifted the MPP of
string ST3 and module ST3-M2 and resulted in power loss of
18% on module level which translate to 9% on string level. The
shift in MPP can impact on the efficiency of MPP trackers as
they continuously track the maximum operational point of the
array for optimum delivery of power to the load. A bypass diode
across an underperforming substring will be activated and cause
a bump in I-V curve if the substrings are significantly
mismatched [15]. However, no bump is seen on the I-V curve of
the underperforming string ST3 and module ST3-M2 since the
bypass diode across the substring is faulty. The faulty bypass
diode could not conduct the current of the string ST3 to
circumvent the hot spotting effect. The bypass diode is shorted
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Abtsract: A crucial design-aspect for wind generators, for
small-scale wind energy systems, is the starting no-load cogging
torque of the generator. The wind turbine needs to overcome the
generator’s no-load cogging torque at standstill to start rotating
and speeding up. Classical methods to minimise cogging torque
are computationally expensive. In this paper, a coordinate descent
method is used to minimise the permanent magnet wind generator’s
cogging torque by varying the relevant geometric variables of the
rotor and the stator. This torque minimisation method is found to
be accurate and computationally fast to converge to a minimum.
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When designing permanent magnet (PM) wind generators for
small-scale wind energy systems, it is imperative that the generator has good torque quality. Good torque quality implies that the
generator has:

Fig. 1: Wind turbine power versus speed curves.

cogging torque is very sensitive to manufacturing tolerances and
1. Low cogging torque, i.e. the generator’s peak to peak torque can also significantly affect the machines performance. Alternaat no-load (no current) conditions is low.
tively, in [1], it is shown that the cogging torque can be reduced by
varying certain dimensional parameters of the machine. This tech2. Low load torque ripple, i.e. the variation in peak to peak torque
nique to minimise cogging torque, was also shown to be very effecat the rated-load operating speed is low.
tive in [2]. However, the approach to implimenting this method, as
The reason why cogging torque is so important for small-scale wind used in [1] and [2], is computationally expensive and requires a lot
energy systems, is that the wind turbine needs to overcome the gen- of self evaluation of the objective and constraints.
Therefore, in this paper, a less computationally expensive cogerator’s cogging torque at low wind speeds in order to start rotatging
torque minimisation method is presented that uses single paing and speeding up. Small-scale wind turbines typically produce
rameter
variation of the relevant dimensions in a coordinate devery low starting torque at low wind speeds. Failure to overcome
scent
method,
that streamlines the design for a low generator cogthe generator’s cogging torque can result in a complete failure to
ging
torque.
To
illustrate its effectiveness, the coordinate descent
start-up, with the wind turbine effectively stalling. The reader may
method
is
used
to
minimise the cogging torque of two machines
refer to Fig. 1, which shows the turbine power versus turbine speed
that
were
designed
in [3] and that were subsequently rejected due
curves for a small-scale wind turbine; specifically to take note of
to
their
poor
cogging
torque. The work presented in this paper, then
the turbine power at low turbine- and low wind speeds (Area A).
ultimately
functions
as
a useful tool in the broader design approach
Fig. 1 illustrates the importance of a low generator cogging torque.
for
PM
wind
generators
used in small-scale wind energy systems.
For this application the load torque ripple at higher turbine speeds
is not such a great concern. Therefore, in this paper, the focus is on
reducing or minimising a PM wind generator’s cogging torque.
There are various techniques to reduce cogging torque; such as 2 Wind Generator Case Studies
skewing, pole shifting, adding auxiliary slots to the stator teeth etc.
However, the issues with the aforementioned techniques, are that The two wind generators considered in this paper were designed for
they can complicate the manufacturing process if the machine’s an uncontrolled passive small-scale wind generator system in [3].
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Table 1: PMVG parameters from [3].
PMVG
Stator pole pairs, ps
Stator slots, Qs
PM rotor pole pairs, pr
Active mass, Mactive (kg)
PM mass, MPM (kg)
Pg (kW)
η (%)
J (A/mm2 )
Cogging torque, ∆τ (%)
LCM (Q,2pr )
Goodness factor, CT

Gr = 5

Gr = 11

4
24
20
17.09
1.26
4.10
91.1
4.94
17.9
120
8

2
24
22
19.88
1.73
4.12
95.9
1.90
5.1
264
4

(a) Gr = 5

Both wind generators are PM vernier generators (PMVGs). Some
of the relevant PMVG design detail, from [3], is given in Table 1.
(b) Gr = 11
The partial cross sections of the respective PMVGs are shown in
Fig. 2: Partial cross sections of the respective PMVGs [3]. (Not to
Fig. 2.
scale)

2.1 PM Vernier Generator Working Principle

Gr = 5

Gr = 11

15

Torque (Nm)

This subsection gives a brief explanation on PMVGs. PMVGs
10
are a very attractive generator technology for small-scale wind tur5
bines because these machines have the potential for a better torque
producing capability than conventional PM synchronous machines
0
(PMSM) [4].
−5
The PMVG’s working principle is different from conventional
−10
PMSMs, because PMVGs have two working harmonics instead of
one. PMVGs work on the principle of harmonic coupling. A thor−15
0
90
180
270
360
ough explanation thereof is given in [5]. Essentially, the fundaRotational position (Electrical degrees)
mental stator harmonic couples with a flux-modulated harmonic of
the PM rotor and the fundamental PM rotor harmonic couples with
a higher order stator harmonic. This harmonic coupling produces
useful torque. For harmonic coupling to take place, the machine Fig. 3: FE predicted cogging torque, ∆Tcog , for the machines in
Table 1
selection for PMVGs are constrained to the relationship given by
ps = pfm − pr ,

(1)

2.2 Discussion

The PMVGs in Table 1 were selected in [3] for gearing ratios of
Gr = 5 and Gr = 11 respectively, with the number of rotor pole
pairs constrained by the maximum allowed operating frequency.
Both PMVGs in Table 1 were optimised for the design objectives
and system constraints, as explained in [3]. However, both machines have an undesirably large cogging torque, ∆τ , which makes
them unsuited for small-scale wind turbines. Therefore, these machines provide excellent case studies for this paper. The cogging torques, for a mechanical rotation of 360 electrical degrees,
pr
is shown in Fig. 3 for both machines.
(2)
Gr = ,
Cogging torque is the no-load torque that results from the interacps
tion between the rotor PMs’ harmonics and the air gap permeance
is referred to as the magnetic gearing ratio or sometimes the har- harmonics due to the slotting of the machine’s stator. Therefore,
monic coupling factor. The magnetic gearing ratio, Gr , is an im- machine selection also plays an important role and can be used
portant index for PMVG selection: Typically, a higher Gr results in to predict whether a machine will inherently have a low cogging
a PMVG with a better torque producing capability.
torque and be insensitive to manufacturing imperfections. One such
where ps is the number of stator pole pairs, pfm is the number of
flux-modulating poles and pr the number of PM rotor pole pairs.
For the topology PMVG that is considered in this paper, the stator
teeth, Q, function as the flux-modulating poles and thus pfm = Q.
It should also be noted that the electrical frequency is determined
by the number of rotor pole pairs, pr .
The relationship
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indicator, is the least common multiple (LCM) between the number of slots, Q, and the number of poles, 2p. Generally, the larger
the machine’s LCM(Q,2p) is, the better its cogging torque qualities.
In [6], a cogging torque goodness factor, given by
0.6
0.5

(3)

0.4
∆τ (pu)

2pQ
CT =
,
LCM(Q, 2p)

is introduced as an indicator for cogging torque quality and perhaps
gives a more quantifiable index to compare different machines. The
LCMs and cogging torque goodness factors for the two PMVGs
are given in Table 1. Although neither the LCM or the cogging
torque goodness factor, CT , directly relates to the amplitude of the
cogging torque, these indexes correlate with the cogging torque,
∆τ , in Table 1 and as shown Fig 3. The PMVG with Gr = 5 has a
cogging torque of ∆τ = 17.9% and the PMVG with Gr = 11 has
a cogging torque of ∆τ = 5.1%. Nonetheless, both PMVGs still
have desirable performance and whether the cogging torque can be
sufficiently reduced needs to be investigated.

0.3
0.2
0.1
0.9

0
0.98 0.9

0.8
0.8

0.7

0.7
0.6

σt (pu)

0.6

σm (pu)

(a) Gr = 5

3 Cogging Torque Minimisation
0.2

The cogging torque can be calculated as
0.15

∆Tcog
,
∆τ =
Tg

∆τ (pu)

(4)

where ∆Tcog is the peak to peak torque at no-load and Tg is the
generated torque at the specified operating point.

0.1
5 · 10−2
0

0.9
0.9

3.1 Multiple and Single Parameter Variation

hyr

(5)

0.7

σt (pu)

As shown in [1] and [2], the relevant dimensions that affect the
machine’s cogging torque are
[
]T
X = σm σt hyr hys ,

0.8

0.8

0.60.7

σm (pu)

(b) Gr = 11

Fig. 5: Cogging torque profiles for the respective PMVGs, where
the slot pitch and magnet pitch are parameters.
which are defined in Fig. 4. Here, σm is the magnet pitch to pole
pitch ratio given by

θm
θp

σm =

θm
,
θp

(6)

θm =

2π
;
2pr

(7)

(a) Rotor

where
θt
θs

σt is the slot tooth opening pitch to the slot pitch ratio given by
σt =

hys

(b) Stator

Fig. 4: Cogging torque dimensions.

θt
;
θs

(8)

hyr and hys are the respective rotor- and stator yoke heights.
Multiple and single parameter variation of the dimensions in (5)
can be done to minimise the cogging torque as in [1] and [2]. Such
an analysis, for both PMVGs in Table 1, has been done. With the
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3.2 Coordinate Descent Method

Start

∆τ (pu)

cogging torque results, calculated by static finite element analysis
(FEA), shown in Fig. 5(a) and (b) versus σm and σt .
To minimise the cogging torque, new corresponding values for
σm and σt can be selected from the results in Fig. 5. However, for
this method to be effective, relatively small dimensional increments
for both σm and σt are required over a large search space. This
method then quickly becomes computationally expensive, with the
number of required solutions being m × n = 399 in Fig. 5. Thereafter, to further minimise the cogging torque, hyr and hys also need
to be varied. Another issue with this approach is that after changing
the relevant dimensions, there is no guarantee that the performance
constraints of the machine are still met and still needs to be verified
independently.

∆τ0

∆τn
0

∆τn−1
−nδ

−δ

+δ

σm (pu)

Fig. 6: Discrete single parameter variation to minimise cogging
torque.

Although the method of multiple and single parameter variation that
is described in the previous subsection works, it is too computationally expensive. The cogging torque minimisation method needs to ∆τ (σm ) = c1 + c2 (σm − σm (n−1) ) + c3 (σm − σm (n−1) )(σm − σm n ),
be streamlined for it to be more practical in the design process.
(11)
The coordinate descent method is essentially the first step in
Powell’s non-gradient method [7], and has been shown in [8] to be
with the coefficients c1 , c2 and c3 being equal to
very fast for minimising or maximising performance parameters of
electrical machines. Hence, to minimise generator cogging torque,
the coordinate descent method is implemented as follows:
∆τn−2 − ∆τn−1
The objective function, to minimise the PMVGs cogging torque,
c1 = ∆τn−2 , c2 =
and
σ
m (n−2) − σm (n−1)
is given by
c2
∆τn−1 − ∆τn
[
]
c3 =
−
.
min F(X) = min ∆τ (X) ,
(9)
σm (n−2) − σm n
(σm (n−1) − σm n )(σm (n−2) − σm n )
X
X
(12)
where X is the dimensional array in (5). Instead of m × n solutions
as in Fig. 5, only single parameter variation of one dimension of (5)
5. Using (11) and (12), the minimum cogging torque can be calis done at an instance. An example of this method is shown for the
culated using
magnet pitch to pole pitch ratio, σm , in Fig. 6.
(
)
1
c2
∆τ
=
σ
+
σ
−
,
(13)
min
m (n−1)
mn
1. First, the starting point is set to the cogging torque calculated
2
c3
with the initial machine dimensions, i.e. ∆τ0 .
and subsequently the new value for σm is determined.

2. The relevant dimension in (5), σm in this example, is then increased by a discreet value, δ. A new cogging torque is then
calculated and the result is then used to determine the direction
that minimises the cogging torque. Thus determining whether
the new σm should be at σm − δ or σm + δ.
3. Thereafter, the cogging torque is calculated for each new
σm n = σm ± nδ until ∆τn > ∆τn−1 , i.e. an absolute or
local minimum has been surpassed. All this of course, within
the machine’s dimensional boundaries.

6. Steps 1 to 5 are then repeated for σt , hyr and hys to complete
the first iteration.
7. This process is then repeated for each iteration until the cogging torque, ∆τ , converges to a minimum value.

4

Results

4. Knowing that a minimum cogging torque lies between ∆τn ,
∆τn−1 and ∆τn−2 , and that these values and their correspond- 4.1 Cogging Torque Minimisation
ing dimensions bracket the minimum solution, a second degree The minimised cogging torque results using the coordinate descent
polynomial of the form
method in Section 3.2 are summarised in Table 2. It is shown that
for both cases the cogging torque can be minimised using the cof2 (y) = c1 + c2 (y − y1 ) + c3 (y − y1 )(y − y2 )
(10) ordinate descent method. Moreover, for the PMVG with Gr = 5
the cogging torque is significantly reduced from ∆τ = 17.1% to
can be obtained. The polynomial in (10) can be rewritten in ∆τ = 2.1%. The cogging torque of both PMVGs, before and after
terms of ∆τ and σm as
the cogging torque minimisation, is shown in Fig. 7.
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Table 2: Coordinate descent method results.

Cogging torque, ∆τ (%)
Iterations
Solutions
Time (s)
σm (pu)
σt (pu)
hyr (mm)
hys (mm)
Active mass, Mactive (kg)
PM mass, MPM (kg)
Pg (kW)
η (%)
J (A/mm2 )

Gr = 5
Before
After
17.9

0.89
0.97
7.08
6.00
17.09
1.26
4.10
91.1
4.94

2.1
3
61
1173.7
0.83
0.98
12.54
6.56
20.05
1.18
3.97
91.1
4.85

Gr = 11
Before
After
5.1

0.81
0.90
12.9
11.1
19.88
1.73
4.12
95.9
1.90

Before

After

15

1.1
3
59
5810.4
0.79
0.91
17.7
10.6
22.03
1.64
3.52
95.4
1.95

10
Torque (Nm)

PMVG

5
0
−5
−10
−15

0

90

180

270

360

Rotational position (Electrical degrees)
(a) Gr = 5

∆τ (%)

Torque (Nm)

Before
After
In terms of computational time, the coordinate descent method
15
is very fast to converge to a minimum, with both the Gr = 5 and
10
Gr = 11 PMVGs taking only three iterations to converge to a minimum. The number of solutions and the total computational time
5
is also given in Table 2. This is a significant improvement on the
0
number of FEA solutions and computational time required for the
−5
alternative method in Section 3.1.
The cogging torques versus the number of iterations are shown
−10
in Fig. 8 for both machines. Here it is seen that the percentage
−15
cogging torque of the Gr = 5 PMVG drops tremendously, from
0
90
180
270
360
17.1% to below 5% within only one (the first) iteration. This shows
Rotational position (Electrical degrees)
a powerful characteristic of the coordinate descent method in the
first iteration of the minimisation; an aspect also found in [8]. After
(b) Gr = 11
the first iteration, there is a slow reduction with each iteration to the
Fig. 7: FE predicted cogging torque, ∆Tcog .
minimum, as also shown by [8]. It is interesting in this case that
during the slow reduction iterations, only the rotor yoke height, hyr ,
was adjusted to minimise the cogging torque and is shown in Fig. 9.
In the case of the Gr = 11 PMVG the reduction in cogging torque
with the iterations was slow from the start, the reason being that this
machine already has a relatively low cogging torque.
The quite huge reduction in cogging torque, however, substanGr = 5
Gr = 11
tially increases the generators active mass, Mactive , as can be seen in
20
Table 2, and the trade-off for a very low cogging torque becomes
unwanted. Further shown in Table 2, is that the generated power
15
at the rated operating point, Pg , is the only other constraint that is
significantly affected by the changed dimensions. However, the
10
overall performance is still acceptable considering the large reduction in cogging torque.
5
For the PMVG with Gr = 11 the generator cogging torque
is reduced, as is shown in Table 2 and Fig. 7. However, the
0
0
1
2
3
4
PMVG’s performance is undesired, with Pg falling from 4.12 kW
to 3.52 kW. This is the case already after the first iteration and furIteration
ther minimisation of the cogging torque only results in even worse
generator performance. In this case, for the PMVG with Gr = 11,
reducing the cogging torque is not an option as it will compromise Fig. 8: Generator cogging torque minimisation using coordinate
descent method.
the performance constraints.
All of the static FEA solutions were performed on a 3.20 GHz
Intel(R) Core i7 CPU with 32 GB RAM.
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Abstract—Doubly fed induction generators (DFIGs) are the
most widely used generators in wind turbines. However, DFIGs
suffer reliability issues due to the incessant failures of their
slip ring and brush assemblies. Consequently, brushless doubly
fed machines (BDFMs) are viewed as alternatives to DFIGs
on the basis of reliability, as they do not use slip ring and
brush assemblies. However, BDFMs have lower power densities
compared to DFIGs.
The choice of BDFM rotors can either exacerbate or reduce
the discrepancy between BDFM and DFIG power densities.
There have been different rotors proposed for use in BDFMs,
and in this paper, a selection process between three popular
BDFM rotors across different power levels is demonstrated.
Coupled circuit models are used in the selection process, with
torque and torque ripple used for evaluating rotor performance.
Keywords: Brushless doubly fed machines; rotors; pole pairs;
coupled circuit models; torque; ripple.

I. I NTRODUCTION
Doubly fed induction generators (DFIGs) are currently
the preferred generators in medium and large wind turbines
[1]. This is due to their wide operating speed range, cost
effective power factor control, and use of fractionally rated
converters [2]. DFIGs are plagued with reliability issues
stemming from frequent failures of their slip ring and brush
assemblies [3]. This maintenance issue with DFIGs is particularly compounded in remote areas like offshore wind sites,
as it raises the operational expenditure of wind turbines. As
a result, technologies like brushless doubly fed (induction)
machines (BDFMs) are being researched.
BDFMs require similar control systems as DFIGs, but do
not have slip rings and brushes [4]. BDFMs also have better
low voltage ride through capabilities compared to DFIGs [5].
However, contemporary BDFMs have more complex structures [4], and lower power density compared to DFIGs [6].
Consequently, a lot of research work is being carried out on
the design of BDFMs, in a bid to achieve commercialization
of the technology.
BDFMs are medium speed machines that have two stator
windings; the primary winding (PW) with p1 pole pairs, and
the control winding (CW) with p2 pole pairs. The pole pairs
are selected such that p1 6= p2 to prevent direct inductive
coupling, rather, a specially designed rotor enables crosscoupling between the two stator windings.

Different practical BDFM rotors have been presented such
as the double layer wound rotor [7], the series wound (SW)
rotor [8], the nested loop (NL) rotor (illustrated in Figure
1(a)), and the p1 + p2 barcage with nested loops (cage+NL)
rotor (illustrated in Figure 1(b)). There is also a type of
nested loops rotors which do not have a common end ring
on one side. For this rotor as seen in [9] [10], nests contain
concentric loops which are electrically isolated as illustrated
in Fig. 1(c). However, the NL and cage+NL rotors, whose
origins are traced to [9], are deemed the most suitable [4]
[7] [8]. The NL and cage+NL rotors have robust builds with
lower flux leakages and losses compared to the SW rotors.
Although, the cage+NL rotor has similar advantages with the
NL rotor, the NL rotor is the more commonly used rotor [4].
Pole pair combinations were tested using 2D FE BDFM
models in [11], to highlight good combinations. Although the
p1 /p2 = 2/4 pole pair combination selected for the 250 kW
BDFM prototype in [12], the results in [11] indicate that the
p1 /p2 = 4/6 combination is more suitable in terms of power,
efficiency and torque ripple. Also, results in [13] and [14]
highlight the suitability of p1 /p2 = 2/3 and p1 /p2 = 4/6
in terms of average torque, efficiency and lower harmonics,
compared to the p1 /p2 = 2/4 combination. Although there
are concerns about unbalanced magnetic pull (UMP) for the
p1 /p2 = 2/3 combination, the effects are less pronounced in
smaller machines [14].
In this paper, the selection process between the NL,
cage+NL and isolated (IL) loops rotors is examined and
demonstrated. Coupled circuit (CC) models are used to
evaluate the performances of these rotors as discussed in
[15], for BDFM designs of different power ratings (5kW, 75
kW & 250 kW). Different loops per nest are evaluated for
each rotor at each power rating. Electromagnetic torque and
torque ripple are the output parameters evaluated for each
rotor; torque serves as a measure of power output, while the
ripple is used to appraise the level of harmonic distortion in
the designs. Different pole pair combinations at the selected
power ratings are also considered.
II. D ESIGN SPECIFICATIONS AND SIMULATIONS
The power ratings/total power at maximum slip (Pt ), the
maximum number of loops per nest (qrmax ) at each power
rating, and the pole pair combinations considered are given
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TABLE II: Initial and adjusted DOEs variable ranges

TABLE I: Initial details of simulated designs
Pt )
Power rating (P

qrmax

p1 /p2

5.5 kW
75 kW
250 kW

4
5
6

2/3, 2/4
2/3, 2/4, 4/6
2/4, 4/6

Pt
5.5 kW
75 kW
250 kW

Stator slots (Ns )
2/3 2/4 4/6
36
36
-

48
48
96

72
72

B1 (T )

J1 (kA/m)

λ

0.25
0.28
0.32

10
17
20

1
1
1.2

in Table I. Loops formed by the bar cage in the cage+NL
rotor are regarded similarly to the nested loops. All designs
are simulated at 50 Hz and a slip of -0.35. A line voltage of
400 V is used for the designs with power ratings of 5.5 kW
& 75 kW, while 525 V is used for the 250 kW designs.
The number of stator slots (Ns ), PW flux density (B1 ),
and electric loading (J1 ) for each considered design are given
in Table II. A stack aspect ratio (λ) of 1 is used for the 5
kW and 75 kW designs, while 1.2 is used for the 250 kW
designs. It should be noted that λ is defined here as
l
,
(1)
D
where, l is the machine stack length and D is the mean
airgap diameter. The design methodology used is detailed in
[16]. The B1 and J1 values used do not necessarily represent
optimized values at the selected power ratings. However,
the corresponding values were tested with FEA models at
the stipulated power ratings for satisfactory performance as
recommended in [17].
As mentioned earlier, CC models as detailed in [15], are
used to evaluate the performances of the different rotor types
for BDFM designs with the listed specifications. The PWs
are excited by simulated 3φ voltage (grid) sources, while
CWs are excited by 3φ currents sources to simulate power
converters. The CW currents are aligned at ”load angles”
relative to the grid voltage. This is done to adjust the outputs
of the designs being evaluated, in order to obtain results at
desired power factors. Lastly, the CC models are developed
in MATLAB® .
λ=

(a)

(b)

III. S IMULATION RESULTS AND DISCUSSION

(c)

Fig. 1: BDFM rotors with 5 nests (a) NL rotor, (b) cage+NL rotor,
(c) IL rotor.

The torques generated by the 5.5 kW, 75 kW & 250
kW designs are illustrated in Figs. 2, 4 & 6 respectively,
while the torque ripples of the designs are illustrated in Figs.
3, 5 & 7 respectively. The torque and torque ripples are
obtained at unity power factor in the synchronous generating
mode. The reason for testing at this condition is to provide
a comprehensive basis for comparison as explained in [17].
For the 5.5 kW designs, the torques produced by the 3
rotors are close for p1 /p2 = 2/3. The NL and IL rotors with 4
loops have the lowest ripples as illustrated in Fig. 3(a), but the
cage+NL rotor with 3 loops has similar ripple and torque. The
reduced complexity in fabrication with the cage+NL rotor
makes it a preferred rotor topology at this power rating as
seen in [16]. For p1 /p2 = 2/4, the cage+NL rotor with 3 loops
is also the preferred topology. Although the NL and IL rotors
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by this rotor topology is visibly higher than its NL and IL
rotor counterparts with very similar ripple as illustrated in
Fig. 5(b). In the case of p1 /p2 = 4/6, the IL rotor with qr =
4 is the preferred rotor topology. Although the IL rotor with
qr = 4 has similar torque with the cage+NL rotor with qr
= 4 as shown in Fig. 4(c), it has significantly less ripple as
exhibited in Fig. 5(c), just like in the case of the p1 /p2 =
2/3 combination.
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Fig. 3: Torque ripple of 5.5 kW models (a) p1 /p2 = 2/3, (b) p1 /p2
= 2/4.

with 3 loops have slightly lower ripples at 2/4 (Fig. 2(b)),
the 3 loop cage+NL rotor has higher torque as illustrated in
Fig. 2(b).
For the 75 kW designs with p1 /p2 = 2/3, a case for the IL
rotor with qr = 4 is apparent. The torque produced with this
rotor topology is about the same as the cage+NL counterpart
as seen in Fig. 4(a), while the ripple generated is significantly
less as illustrated in Fig. 5(a). For p1 /p2 = 2/4, the cage+NL
rotor with qr = 3 presents a strong case. The torque produced

Looking at the 250 kW designs, for p1 /p2 = 2/4, the
decision for preferred topology is not clear cut. The cage+NL
rotor is the preferred rotor, with qr = 3 & 4 in the mix. The
cage+NL rotor with qr = 3 has higher torque as shown in
Fig. 6(a), while the cage+NL rotor with qr = 4 has lower
ripple as indicated in Fig. 7(a). On the other hand, the rotor
topology choice for the p1 /p2 = 4/6 combination is a bit
more straightforward. The torque produced by the IL rotor
with qr = 5 is the highest torque achieved as illustrated in
Fig. 6(b), and the ripple produced by that topology is also
the lowest for the pole pair combination as illustrated in Fig.
7(b). Thus, the IL rotor with qr = 5 is the preferred rotor
topology for a 250 kW BDFM with p1 /p2 = 4/6.

190

1000

Ripple (%)

Ripple (%)

500
400
300
200
100

1

NL rotor

Cage+NL rotor

2

3

200

1

2

3

Ripple (%)

Ripple (%)

600

3

IL rotor

4

1

400

NL rotor

2

Cage+NL rotor

3

4

IL rotor

5

6

Number of loops per nest, qr

5

(b)

(b)

Ripple (%)

100
NL rotor

Cage+NL rotor

Number of loops per nest, qr

Cage+NL rotor

Fig. 7: Torque ripple of 250 kW models (a) p1 /p2 = 2/4, (b) p1 /p2
= 4/6.

IL rotor

300
200

IV. C ONCLUSION

100

The selection of suitable rotor topologies of BDFMs has
been illustrated. In the selection process, a fast computing
CC model is used to determine the performance of three
rotor types with different loops per nest for three selected
power ratings (5.5 kW, 75 kW & 250 kW). The rotor
topologies selection is also investigated across different pole
pair combinations at these power ratings.
In terms of torque ripple, the IL rotor is similar to the
NL rotor. This is due to similar loop spans of both rotors
as detailed in [15]. However, with increasing loops per nest
(qr ), the IL rotor has higher torque than the NL rotor for all
the power ratings investigated, and at the different pole pair
combinations.
In some cases, an IL topology is well placed in terms
of torque and ripple, that it is a preferred rotor topology,
like in the case of the 250 kW BDFM with a p1 /p2 = 4/6
combination. In other cases investigated in this paper, the
cage+NL rotor is the preferred rotor type. In a case like
the 250 kW BDFM with a p1 /p2 = 2/4 combination, a bit
more analysis like FEA may be required to determine the
best choice between the number of loops.
Considering ease of manufacturing, the NL rotor is less
elaborate compared to the IL rotor. This is because the NL
rotor has a common end ring for all loops, compared to
the separate end connections for all loops in the IL rotor.
However, it appears that the IL rotor outperforms the NL
rotor in bigger machines that require higher qr . In cases like
the 250 kW with p1 /p2 = 2/4, where the cage+NL rotor is
preferred, the choice of qr can be well down to the ease
of manufacturing. Also, in the event of similar preferred
performance between the cage+NL and IL rotors which have
similar qr , the cage+NL rotor is less complex with regards
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to manufacturing.
The 2/4 combination consistently records the highest
torque ripple values for all the power ratings tested. The 2/3
pole pair combination torque ripple can be reduced in the 75
kW rating by increasing the number of stator slots, however
the effects of UMP may be more pronounced thereby ruling
out the combination. It should be noted that the CC model
tends to inflate the torque ripple, however the response to qr
changes is comparatively similar to FEA models as illustrated
in [15].
Generalizations for every power ratings should not be
made based on the results in this paper. There are different
design iterations that can still be applied to the instances
examined. However, contexts for comparisons have been
demonstrated in this paper. The torque ripple of these machines can also be further reduced by rotor skewing.
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Abstract: Due to high population density and low
renewable resources, Europe will struggle to meet its
energy needs only from internal renewable resources. This
presents a very significant export opportunity for South
Africa. Much of Asia has the same renewable potential that
Europe has and a market larger than that of Europe. South
Africa is in a favourable position to be able to provide a
significant amount of renewable energy to Europe and
other solar resource deficient areas by exporting some of
its abundant renewable energy. The challenge has been the
conversion of this energy into a form that can be
transported and stored conveniently. Renewable generated
hydrogen may offer the best option for this. Besides being
used for electricity generation and as a transport fuel,
hydrogen also has an opportunity to be used directly in
other energy requirements where electricity is not the best
alternative, such as in steel and cement production.

to all of Europe. He stated that, “Well, how about living on
someone else’s renewables? (Not that we have any
entitlement to someone else’s renewables, of course, but
perhaps they might be interested in selling them to us.)” [1,
p. 177]. This indicates the potential for areas with excess
solar and wind resources to be able to export the energy to
meet this shortfall. Much of the major population centers
of the world – Europe, Asia and part of North America
have this potential shortfall for sustainable energy
production.
This book was written in 2008, and since then, there has
been much progress on renewable generation. It is
important to revisit the basic assumptions to see whether
the conclusion he reached at the time is still valid.
Assuming that this conclusion is generally correct, there is
an opportunity for South Africa that should be explored,
which will be done in the following discussion.

With its significant solar and wind resources and low
population density, South Africa can become a significant
participant as a renewable energy exporting country
supplying the growing market in Europe and Asia. This can
become a major new export opportunity. However, to
reach this point, it will be important to be part of the
research and development work needed to optimise the
associated processes. South Africa should endeavour to
find ways to utilise the progress that is being made around
the world to determine how best to utilise the international
work to build towards this opportunity.

2. Background
South Africa currently has an annual energy balance, (that
is imports, exports and production), of approximately 8
000 PJ with energy exports of 2 000 PJ [2]. The energy
balance in the European Union (EU) countries is 61 900 PJ
per year [3]. Thus, the European market is over ten times
larger than that of South Africa. Of this total, the EU
imports over 37 000 PJ of their energy requirement, mainly
in the form of oil and gas [3].
These numbers indicate that the EU is a very large energy
market. It is not as large as the energy usages in China, at
over 140 000 PJ per year and the USA at over 115 000 PJ
[2]. However, the amount of energy that is imported into
the EU, at 37 000 PJ, is larger than either of these markets
(Figure 1) [2][3]. The total importation market for energy
from China, Japan and Europe is over 70 000 PJ. These
large energy markets present opportunities for countries
with excess renewable resources.

Keywords: Hydrogen; Renewable Energy; Energy
Market; Export Opportunity; Hydrogen Research
1. Introduction
In his 2008 book entitled “Sustainable Energy – without
the hot air”, John MacKay performed a bottom-up analysis
of the energy usage by the average person in the UK [1].
He then did the same calculations for the amount of
renewable energy that could technically be provided in the
country with full development of the resources. He
concluded that it would not be feasible to produce enough
energy in the UK to supply all of the energy requirements
of the country. From inference, he extended this conclusion

In South Africa, the electricity portion of the energy usage
is 1 900 PJ with a electricity output of 900 PJ [2]. In the
more common expression of electricity usage, this
corresponds to approximately 250 TWh of electricity
production per year. In the EU, the numbers are 24 900 PJ
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of electricity energy usage with a electricity production of
10 600 PJ or 2 900 TWh [3]. The ratio of EU electricity to
SA electricity is over eleven times larger.

If we assume that wind capacity is expanded to the
estimated limit of 80 GW and solar is increased to 200 GW
with storage to make maximum use of the generation, the
generation would be 300 TWh, or 46 % of the overall
electricity generation. This has not made any inroad into
the energy usage outside the electricity sector.

Germany is the largest economy in the EU and is known
for its efforts in renewable power generation. To
understand the ability for the EU to meet its energy needs,
it might be easier to look at Germany than looking at the
entire group of countries. The total energy usage in
Germany is 14 000 PJ per year, with net imports of 7 000
PJ, mainly oil and gas. Electricity production is
647 TWh [3].

With Germany, even after all of its efforts, unable to meet
its energy needs, people have pointed to the wind
generation potential from the North Sea as a potential
solution, with high-capacity factors and less restriction on
“land” usage. The area of the North Sea is 570 000
km2, [8] somewhat larger than the 357 000 km2 of
Germany [9]. If it is assumed that the installed wind
capacity could be 3 MW per km2, covering the entire North
Sea with turbines could accommodate up to 1 700 GW of
capacity with an output of 4 000 TWh [5]. This would meet
the current electricity generation requirement in Europe but
not have any impact on meeting the remaining energy
demand. However, it would not be feasible to cover the
entire North Sea with wind generation, so the real limit is
much lower than this.
Even with all of the advances that have been made in solar
and wind generation since 2008, the conclusions that were
made at that time are still valid for the UK, Europe and for
much of the developed world. As noted in that book, this
should create opportunities for renewable energy resource
rich countries to develop export systems to supply these
energy shortages. South Africa should be able to benefit
from this opportunity.

Figure 1- Energy Consumption of major countries [2][3]

Germany has been in the lead for development of its wind
and solar resources for the last decade. It has installed
significant amounts of both of these generation sources.
For wind electricity production, there are over 27 000 wind
turbines installed in Germany, covering over 7% of the
land area in the country [4]. The total installed wind
generation capacity is over 58 GW on land with an
additional 4 GW in the German North Sea [5]. In 2019, this
resource provided 110 TWh or 17% of the total electricity
consumed in the country [5]. With 7% of the land already
covered with wind generation, the upside for additional
wind generation is limited. The debate in Germany is
around the expectation that this limit could be as high as 80
GW or as low as 65 GW, depending on offsets between
turbines and distance from populated areas [4]. This
implies that the maximum expected wind generation would
be something less than 22 % of the total electricity
generation. For solar energy, the installed PV capacity is
49 GW, with generation of 39 TWh, 6% of the total
electricity generation [6]. Solar installations do not cover
much of the country and the limitations are unlikely to be
on land usage, but on useful output. IRENA has forecast
that solar PV could eventually expand to supply
approximately 22% of the electricity in Europe by 2050
[7]. This would imply that PV in Germany could grow to
nearly 200 GW.

As noted above, the energy demand in Europe is about ten
times the energy utilisation of South Africa. The
population of the EU is 447 million people compared to 59
million in South Africa [11][12], with an area of 4.2
million km2 in the EU and 1.2 million km2 in South Africa
[3][12]. The solar resource in South Africa averages
approximately 2 500 Wh/m2 per year compared to less than
1 000 Wh/m2 per year in the EU [13]. Due to lower
population density and higher solar irradiance, the solar
energy density per person in South Africa is over five times
larger than in Europe.
With South Africa able to meet its energy demands from
its local wind and solar resources, the question is how to
export the excess energy that it can produce. The simplest
method of exporting solar energy is by exporting
electricity. However, this is limited in the range of markets
that can be supplied by the limits of the length of the
transmission lines. While northern Africa can supply much
of Europe directly with electricity [14], this is not realistic
for South Africa. None of the major potential markets,
Europe, the United States or Asia, are within a range that
would allow export of solar energy from South Africa in
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the form of electricity. The longest transmission line in the
world is currently 2 350 km [15], compared to the distance
between Cape Town and London of more than 9 000 km.
The alternative to this is conversion of the generated
electricity into a gas, liquid, or solid fuel. The most widely
discussed alternative is hydrogen. Hydrogen derived from
renewable energy sources is termed as green hydrogen
which emits no CO2 in the production process.
Hydrogen is the most common element in the universe.
Hydrogen combines easily with many elements and is
stable with those combinations, such as water, ammonia
and hydrocarbons. It takes a significant amount of energy
to break the hydrogen from these molecules. Hydrogen can
be derived using a number of different processes;
thermochemical, electrolytic, direct solar water splitting as
well as biological processes [23]. Currently, the majority
of hydrogen is derived from natural gas using steam
reforming, a thermochemical process. This is termed as
grey hydrogen and produces significant volumes of CO2 in
the production process.

Figure 2 - Potential hydrogen costs in long term [17]

South Africa currently exports approximately about 2 000
PJ of energy per year mainly through coal exports [2]. As
the world moves away from coal generated electricity,
these exports are likely to decrease significantly. Exporting
2 000 PJ of solar and wind derived hydrogen would meet
3% of the current international energy market. Even if all
of the potential supply countries develop their export
potential, the market should easily be able to absorb this
production. It is probable that the ultimate opportunity for
hydrogen export from South Africa could be much larger
than this.

Hydrogen can be used for electricity generation and as a
transport fuel. Hydrogen also has an opportunity to be used
directly in other energy requirements where electricity is
not the best alternative, such as in steel and cement
production. Direct use of hydrogen in steel and cement
production presents pathways to decarbonise these
production processes [16]. Various uses for hydrogen in
these activities are currently under investigation.

The price of natural gas in the international market ranges
around the USD 10 per GJ price [19], so meeting this price
would indicate an export opportunity of approximately
USD 20 billion per year for the export of 2 000 PJ of
hydrogen per year from South Africa. Assuming a carbon
tax premium on fossil fuels, the competitive price target
could be as high as USD 15 per GJ, which would indicate
that this could be a USD 30 billion per year export
opportunity or larger.

Europe currently imports over 37 000 PJ of energy in the
form of oil and natural gas, and China and Japan combined
import a similar amount. Thus, there is currently an
international market of over 70 000 PJ of energy. These
areas are unlikely to be able to reduce these values with
local renewable energy.

To develop 2 000 PJ of hydrogen per year, South Africa
would have to generate 800 TWh of energy from wind and
solar sources dedicated to this export. Based on the size of
current PV and CSP projects in the Northern Cape, this
would require approximately 8 000 km2 (90 x 90 km), or
about 2 % of the land area of the province [20]. It is also
expected that wind energy would be utilised, so the amount
of land for solar generation would be reduced by a
proportional amount. Wind generation is more disperse, so
the area that would be involved in wind generation would
be more extensive, but with lower impact. Assuming that
half of the energy would come from wind, the area for wind
development, based on 3 MW per km2, would be 33 000
km2 (182 x 182 km) and involve the installation of 33 000
turbines. This would occupy about 8 % of the land in the
province – similar to that currently involved in wind
generation in Germany with a similar number of wind
turbines.

In 2019, the IEA performed an analysis of the cost of
generation of green hydrogen around the world based on
the available wind and solar resources in the region. The
results can be seen on the map where the projected costs of
hydrogen production are shown (Figure 2), Europe will
have an expected generation cost of over USD 3 per kg of
hydrogen. As can be seen from this map, the expected cost
of generation of green hydrogen from South Africa is
amongst the lowest in the world with costs less than USD
1.6 per kg [17]. This presents a large opportunity for those
areas that can produce excess sustainable energy. Other
than South Africa, the locations with this potential have
been identified as northern Africa (extending into middle
East countries such as Saudi Arabia), Australia and Chile
[18].
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3. The Hydrogen Export Opportunity
Production of hydrogen from solar and wind generated
electricity is not complex, but it requires a significant
amount of electricity. Straight electrolysis requires about
50 kWh of electricity to produce one kilogram of hydrogen
– which has an energy value of about 120 MJ, thus 8 kg of
hydrogen must be produced for 1 GJ of hydrogen fuel,
requiring about 400 kWh of electricity. With higher
temperature, the amount of power drops, presenting a
possibility to use solar generated heat directly in the
process [21].

Figure 3 - Steps in green hydrogen export

Water can be split into hydrogen and oxygen using
electrolysis with heat and electricity being applied to raise
the energy level to the point where the oxygen and
hydrogen break apart. Electrolysis is considered the most
probable method for commercial green hydrogen
production, with no CO2 production in the process.
Currently, there are three main types of electrolysers under
development: alkaline, polymer electrolyte membrane
(PEM), and solid oxide electrolyser cells (SOEC). The
most developed to date are alkaline electrolysers. These
use a solution of potassium hydroxide as the electrolyte and
have been in commercial use for many years.

As the price of electricity generated from solar and wind
resources has dropped to bring them to the lowest cost
generation options, the associated cost of hydrogen
produced from these sources has declined significantly. It
is expected that with this low-cost electricity and the
declining cost of the electrolysis systems, the cost of
hydrogen on an energy basis will become competitive with
fossil fuels on a cost for energy basis by 2030 [18].
The main components to the export of hydrogen are the
production of the hydrogen, its storage and then the
transport of the hydrogen to the market (Figure 3) [22].
Each of these areas is currently reasonably understood but
each will require innovation and optimisation to be able to
develop a reasonable cost supply opportunity. All of the
areas are subject to international and local research
programmes. To develop the opportunity in South Africa it
will not be necessary to replicate all of the work done
elsewhere, but it will be necessary to put all of the elements
together into a process that works well in the South African
context.

The second type of unit is a PEM electrolyser. Unlike an
alkaline electrolyser, the electrolyte is a solid ion
conducting membrane. This membrane has a polymer
structure with sulphonic acid groups attached that allow for
proton transfer. Internationally, much of the current
research is focused on improving PEM electrolyser
performance [24].
SOEC electrolysers use a solid ceramic material as the
electrolyte. SOECs have gained attention as they operate at
high temperatures (approximately 500–950 °C) which
reduces the electrical energy requirements by application
of heat energy which might lower the energy input cost
[21].

As noted by IRENA, for production of green hydrogen, the
two major factors are the cost of electricity and the capital
and operating cost of the electrolysis system [18]. As noted
above, each kg of hydrogen takes nearly 50 kWh of
electricity, which means that at a cost of USD 0.02 per
kWh, the electricity for one kg would be USD 1.0 and at
USD 0.06, the cost would be USD 3.0. Internationally with
wind and solar generation heading towards the USD 0.02
range, these costs indicate that green hydrogen could be
produced at a cost competitive to fossil fuels. As will be
seen in Figure 4 below, even with a cost of USD 0.02 per
kWh, the cost of electricity will be approximately half of
the overall cost of green hydrogen production. Optimising
the cost of this supply will be the fundamental factor in
creating a commercial opportunity.

In the United States, the National Renewable Energy
Laboratory (NREL) recently performed an analysis of the
cost for PEM electrolysers and concluded that in the
coming years the capital cost for these systems will drop to
approximately half of the current cost - from nearly USD
600 per kW of capacity to slightly above USD 200 per kW.
These changes will not be due to technological
improvements
but
rather
from
manufacturing
improvements once the systems achieve industrial scale
production. This is a similar cost improvement curve to
that seen in wind and solar PV as these technologies shifted
to industrial level development [24].
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Hydrogen storage conceptually is similar to natural gas
storage and this is a well-developed technology with a
large international market. It is not expected that there will
be major technological advances in this area, but there are
a number of areas where the particular properties of
hydrogen require unique solutions. For South Africa, with
minimal natural gas business, this will be a matter of
determining what works best in this environment.
It appears at this time that the most economical solution for
both storage and transport of hydrogen is to convert the
hydrogen into ammonia or to hydrogenate an oil substance
to hold a given amount of hydrogen within the oil bonds.
This is termed to be a Liquid Organic Hydrogen Carrier
(LOHC). At the end use location, the hydrogen would be
removed from the LOHC and the uncharged oil taken back
to the generation point for recharge. The LOHC can be
stored and transported in the same way as oil. It is
estimated that the hydrogen content of an LOHC can be up
to approximately 8% by volume [25].

Figure 4 - Forecast cost of hydrogen export from South Africa

4. Research Requirements
As noted above, South Africa is unlikely to be able to
match the research efforts that are being done elsewhere
to develop new technologies for electrolysis as well as
the storage and transport of hydrogen fuels. The choice
of technology for the production of hydrogen will be
something that can be optimised for South Africa specific
conditions. There will be considerations for capital cost,
operating cost and life span. System operating flexibility
is a requirement as the input from renewable sources is
likely to have considerable daily and seasonal variation.

For ammonia storage and transport, the hydrogen is
converted into ammonia (NH3) with the addition of
nitrogen. Once converted into ammonia, it can be used
directly as a fuel or have the hydrogen removed to use as a
fuel with the nitrogen being released into the atmosphere.
Nothing is returned to the generation location. Tests are
currently being conducted to verify the direct use of
ammonia as a marine fuel [26]. There are also tests being
conducted for ammonia based fuel cells [27].

As the intent is to be part of the international market, the
form for storage and transport of hydrogen, whether as
ammonia or via an LOHC or other forms, will be dictated
more by the major markets than by individual supply
countries. Development of LOHC or ammonia
technologies in South Africa will not be useful if not
accepted by the European or Asian markets.

While the entire process of green hydrogen is well
understood, the current costs for electricity and the
hydrolysis equipment is too high for commercial
application. It will be necessary to minimise the cost of
electricity as well as the capital cost of electrolysis to make
this a competitive alternative. With the expected costs for
each of the major portions of the process, the cost of
hydrogen production in South Africa can be forecast to
come up to slightly over USD 2 per kg delivered to Europe,
as shown in Figure 4. There is extensive research being
done around the world in all aspects of this process. With
the size of the South African research budgets, it is not
likely that South Africa will match the research efforts
being done elsewhere, so the best alternative should be to
closely follow the work being done around the world and
determine what would work best in a South African based
export system.

The number of inputs into the optimisation of the green
hydrogen process are extensive and changing rapidly as the
costs of all of the elements decline over time. It will be
essential to build models for the system that incorporate all
of the inputs and model the optimisation points within the
framework of changing variables over time. The inputs
include the cost and generation capacity of wind and solar
generation – PV and CSP as well as diurnal energy storage
plus the capital cost, operating cost, life and operational
flexibility of the electrolysis systems. Building a complete
and flexible model will allow the researchers to advise
policy makers and investors on areas that must be
optimised to make this opportunity effective.
With time, the relationship of the input variables into a
South African green hydrogen export model will change
and the model must be able to address the changing
relationships in the variables to keep the system optimal.
One of the benefits of the renewable energy sphere is short
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lead times and the ability to incorporate revisions into the
system as changes develop. This should be carried into the
green hydrogen system and modelled accordingly. In
addition, it is essential to establish the accuracy of the input
information as well as the conclusions developed from the
model. This should involve collection of data from
developed projects as well as the development of pilot
programmes as deemed appropriate.
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Abstract: Globally, climate change (CC) has become an
increasingly important issue, with average temperatures
expected to rise by 1.5°C by 2030. Changes to South Africa’s
climate are projected to outpace the global average with an
observed temperature increase of 1.5°C, compared to the global
average of 0.65°C. To mitigate CC, the adoption of renewable
energy sources has been encouraged. Consequently, there has
been a surge in the installed capacity of solar and wind
generators, which are dependent on variable weather and
climatic conditions. These technologies are therefore anticipated
to be highly susceptible to the probable effects of CC. The
investigation of such impacts of CC on variable renewable
energy (VRE) is a multifaceted and ongoing area of research that
is important to a successful energy transition. This paper firstly
seeks to provide an overview of the research being conducted
within this arena, highlighting the most pressing questions being
investigated and providing a summary of the current state of
knowledge. Secondly, this paper provides a detailed synthesis of
the CC literature specifically pertaining to South Africa, along
with an analysis of the projected changes in climate deemed to
be most relevant to VRE. Finally, considering the global state of
the research and the projected climate changes for South Africa,
a number of research areas deemed to be most relevant to the
large scale future proliferation of VRE in South Africa are
highlighted. These most notably include the projected changes in
the distribution, variability and complementarity of the wind and
solar resources. Understanding these changes would be
beneficial to system operators, power system planners and
policy makers.

that the current trends in changes to the climate system can be
attributed to anthropogenic forcing driven by greenhouse gas
(GHG) emissions such as carbon dioxide and methane [2].
The energy sector is the most significant individual contributor
to global GHG emissions, responsible for approximately 35% of
all anthropogenic emissions [3]. Thus, effective climate change
mitigation strategies require the decarbonization of electricity
generation through the adoption of renewable energy sources.
Consequently, the combined global capacity of wind and solar
had grown to 1,447 GW as of 2020 [4].
In South Africa, electricity generation is dominated by coal
which contributes 83% of the national capacity. The energy mix
includes 37,149MW from coal sources and a combined
3,754MW from variable renewable sources constituting 7% of
the national capacity. South Africa has ample wind and solar
resources, encouraging the uptake of renewable sources in the
energy mix to reduce carbon emissions. According to the
Integrated Resource Plan (IRP), generation from coal sources is
projected to decrease to 33,364MW, while wind and solar
capacity is projected to increase to 17,742MW and 8,288MW
respectively by 2030 [5].
Solar and wind resources are highly variable as they are reliant
on weather and climatic conditions. Wind’s power density is
proportional to meteorological variables such as wind speed and
air density [6]. Wind speed is dependent on numerous
downstream factors including air pressure, air temperature, the
earth’s rotation, geographic location and elevation. Air density
is similarly dependent on the prevailing pressure and air
temperature.

Keywords: Climate change, variability, renewable energy

Solar energy is primarily dependent on the amount of solar
radiation reaching the Earth’s surface. Daily and seasonal
variation in solar radiation occurs as a result of the Earth’s
rotation and position in its orbit. While such variation is
predictable, variability arising from weather conditions – notably
cloud movement - is stochastic, especially small timescales [7].
The performance of photovoltaic (PV) modules is dependent on
temperature, with warmer ambient temperatures leading to

1. Introduction
The climate system, which can be defined as the long term
average for individual weather conditions, evolves over time
either under the influence of natural internal dynamics or in
response to external inputs, referred to as forcings [1]. Over the
past century, the most notable change to the climate system has
been in the global average temperature, which has been observed
to be warming, particularly since the 1970s. There is consensus
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reduced performance [8].
Given the established relationship between climate and
renewable sources, the investigation of the impacts of climate
change on variable renewable energy (VRE) generation is
important to ensure the successful transition to renewable
sources in South Africa. Little consolidated literature on the
impacts of CC on VRE generation in South Africa could be
found. A review of existing studies around this topic would be
the first step towards building an understanding the potential
effects of CC and informing future VRE generation planning.
Thus, this paper begins by providing an overview of studies
considering the relationship between CC and VRE. An analysis
of CC literature pertaining to South Africa is then provided with
a key focus on projected changes affecting VRE resources.
Finally, the paper evaluates areas of ongoing research deemed
most relevant to the large-scale future proliferation of VRE in
South Africa.

•

•
•

Most of the literature found on the topic focuses on wind
generation with fewer studies assessing impacts on PV
generation. The majority of studies fall under the resource
assessment and VRE placement categories with fewer studies
assessing changes to variability, financial and technological
impacts affecting the design of wind turbines and PV plants.
3. Climate change in South Africa

2. Overview of current literature

South Africa has a heterogenous climate consisting of 11 climate
types under the Köppen-Geiger climate classification [11].
Climate variability in South Africa is influenced by multiple
processes such as the El Niño-Southern Oscillation (ENSO) on
a multiyear timescale [12] while cold fronts, strong high pressure
circulation and thunderstorms are more prevalent on an intraannual scale.

To understand the state of past, present and future climatic
conditions, numerical general circulation models (GCMs), are
employed to perform climate simulations and projections. GCMs
divide the earth into grid cells of typically coarse spatial
resolution. For higher resolution simulations, GCM outputs may
be downscaled using regional climate models (RCMs).
Downscaling allows greater detail on projections over specific
areas, whilst also using less computational power. For climate
projections to take into account anthropogenic effects,
simulations are conducted using varied external forcing levels,
for instance using the Representative Concentration Pathways
(RCPs)[9]. The RCPs describe different emission forcing levels,
from best case scenarios with low forcing levels (e.g. RCP2.6),
to an unmitigated high level forcing scenario (RCP8.5).

Significant warming which cannot be attributed to the natural
climatic variation has been noted over the entire African
continent, particularly since the 1970s [13]. Indeed, Southern
Africa has been warming at a rate of 0.4°C per decade, which
exceeds warming observed over the rest of the continent [13].
Furthermore there have been significant increases in annual
maximum and minimum temperatures across South Africa, with
the exception of the central interior [12]. Increases in the
frequency of high temperature extremes along with a reduction
of low temperature extremes have also been observed. Overall,
2019 and 2015 were the hottest years on record since 1951 [14].

The Intergovernmental Panel on Climate Change (IPCC)’s fifth
assessment report [10] found that the average global surface
temperatures would increase by 0.3-0.7°C over the 2016-2035
period. By the end of the century, temperature increases are
likely to exceed 2°C under low mitigation (RCP8.5). Such
temperature changes will have dramatic impact on the global
climate, resulting in changes in large scale atmospheric
circulation, local weather systems and various other
meteorological variables.

Several studies have been conducted to project future changes to
temperature over the country. The results of projections are
highly dependent on the GCM employed, levels of radiative
forcing simulated and the time period under consideration.
Studies assessing the effectiveness of various GCMs, RCMs and
downscaling techniques over South Africa can be found in
[15][16][17][18] and [19].

Based on the established like between the weather and VRE
resources, projected changes are anticipated have an impact VRE
generation. The link between climate change and VRE
generation is an ongoing area of research across the world. A
summary of studies assessed in this paper is provided in Table 1.
The studies can be broadly categorised as follows:
•

changes to specific climate variables affecting VRE
resources, for instance wind speed and solar irradiance.
VRE placement - studies assessing the suitability of
different geographical locations for future VRE
generation.
Variability assessments - studies assessing climate
change induced variability in VRE resources.
Financial impacts - studies focusing on potential
economic and technological impacts resulting from
changes in VRE resources due to CC.

Considering long-term low mitigation radiative forcing
scenarios, projected temperature increases of 4 to 6 °C were
projected by 2071-2100 in [20] and 5-8°C by 2100 in [21].
Considering the near future, an increase in the occurrence and
intensity of extreme heat events over the period 2010-2039 under

Resource assessments - studies projecting future
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Table 1: Studies on impact of climate change on VRE
Summary
Resource assessments consider changes to RE resources resulting from the probable effects of CC.
Resource assessments are typically based on GCMs and RCMs modelling studies. Forcing scenarios used
range from rapid growth and low mitigation to slower growth and ecological friendly development (e.g.
[26][27]). Projection timescales vary between near-future <10-20 years (e.g. [28]) to long term >100 years
Resource
[8], [23]– (e.g. [29]). Model resolution is similarly varied, from high-resolution downscaled regionally focused
assessment [30]
RCMs (e.g. [[23], [31]) to coarse resolution continental [32] or global-scaled [28] GCMs. Such
assessments have been conducted for numerous regions globally, whereby results are difficult to
generalize. In certain regions, increases in solar (e.g. southern Europe [30]) and wind (e.g. Northern Europe
[24]) potential was observed, while in other regions such resource potential is seen to decline (e.g. Africa
[23]) primarily based on increases in temperature and associated reductions in PV module performance.
VRE placement studies assess changes to resource availability at specific locations. Studies have been
conducted focused on changes at both the regional (e.g. [31][36]) and national levels (e.g. [41]), and may
VRE
[31],
also focus on the impact of such changes on existing VRE plants (e.g. [40]). In certain instances, changes
placement
[33]–[41] to the VRE potential have been analysed by abstracting trends from historical observational data (e.g.
[38][39]). Alternatively, RCMs were utilized to project what changes to RE potentials will be over specific
areas at different levels of warming (e.g. [33][34]).
These studies assess economic impacts arising from CC on electrical networks incorporating VRE sources.
The effects of CC on the cost associated with the design of power systems have been assessed. For instance,
Financial
[40][42]– [44] and [45] found that total system costs would increase in Europe by the end of the century due to CC,
while power systems designed anticipating CC would have reduced costs. Projected changes to VRE were
impacts
[44]
similarly used to develop frameworks to assess changes to the levelized cost of energy (LCOE) (e.g.
[42][43][40]). For instance, [43] found that changes to capital cost, infrastructure cost, and government
policy had a far greater impact on the LCOE of wind energy than the anticipated changes in wind resource.
Climate change induced variability assessments of VRE resources are typically done by computing the
ratio of the standard deviation to the mean values for projected wind resource and comparing that to the
[26][30][ same ratio computed on historical data. Variability is usually characterised at different temporal scales,
Variability
for example projected changes to seasonal variability [32] or inter-daily variability [26]. Projections are
41][32],
assessment
also conducted at different spatial resolutions with some studies utilising GCMs at low resolution [46]
[46]
while others utilise high resolution downscaled RCMs (e.g. [26], [30]). An additional area of assessment
is modelling the impact of extreme weather events arising from CC on the variability of VRE generation
as conducted in [46].
a low mitigation scenario was projected [22]. The results
Pinto et al. found general decreases in total annual wet day
indicated spatial differences in the future occurrences of heat
precipitation over most of South Africa even under a high
waves with north-western parts of the country having the highest
mitigation scenario (RCP4.5) [50]. Under a low mitigation
intensity.
business as usual scenario (RCP8.5), the projected magnitude of
decreases in annual wet day precipitation was greater and had
Compared to temperature, precipitation has higher variability
larger spatial spread. Abiodun et al. [51] similarly projected a
both spatially and temporally making trends more difficult to
decrease in the annual precipitation for four Cape Town by the
detect. An increase in the intensity of rainfall events and dry
end of the century under both RCP4.5 and RCP8.5 scenarios.
spells has however been observed [47]. Future projected rainfall
[48] showed minimal changes (>10%) for most of South Africa,
The projected changes in temperature and precipitation can have
with the exception of the south western regions, where
several impacts on different sectors such as agriculture, health,
significant decreases were projected. Seasonal changes were also
infrastructure, energy and the economy. Table 2 details studies
projected, such as projected increases in summer rainfall over the
that have looked at the impacts of climate change in various
north eastern parts of South Africa. Regarding anticipated
sectors in South Africa.
changes to closed lows and extreme rainfall events, Engelbrecht
4. Current studies on climate change and VRE in SA
et al. [49] projected a decrease in rainfall events associated to
As seen in Table 2, only two studies investigating the impacts
closed lows, but an increase in extreme rainfall events,
particularly over eastern South Africa.
Category

Refs.
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Table 2: Studies on the impacts of climate change in South Africa
Summary
Projections of rainfall patterns have been conducted using various RCMs and forcing levels [48] [51].
Changes to specific weather systems (such as closed lows) associated with rainfall have also been
considered [49][53], along with the frequency and intensity of extreme rainfall events [18][50].
[18],
Rainfall
[48]–[54] Assessments of the prevalence and severity of droughts have also been conducted[49]. Findings
indicate that while small changes to the total annual rainfall over the country are to be expected, fewer
rainfall days and longer dry spells are anticipated. A greater occurrence of extreme rainfall events is
also projected.
Observational data and detected trends in temperature changes over South Africa were analysed [55].
Projections of future surface temperatures under different mitigation scenarios have been conducted
[20],
[20] along with assessments of temperature changes over specific provinces [56]. The future
Temperature [22],
occurrence of extreme temperature events such as heat waves were considered [22] [57]. Findings
[55]–[57] indicate future warming is to be anticipated with temperature increases reaching up to 8°C by the end
of the century under low mitigation. An increased occurrence of extreme heat events is similarly
anticipated.
Climate modelling has been employed to evaluate CC impacts on Agriculture [58]. Impacts on specific
Agriculture
[58]–[62] crops have been studied, for instance a future reduction in maize yields was projected in [59] and [60].
Impacts on ecology [61] and biodiversity have also been conducted [62].
Considering the impact of CC on VRE resources, the wind energy resource was investigated using
Energy
[63]–[66] RCM based projections [63]. Trends in the potential for solar energy based on observational data were
assessed [64]. Given changes to water availability and supply as a result of CC, linkages between water
and energy systems and evaluated potential impacts on RE generation were established [65] [66].
climate change on VRE generation in South Africa, were found.
production over large parts of the world including Southern
Africa. However, more analysis with better spatial resolution and
Herbst et al. [63] projected future changes to the wind resource
employing tools incorporating current and future solar
in South Africa and found a marginal increase in wind speeds not
installations was encouraged in order to provide better
exceeding 6% above current averages, though spatial differences
projections of future yields.
were noted. It was recommended that further studies evaluating
wind speeds at typical wind turbine hub heights, as opposed to
5. Conclusion and recommendations
the 10 metre height used in [63], be conducted. In addition, the
This paper reviewed literature on the potential impacts of climate
calculation of wind power density using wind speeds falling
change on VRE generation. Links between climate variables and
within the typical operating speeds of turbines was encouraged.
generation were identified and an overview of global studies on
Singh et al. [64] assessed seasonal trends in sunshine duration
the topic was provided. A review of current literature on climate
and incoming short wave radiation over South Africa and found
change in South Africa was also conducted with specific
a decreasing trend over most of the country particularly in the
emphasis on studies considering local impacts of CC on VRE
summer months. It was recommended that further studies assess
generation. There was found to be insufficient research assessing
the effects of cloud cover and aerosols.
the impacts of CC on VRE in South Africa. Considering the
At regional level, the impact of climate change on wind and solar
categories given in Table 1, the few studies conducted focussed
energy potentials over the African continent was assessed [23].
on South Africa were resource assessments. No studies on VRE
The study found an increase in wind power density and a
placement, variability and financial implications were found. It
decrease in solar potential over Southern Africa under low
is recommended that future studies extend to these areas of
mitigation. Similarly, Fant et al. [27] estimated the risk climate
interest, especially considering projected changes to the South
change poses on solar and wind resources over the southern
African climate.
African region. The outcomes of the study indicated a wide range
There is a consensus in the literature considered, that the future
of distributional and spatial differences in projections
South African climate will be significantly warmer, with average
highlighting the need for extensive studies on specific areas
temperatures projected to rise by as much as 5-8°C along with
within the region. Wild et al. [8] analysed potential changes to
an increased frequency of heat wave occurrence by the end of
solar power capacity both globally and for a few selected regions
the century under low mitigation. Fewer rainfall days are
such as Southern Africa. The study estimated a decrease in solar
expected, especially in south western regions, whilst the
Category

Refs
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frequency of extreme rainfall events is anticipated to increase.
Consequently, the projected changes to South Africa’s climate
are likely to affect VRE generation. For instance, increased
temperatures will affect PV performance while shifts in rainfall
patterns will alter cloud cover thereby affecting the amount of
incident solar radiation reaching the surface. Similarly for wind
resources, extreme weather events are often associated with high
wind speeds which can trigger turbine cut out mechanisms thus
severely hampering energy supply from wind sources. Changes
in large scale circulation patterns, which have been identified as
important instigators of wind power variability at time scales of
hours to days [67], [68], suggest changes regional wind power
ramping characteristics.

[7]
[8]

[9]

It is recommended that a concerted effort be made to fill the
significant research gaps pertaining to the impact of CC on VRE
in South Africa, as identified in this paper. Indeed, though the
state of climate and weather modelling in South Africa is quite
mature, very little sector-coupling with VRE has taken place to
date. A useful point of departure in this regard may be to revisit
the significant body of modelling studies and trending analysis
done for the South African climate (Table 2), specifically in
search of insights into VRE resource and variability assessments
along with placement opportunities as discussed in Table 1.

[10]

[11]

[12]
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GPI, denoted as 𝐼𝐶 , is calculated by irradiance components and a
transposition model is given as:

Abstract: Decomposition and transposition models are required
to calculate the global plane-of-array irradiance, which is vital in
modelling and monitoring photovoltaic systems. This paper
provides an analysis of how different decomposition models
perform under three weather categories namely clearsky,
overcast and rainy. The location used is Stellenbosch, South
Africa. Weather classification is done using two classification
categories: discrete classification, for labelling short intervals,
and time-series classification, for labelling 24-hour days. For the
discrete classification, a multi-layer perceptron and k-nearest
neighbour classifier were compared. For the time-series
classification, a 24-hour image was created from the dataset and
image-processing machine learning techniques, namely long
short-term memory and a convolutional neural network, were
compared. A discrete and time-series classification model was
selected based on the lowest error score. From this, the direct
horizontal irradiance (DHI) and direct normal irradiance (DNI)
were calculated using 11 decomposition models and a statistical
analysis was performed for discrete intervals and 24-hour days.
With both classification techniques, the Dirint model by Perez.
et. al. showed the highest accuracy for DHI and DNI estimations
overall. The Direct Insolation Simulation Code model by
Maxwell, Louche et al., and Orgill and Hollands models are also
noted under the various weather categories. Four other locations
in South Africa were assessed for further validation. The study
shows that decomposition performs differently under varying
weather conditions. The best performing models can be used as
a base to build new models. The overcast and rainy weather
categories have the highest inaccuracy swings, highlighting the
need for decomposition models when estimating DNI and DHI
for Southern African climate under these circumstances.

𝐼𝐶 = 𝐼𝐵𝐶 + 𝐼𝐷𝐶 + 𝐼𝑅𝐶

(1)

where 𝐼𝐵𝐶 is the direct beam irradiance, 𝐼𝑅𝐶 is the ground
reflected irradiance and 𝐼𝐷𝐶 is the diffuse irradiance component
in the plane-of-array. Global horizontal irradiance (GHI), Direct
Normal Irradiance (DNI) and Diffuse Horizontal Irradiance
(DHI) components are required to calculate 𝐼𝐵𝐶 , 𝐼𝐷𝐶 and 𝐼𝑅𝐶 . The
sum of the DNI projected onto the horizontal surface, and DHI
gives the GHI:
𝐺𝐻𝐼 = 𝐷𝐻𝐼 + 𝐷𝑁𝐼 ⋅ 𝑐𝑜𝑠 𝜃𝑍

(2)

where 𝜃𝑍 is the solar zenith angle [1].
Decomposition models are based on empirical correlations
between GHI, and DHI or DNI [2]. Decomposition models have
been developed through assessment of previous models and
improving the accuracy of these estimations. Orgill and Hollands
developed a relationship between the hourly diffuse fraction 𝑘𝑑
and clearness index 𝐾𝑡 [3] and Erbs et al. extended the
relationship between 𝐾𝑡 and 𝑘𝑑 to latitudes from 31° to 42°
North [4]. Louche et al. established a GHI and DNI relationship
for a Mediterranean site to estimate beam transmittance 𝑘𝑛 using
𝐾𝑡 [5]. The Direct Insolation Simulation Code (DISC) was
developed by Maxwell [6] and Perez et. al. developed the Dirint
model with the hopes of increasing the performance of the DISC
model [7]. In Korea, Lee et al. developed a model using 6 Korean
locations (denoted as Lee1) [8] and Lee et al. developed a new
model using Maxwell’s DISC model by refitting the coefficients
(denoted as Lee2) [9]. Skarveit and Olseth developed a DNIestimation model using the solar elevation angle for Norway and
is based on hourly records of GHI and DHI [10]. Lam and Li
derived 𝑘𝑑 for Hong Kong [11]. Reindl et al. determine 𝑘𝑑 using
two different models with 𝐾𝑡 and solar elevation angle 𝛼𝑠
denoted as Reindl1 and Reindl2 [12]. The interested reader is
referred to the cited references for a detailed description of the
decomposition models and methodologies.

Keywords: Decomposition Model; Weather Classification
1. Introduction
Photovoltaic (PV) systems require accurate modelling and
monitoring to ensure their profitability. The modelling of PV
systems is based on how much irradiance the site receives and
the global plane of array irradiance (GPI) is used for this purpose.

Decomposition models have been evaluated for their accuracy in
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several regions: Belgium [2], China [13], the USA [14] and
North Africa [15]. Mahachi and Rix evaluated decomposition
and transposition models for South Africa, indicating that the
Dirint, DISC and Louche models estimate DNI and DHI
relatively accurately [16]. Very limited research has been done
for Southern Africa in terms of assessing, developing, and
validating a decomposition and transposition model. The lack of
available measurements and data could be a contributing factor
to limited research outputs. The first step of developing a
decomposition model to suit South African climates must be to
assess how the different models perform under various weather
scenarios and determine where improvements can be made. The
literature does not indicate considerable research has been done
in assessing decomposition models under different weather
categories or identifying specific scenarios where the models are
showing significant error swings.

The data is pre-processed by removing all duplicate
measurements from the dataset and data values above 1500
𝑊/𝑚2 are capped to 1500 𝑊/𝑚2 .

In this study, weather classification and statistical methods are
used to analyse the accuracy of models [3] - [12] under different
weather intervals and days. The development of the weather
classification methodology is discussed and followed by a
statistical analysis of how different decomposition models
perform under varying weather categories.

Liu et al. suggest the DNI be used as part of the criteria because
DNI has a larger variation than DHI for different types of days
and GHI is proportional to DNI and DHI [24]. This is also visible
in Fig. 1 where the GHI is correlated with DNI and DHI. Should
GHI be used over DNI, the DHI component will confuse the
classifier, leading to difficulty learning a classification strategy.
Clearsky weather conditions form a parabolic function, rising in
the morning and peaking at solar noon and then declining
towards the night. The first-order derivative of the DNI should
only change sign once, where it concaves only once at around
noon. Further, Liu et al. suggests summing the total hourly
measured DNI and label the day as overcast if the daily total is
less than 800 𝑊ℎ/𝑚2 . However, this methodology requires a
full day's data and other alternatives can be explored. The
proposed labelling for this study is clearsky, overcast and rainy.

2.2. Weather Classification
Data classification procedures consist of sorting data into
distinctively different types and using this procedure to
categorise new observational data into the category it belongs to
[18]. General weather types are sunny, cloudy, rainy, and heavy
rainy [19]. Weather classification is therefore grouping the data
into the weather type. Weather classification methods include
correlation analysis [20], self-organized map [21] and k-means
clustering method [22]. The use of state-of-the-art deep learning
method, like CNNs [19] and LSTMs [23], to classify the weather
is suggested similarly to classifying images.
2.3. Data Labelling

2. Research Methodology
2.1. Data Overview
For this study, data from the weather station at the University of
Stellenbosch, which is part of the Southern African Universities
Radiometric Network (SAURAN), is used [17]. The coordinates
of the weather station are 33°55'42" S, 18°51'55" E with an
elevation of 119 m above sea level. The weather station measures
three irradiance components, namely GHI, DNI and DHI, the
temperature, relative humidity, and pressure. The dataset spans
from 2013 to 2020 and is in a 1-minute resolution. In Fig. 1, the
mean daylight hourly GHI, DHI and DNI of each month for
2018-2020 is presented. The winter months (May to August) are
associated with considerably lower irradiance levels due to the
rainy winter season. During the summer months (November to
February), high irradiance is expected due to relatively clear
skies.

The method of distinguishing where the DNI is supposed to
increase and decrease can be done using the hour angle. At solar
noon, the hour angle is zero. Therefore, if the difference between
the DNI from the previous to the current timestep increases
before solar noon, this is expected. However, if it decreases from
the previous to the current timestep before solar noon, this
indicates an unexpected change in the spectrum, usually due to
cloud formation. As part of the labelling process, before solar
noon, i.e., when the hour angle is negative, is labelled as 1 and 1 when the hour angle becomes positive. A change between these
two from 1 to -1 is indicative of solar noon. Fig. 2 presents the
process of labelling the data. Firstly, the DNI is normalised
between 0 and 1 using the min-max score. Then, the difference
between the current and next normalised DNI is calculated and
multiplied with 1 (before solar noon) or -1 (after solar noon).
This multiplied value indicates whether the change in DNI was
expected or unexpected. Any value less than 0 is then labelled as
-2 (overcast identifier on Fig. 2). However, this method does not

Fig. 1: Mean daylight hourly GHI, DHI and DNI per month
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account for very low values of DNI still rising as expected and
therefore a secondary criterion is implemented using 𝐾𝑡 . The
same method for multiplying the difference between the current
and next data point with -1 or 1 is also used as a measure for
determining if the data point is overcast or rainy. Then finally,
the humidity percentage is also shown on the graph. High
humidity is indicative of rain, as shown on the first day with the
green line. The first day also has a large number of overcast
identifiers, which combined with the high humidity, will result
in a rainy day classification. The second day has low DNI with
average humidity and a significant number of overcast
identifiers, which will be labelled as an overcast day. The third
day shows a clear day, indicated by a parabolic DNI function and
low overcast identifier numbers.

classification methods such as kNN and MLPs can be used. The
data to analyse the decomposition models are assumed to be
discrete and independent from the previous data points.
Therefore, the data is allocated randomly and is split into a
60:20:20 ratio for training, validation, and testing, respectively.

Assessing whether there is no overcast identifier (i.e., labelled as
0) and the zenith angle is less than 91°, the timestamp is
classified as a clearsky interval. When the zenith angle is greater
or equal to 91°, it is labelled as nighttime where the sun has set.
When the humidity percentage is greater than 80% and the
overcast identifier is -2, it is then labelled as rainy. For the timeseries classification where the entire day is classified as either
clearsky, overcast or rainy, the same discrete labelling is a
starting point. The intervals are individually classified as clear,
overcast, or rainy. A clearsky day is defined as having clear
intervals for more than 90% of daylight intervals available and
this label will then replace the default label. An overcast day is
defined as more than 50% of the available daylight intervals are
intervals, but there are no rainy intervals. A rainy day is
classified when there are more than 2 intervals of rain.

The data input is as follows: GHI, DNI, DHI, relative humidity,
temperature, pressure, hour, and month. All data, except the
hour and month, is normalised between 0 and 1. The two models
used for classifying the data points into different weather
categories are kNN and MLP. The classification models are
implemented using python packages, specifically Keras. kNN is
a common classification tool and MLP is the simplest type of
ANN. The k-Nearest Neighbours (kNN) algorithm is simple and
easy to implement as it classifies new cases based on a similarity
measure. A drawback of the function is that it becomes
considerably slower when the dataset increases and therefore is
ideal for small datasets. For this study, the number of neighbours
is 3 and was chosen iteratively when optimising the model. The
architecture of the MLP is a fully connected neural network with
an input layer of the input dimensions and an output of 64. There
are two hidden layers with 64 units each. The input layer and
hidden layers have a rectified linear (ReLU) activation function.
The output layer has the output dimensions and makes use of the
softmax activation function. The model is optimised using the
Adam optimiser and the loss function is categorical crossentropy. The categorical cross-entropy loss is also called the
softmax loss. This discrete and one-dimensional classification is
only applicable to individual intervals and therefore it would be
beneficial to look at the entire day as well.

2.4. Weather Classification: Model Development

2.4.2.Time-series Weather Classification
The data can be used as an image (i.e., multi-dimensional) and
image-processing models such as LSTMs and CNNs can be used
to classify the days into clearsky, overcast and rainy. A CNN is
a novel approach where the connectivity principle between
synthetic neurons mimics the organisation of an animal’s visual
cortex. An example of a CNN’s architecture is shown in Fig. 3a.

2.4.1.Discrete Weather Classification
The data is downsampled into 15-minute resolution using the
mean of the measured values in those intervals. This is done to
reduce the computational time, but to keep the integrity of the
dataset and its fluctuations while maximising the number of data
points for training the models. The discrete intervals are assumed
to be independent of one another and therefore, discrete

Fig. 2: Data Labelling
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|𝑥𝑖 − 𝑥̂𝑖 |
100%
𝑀𝐴𝑃𝐸 =
∑
𝑛
𝑥𝑖

(6)

𝑖=1

where 𝑥𝑖 is the measured value and 𝑥̂𝑖 is the predicted value.

(a)

The nature of clearsky solar irradiance is a parabolic function,
with rapidly increases when the sun rises and then rapidly
decreases when the sunsets. This results in low irradiance levels
early morning and late evening, which will have an impact on
the errors of the dataset: a decomposition model can estimate the
DNI as 30 𝑊/𝑚2 , but the actual value is, for example, 15
𝑊/𝑚2 , resulting in 15 𝑊/𝑚2 (100%) error. However, a 15
𝑊/𝑚2 in the middle of the day, where the irradiance levels are
1000 𝑊/𝑚2 or more, will have a significantly lower percentage
error (1.5%). The amount of expected solar power generated
from the low irradiance levels is low and it may be plausible to
rather exclude these values to avoid an error bias. Rather than
excluding these values, a normalisation for these large error rates
is suggested. Therefore, the errors when the zenith angle is
greater than 70° is normalised using the extraterrestrial
irradiance 𝐼𝑡,𝑒𝑥𝑡𝑟 , which fluctuates according to the day of the
year. The previously mentioned error is then normalised,
reducing the percentage error from 100% to 0.5%. Therefore,
normalised MAE (N-MAE) and MAPE (N-MAPE) are also used
as part of the comparison metrics, along with the MAE and
MAPE. A significant difference between MAPE and N-MAPE
(and MAE and N-MAE) can be insightful for assessing the
decomposition models which show considerable accuracy for
higher zenith angles, where irradiance is usually more difficult
to model. The data is assessed in 30-minute intervals. The
decomposition models are usually modelled for hourly
estimations and therefore reducing it to a higher resolution may
introduce a bias in the results.

(b)

Fig. 3: Convolutional (a) and Recurrent (b) Neural Network
The CNN learns to recognize patterns by highlighting the edges
and pixel behaviour that are generally observed in various
images in its layers [25]. LSTM is a recurrent neural network
(Fig. 3b) that introduces memory blocks [23].
The architecture of the CNN has an input of a one-dimensional
convolutional layer with 16 filters. A second one-dimensional
convolutional layer with 16 filters and the ReLu activation
function is added with a 50% dropout. The layer is pooled with
a pool size of 2 and then flattened. A fully connected layer with
unit size 8 is added with a Relu activation function. The output
layer is activated using the softmax function. The LSTM’s
architecture has an LSTM input layer with 32 memory units. A
dropout layer with a rate of 50% is applied, followed by a fullyconnected layer with 64 units with a ReLu activation function.
The output layer is a fully-connected layer with a softmax
activation function. One-hot encoding is used for both the CNN
and LSTM models. The loss function of both models is
categorical cross-entropy and is optimised by Adam.
2.5. Comparison Metrics for Data Analysis
The comparison metrics which are used as part of this analysis
are the root mean square error (RMSE), mean absolute error
(MAE), mean bias error (MBE) and mean absolute percentage
error (MAPE). RMSE is the standard deviation of prediction
errors and shows how concentrated the data is around the line of
best fit. A smaller RMSE is indicative of a more accurate model.
MAE indicates how big of an error can be expected from the
forecast on average. These metrics are calculated using the
following equations:
𝑁

𝑅𝑀𝑆𝐸 = √∑
𝑖=1

(𝑥𝑖 − 𝑥̂𝑖 )2
𝑛

3. Results
The two discrete models were trained and tested using the
methodology discussed in the previous section. The MLP model
performed with an accuracy score of 87.0%, thus classifying
87.0% of the test samples correctly. The k-NN had an 83.7%
accuracy score. The MLP model was selected due to its highest
accuracy level. The two TSC-models were trained and tested, as
described in the previous section and the CNN’s accuracy was
greater than the LSTM’s (76.2% vs 75.7%). The CNN model
was used to classify the daily data as images. The CNN model
predicts the labels of the days and provides a matrix of
probabilities for each weather image. The matrix is given as a
percentage of the degree in which weather category the weather
image is classified: [𝑃𝑐𝑙𝑒𝑎𝑟 𝑃𝑜𝑣𝑒𝑟𝑐𝑎𝑠𝑡 𝑃𝑟𝑎𝑖𝑛𝑦 ]. The probabilities
for the clearsky, overcast and rainy are given as 𝑃𝑐𝑙𝑒𝑎𝑟 , 𝑃𝑜𝑣𝑒𝑟𝑐𝑎𝑠𝑡

(3)

𝑛

1
𝑀𝐴𝐸 = ∑|𝑥𝑖 − 𝑥̂𝑖 |
𝑛
𝑖=1
𝑛

𝑀𝐵𝐸 =

1
∑(𝑥𝑖 − 𝑥̂𝑖 )
𝑛

(4)
(5)

𝑖=1
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and 𝑃𝑟𝑎𝑖𝑛𝑦 . The default label for the day is first given as overcast.
Then if 𝑃𝑐𝑙𝑒𝑎𝑟 ≥ 0.5, i.e., the probability for a clearsky day is
greater than 50%, it is classified as a clearsky day. Similarly, if
𝑃𝑟𝑎𝑖𝑛𝑦 ≥ 0.5, the day is classified as rainy.

under different days. An overcast day can be a combination of
clearsky and overcast intervals. Similarly, rainy days can include
clear, overcast, and rainy intervals. Therefore, the data must be
considered as an entire day as well. Table 1 shows the MAPE
and N-MAPE of clearsky, overcast and rainy day classification.
The data is highlighted using a green-red gradient where green
indicates the highest accuracy, and red indicates the lowest
accuracy measure. The Dirint, DISC and Louche show the
highest accuracy for estimating DHI under clearsky, overcast
and rainy days. The rainy days have the lowest N-MAPE (16.5%
Dirint), but the clearsky and overcast N-MAPE for the Dirint
model are 26.6% and 25.7% respectively. The DHI-estimations
for clearsky and overcast show higher levels of inaccuracy than
for rainy days. The Skarveit and Olseth, and Reindl1 models have
the highest inaccuracy for estimating DHI, indicated by the red
blocks. The DNI estimations for clearsky show high accuracy
with low N-MAPE for the Dirint, Disc, Louche and Lee2 models,
indicating that these available models are valid and accurate for
clearsky conditions.

3.1. Analysis

The clearsky intervals compromise 33.7% of the entire database,
but a discrete clearsky interval is not necessarily indicative of the
entire day of clearsky. The clearsky day classification results in
9.4% of the dataset being clearsky days. The overcast intervals
consist of 5.1% in the interval classification, but 23.0% in the
overcast day classification. The interval (discrete) analysis
indicated that the Dirint and Louche models perform very similar
for DHI overall, but the Dirint model estimates the DNI more
accurately, based on all the comparison metrics. Interestingly,
the N-MAPE for DNI (clearsky) had the lowest error with the
Reindl1 model. Therefore, the intervals where the zenith angle is
greater than 70°, shows difficulty for this model but performs
well on the other data intervals. Overall, the overcast and rainy
intervals show the largest error swings, but the Dirint model
MBE captures the average bias in the prediction and must be
performs the best. The magnitude of errors (indicated by the
cautiously interpreted as positive and negative values cancel out,
RSME, MAE and N-MAE) is the worst performing for overcast
whereas the MAE includes the positive and negative values by
categories when estimating DNI. The Dirint has an N-MAE of
considering its absolute value. The results indicate that Orgill
37 𝑊/𝑚2 for clearsky intervals, and 44 𝑊/𝑚2 for rainy, but for
and Holland have the lowest MBE for rainy DNI and DHI, Lee 2
overcast, it is 80 𝑊/𝑚2 . Rainy intervals also have a high
for overcast DNI and DHI and Louche for overcast DHI. The
accuracy for DHI (43.6 𝑊/𝑚2 RSME and 10.4% N-MAPE with
MBE can include the over and underestimations and the other
Dirint model), but shows significant difficulty for estimating the
comparison metrics indicate that the Dirint and DISC models
DNI, with RMSE values of 96.6 𝑊/𝑚2 and an N-MAPE of
will estimate DNI and DHI more accurately. MBE also shows
364.4% (both using Dirint). The increased amount of
that the DHI is overall underestimated and the DNI is
precipitable water, along with various other factors contribute to
overestimated, except for the rainy categories. In Fig. 4, the
the difficulty of estimating DNI under overcast and rainy
MAE of the different decomposition models under clearsky,
conditions. From the discrete analysis, it can be expected that the
overcast, and rainy days when estimating DHI and DHI, is
Dirint model will perform the best for clearsky, overcast, and
shown. The visualisation also shows how large the error swings
rainy days. However, the magnitude of the errors (indicated by
of the different models are.
MAE and MAPE) will show how accurate these models perform
Table 1: MAPE and N-MAPE of clearsky, overcast and rainy day classification
Clearsky
Model

MAPE

Orgill
Erbs
Louche
Reindl1
Reindl2
DISC
Dirint
Lam
Lee1
Lee2
Skarveit

125.7
106.5
70.2
113.5
559.2
54.2
39.8
154.9
259.3
98.5
646.7

NMAPE
92.4
78
44.3
83.3
481.7
46.7
26.6
132.9
220.6
74.8
578.7

DHI
Overcast
MAPE
69.6
59.2
41.5
62.9
342.4
42.2
33.5
85.2
146.7
51.2
385.2

NMAPE
52.3
44
27.7
47.5
303.5
36.7
25.7
74.1
127.6
40.3
351.8

Rainy
MAPE
30.9
28.9
28
30
122.6
25.8
21.9
34.6
46.9
36.8
130.3

Clearsky

NMAPE
22.1
20.9
20.4
22
103.2
20.1
16.5
27.7
37.7
29.3
112.4
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MAPE
30.2
28.3
26.4
56.4
84.3
33.8
29.2
60.3
65.9
38
115.4

NMAPE
9.9
8.1
5
31.9
57.7
4.6
3.2
35.1
40.8
7.7
58.8

DNI
Overcast
MAPE
162.1
121
203.9
65.9
95.8
247.5
203.3
106.8
87.4
477.1
646.6

NMAPE
15.1
14.3
14.7
29.5
59.5
13.7
11.8
33.6
37.7
26.5
64

Rainy
MAPE
1257.4
708.2
1535.9
218.3
172
1023.2
779.6
645.9
384.3
4568.8
4202.2

NMAPE
31.8
32.5
40.6
33.9
56.6
34.3
29.8
41.7
37
96.9
89.9

Fig. 4: MAE of DHI and DNI estimations under clearsky, overcast and rainy days
The Dirint model estimates clearsky more accurately than rainy,
whereas the Louche model estimates rainy more accurately than
clearsky. Other models noted along with the Dirint model for
estimating DHI and DNI are Louche, Erbs, Orgill and Hollands,
Reindl1 and Lee2. The results shown are expected and
corresponds to the comparison metrics seen in Table 1, where
these models also showed higher accuracy for estimating DHI
and DNI. It is interesting to note that the MAE for Reindl1, Lam,
Lee1, and Skarveit and Olseth estimate the DNI considerably
better for rainy and overcast than for clearsky days.

Table 2: Location information of validation sites
Location name
CSIR Energy Centre,
Gauteng
Vanrhynsdorp, Northern
Cape
University of Free State,
Free State
University of Fort Hare,
Eastern Cape

Coordinates
-25.7465°,
28.2787°
-31.6175°,
18.7383°
-29.1107°,
26.1850°
-32.7846°,
26.8452°

Altitude
1400 m
130 m
1491 m
540 m

Data period
Mar 2017Mar 2018
Aug 2016Aug 2017
Feb - Aug
2017
Feb 2017Feb 2018

3.2. Validation of results
Table 2 presents the coordinates, elevation, and time period of
the validation sites and in Fig. 5, the monthly average GHI of
each location is shown. The four locations are spread across
South Africa in different provinces and the data was collected
from SAURAN [17]. The CSIR, Vanrhynsdorp, and University
of Fort Hare (UFH) show greater irradiance levels during the
summer months and lower during the winter months. The
validation was done by using the same methodology discussed
in the previous section. The DISC, Lee2 and Dirint model is
noted as the models producing the most accurate estimations for
DNI and DHI for the four sites. The Dirint model showed overall
the highest accuracy. Other models noted for relatively
comparable accuracy are Louche, DISC, Erbs, Orgill and
Hollands, Reindl1 and Lam. These findings are similar to the
findings of the Stellenbosch data set. The Dirint model’s RSME
of the four locations, along with the Stellenbosch dataset, is
compared and shown in Fig. 6. The clearsky DHI and DNI
estimations show the highest accuracy by having the lowest
RMSE. The rainy and overcast days indicate higher errors. For
all the models, the N-MAPE was the lowest for clearsky DNI
and the highest for rainy DNI. The MBE indicated that the DHI
is underestimated and the DNI is overestimated.

Fig. 5: Monthly average GHI of validation sites

Fig. 6: Dirint model’s RMSE for DNI and DHI estimations
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4. Conclusion

[11] J. C. Lam and D. H. W. Li, “Correlation between global solar radiation
and its direct and diffuse components,” Building and Environment, vol.
31, pp. 527-535, 1996.

Eleven decomposition models were assessed under three weather
categories, assessed discretely and then as an entire day. The
Dirint model is the most complex model of the 11 models
assessed as it considers more variables that influences the
amount of irradiance received at the earth’s surface. The Dirint
model proved to be the most accurate and the results were further
investigated by evaluating four other locations with the same
research methodology. The validation results highlighted the
significant errors observed when estimating DNI and DHI from
GHI for South African climates, further emphasising the need to
lower these errors by developing new decomposition models.
These erroneous values are used in the GPI calculations, which
will result in poorly designed PV systems. Given the large error
swings compared to the clearsky models for estimating DNI and
DHI, these error margins need to be addressed. The lack of data
in South Africa is also worth addressing. The SAURAN network
provides measurements of DNI, GHI and DHI with other
variables, but this is not nearly enough to fully understand the
solar irradiance model for the country, as well as validating
research findings with other South African locations. In addition,
some of the datasets have missing and/or faulty data points. The
lack of available and good quality data limits the research which
can be done to develop better irradiance models, as well as
improving the modelling, monitoring and forecasting of PV
systems in South Africa.
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Abstract: South Africa’s latest integrated resource plan
describes a rapid solar photovoltaic (PV) build programme, with
7 gigawatts of new capacity being built by 2030. Virtually all of
this capacity will be built in the form of utility-scale solar PV
plants in areas of highest solar resource. This paper analyses the
system-cost implications of an alternative arrangement where the
solar PV is connected to the distribution network, known as
small-scale embedded generation (SSEG). SSEG reduces overall
system costs by reducing electricity losses and resulting fuel
expenditure, and, in instances where peak demand is reduced, by
reducing capital expenditure on network upgrades and peaking
power plants. However, the upfront capital cost of utility-scale
solar PV is lower (due to economies of scale) and usually has a
higher capacity factor (due to optimum location and orientation,
and the use of trackers) when compared to SSEG. This paper
quantifies the tradeoffs associated with installing SSEG in
various sectors in South Africa compared to installing the same
amount of utility-scale PV. A comprehensive full-system model
was built to answer this question. Our first key finding is that the
upfront capital cost of the PV systems being compared has the
biggest impact on overall system cost. Hence, due to the higher
upfront capital cost of residential SSEG systems, these systems
increase the overall system cost. However, because of the added
locational value of residential SSEG, the system cost increase is
not significant. A second important finding is that, in most cases,
commercial and industrial SSEG reduces the overall system cost.
As such, we find that SSEG has immense value for the South
African power system. We therefore argue that the private sector
should receive increased policy support and incentive to invest
in SSEG alongside an accelerated rollout of utility-scale PV.

1. Introduction
South Africa’s latest integrated resource plan describes a rapid
solar photovoltaic (PV) build programme, with 7 gigawatts of
new capacity being built by 2030. The plan anticipates that the
vast majority of this capacity will be built in the form of utilityscale solar PV plants in areas of highest solar resource.
The recent proliferation of small-scale embedded generators
(SSEG), is creating new options for the delivery of key
electricity services, including alternatives to transmission or
distribution network investments. Rooftop solar PV is the most
common form of SSEG, but these can include any generator or
energy-storage device connected to a load in the distribution
network and characterized by relatively small capacities (e.g., a
few kilowatts to a few megawatts). The term SSEG is
interchangeable with the term distributed energy resource, or
DER. Estimates on South Africa’s total SSEG installed capacity
vary from 500 megawatts to over 1 gigawatt, and this capacity is
rapidly growing, making SSEG a notable part of the country’s
generation mix [1].
SSEGs can deliver the same services provided by equivalent
utility-scale generators. Additionally, because of their
distributed and modular nature, SSEGs can provide these
services at locations in power grids where they are most
valuable. If sited at the right locations and utilised at the right
times, SSEGs can deliver more locational value than utility-scale
generators [2]. However, due to the economies of scale, SSEGs
tend to cost more on a per-unit basis than utility-scale generators.
As such, SSEGs offer new options and trade-offs for power
system planners, policy makers, and regulators. How should
decision makers weigh the additional value and additional costs
of SSEGs when considering how to deploy them in the most
societally beneficial manner? And how should this value be
captured? This paper addresses this question by making a first

Keywords: Embedded generation; solar PV; system cost; costreflective tariffs.
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fourth locational value that is not modelled here is the enhanced
reliability or resilience to power outages. Each of these locational
values of SSEG will be discussed in more detail in sections 1.2.1
to 1.2.3.

stab at understanding the trade-offs between embedded
generators and their utility-scale counterparts from an overall
system cost perspective. Accurately modelling an electricity
system is a highly complex challenge, and as such we have
focussed on the major system-cost impacts. The socio-economic
impacts of SSEG have not been explored here but should form
part of the ultimate policy direction.

1.2.1.Locational Value of Energy
Because of the impact of network losses and congestion on
electricity networks, the value of electrical energy consumption
or injection varies at different points in the power system. SSEGs
have the potential to create significant value by supplying energy
(or reducing net consumption) at locations where networks are
frequently constrained and marginal losses on transmission and
distribution systems are large [8].

1.1. System Cost Planning
South Africa’s latest integrated resource plan of 2019 considers
SSEG to be a demand-reducing intervention and therefore states
that SSEG was modelled in the low-demand scenario [3].
However, to properly understand the potential benefits of SSEG,
it is important to consider the system-wide cost implications
when compared to a scenario of centralised utility-scale PV.

In South Africa, electricity losses in distribution networks
typically ranges from 8 to 11%, with a further 3% of energy
being lost through high-voltage transmission [9]. Therefore, by
virtue of their location, SSEGs avoid these network losses
adding value to each unit of energy generated [2].

Regulated, vertically integrated electric utilities, have a long
tradition of employing capacity planning models to help
determine investment and retirement decisions and to justify
their decisions to regulators [4]. These mathematical models are
designed to determine the least-cost mix of electricity
generating. By around 2010, the steady increase in wind and
solar energy penetration spurred substantial research into the
integration of high shares of variable renewable energy sources
into power systems [5]. However, only very recently have a
handful of studies granularly modelled the distribution grid as
opposed to simply considering distribution grids as loads [5]–
[7]. These studies show that modelling the cost of distribution
grids is critical to quantify the whole-system value of SSEG.

1.2.2.Deferred Distribution Network Investments
When SSEG generation coincides with the building’s peak
demand it can permanently reduce the building’s peak demand.
Figure 1 shows how SSEG has reduced the peak demand of
various building types. A reduced peak demand reduces the
utility’s capacity costs by extending asset lives and deferring
network investments.

The value of electricity generators varies depending on where
they are connected to the grid. For SSEG to compete with utilityscale solar PV, the additional locational value obtained by
deploying distribution-level generation must outweigh the
opportunity cost of not capitalizing fully on economies of scale.
1.2. Locational Value
SSEGs compete with conventional generation and network
assets to provide electricity services. In this sense, they are no
different from other options for electricity service provision.
What distinguishes SSEGs is their ability to generate electricity
closer to the point of electricity consumption and in locations
inaccessible to more centralized generators. This capability is
important because the value of some electricity services changes
with the location of provision. This difference in locational value
emerges from the physical characteristics of electricity networks,
including resistive losses and capacity limits of network
components. Three primary electricity services constitute the
bulk of locational value: electrical energy (i.e., reducing losses
through transportation), distribution and transmission network
capacity (or non-wire alternatives to network capacity), and,
when peak demand is reduced, peaking power plant capacity. A

1.2.3.Avoided Transmission Infrastructure Developments
Areas of highest solar resource are often far from load centres,
meaning that transmission infrastructure needs to be built to
transmit the power from utility-scale solar farms in the desert to
the cities where the power is consumed. By connecting directly
to the load, SSEG avoids the need for these transmissions
infrastructure developments and thereby reduces system cost.
1.3. Economies of Scale
Although SSEGs may be sited in the power system to capture
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additional locational value, there are economic trade-offs
associated with the smaller sizes of these distributed resources.
The unit costs of energy technologies typically fall as the
technology is installed at larger scales. Therefore, a 50-MW
system of a given technology will typically cost less per
megawatt than a 5-MW system of the same type, which, in turn,
will cost less per megawatt than a 5-kW system. Many
technologies suitable for distributed deployment, including solar
PV and energy storage, harness modular technologies that can
enable them to be deployed across a wide range of scales.
Nonetheless, these technologies exhibit clear economies of scale
meaning that smaller systems result in higher per unit costs than
larger-scale installations [11]. In South Africa, the cost per unit,
measured in R/kWp, of a residential SSEG system can be more
than double that of a utility-scale solar PV system [12].

This component combines hourly data from Eskom 1 and the
municipalities to estimate electricity consumption by
households, commercial buildings, industry (including mining)
and other (agriculture and rail transport) for 2018 which would
result in the full energy dispatch observed by grid-based power
plants in the same year.
2.1.2.The Demand Profile
This component scales sector profiles from Eskom load research
by the energy consumption by the different sectors to match up
with the observed dispatch profile of grid plants in 2018.

1.4. Research Objective
The paper presents an analysis of the locational value of SSEG
in the South African power system for different levels of SSEG
penetration considering the electricity load profiles of potential
SSEG adopters in different sectors of the economy.
2. Methodology
The analysis is conducted using a system model of the
South African power system. The model quantifies the annual
system costs in 2030, 2040 and 2050, given a projected demand
and system configuration for those same years. The annual
system cost includes investment (annualised), and operation
costs for the generation, transmission, and distribution
components of the system. In cases where SSEG (rooftop PV) is
included, the investment and running costs are included in the
system cost calculation. The quantification of the locational
value of increased levels of SSEG in the system is computed by
taking the difference in system costs between the system with X
MW of SSEG installed and a corresponding system with the
same X MW of utility scale PV installed instead.

Figure 2: Demand by Sector for the Average Day in 2018
2.1.3.Costs
This component uses Eskom’s Revenue Application 2018/2019
to reconstruct the generation, transmission, and distribution cost
of the electricity system for 2018. Distribution costs for
municipalities are estimated based on Eskom distribution costs.
2.2. The Annual Demand Component
The annual demand component projects energy demand at a
sectoral level as follows:

The model is made up of five main components, a calibration
component, an annual energy demand projection component, a
simple distribution level dispatch component, a simple grid
expansion and dispatch component, and a cost calculation
component, which are all hard linked in an Excel workbook.

2.2.1.Residential
The residential sector is split into two different income groups,
where it is assumed that only the high-income group would
consider installing SSEG rooftop PV. Roughly 18% of the
population, consuming around 54% of the total electricity
demand in the residential sector, would fall in this category in
2018 [13]. Electricity demand in 2030 is projected by making
assumptions on the number of high-income households, how
their monthly consumption will evolve and how the average
monthly consumption of the lower income group will evolve. In
the cases considered here, the SA population is assumed to reach

2.1. The Calibration Component
The calibration component includes subcomponents focusing on
the energy balance, the demand profile, and the costs.
2.1.1.Energy Balance Calibration (Electricity only)

1

Eskom, personal communication. Hourly data does not adequately

represent the power system, but it is the best available data.
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around 65m in 2030 [14] and with 25% households in the higher
income group. The average monthly electricity consumption of
both income groups is assumed to remain constant over the
period.

capacity of the system is equal to peak demand *(1+ Reserve
Margin). Firm capacity only includes dispatchable generators.
Figure 3. Note that when the generation curve is below zero, this
is when the pumped storage is charging/pumping. The light blue
area then illustrate when the pumped storage is
discharging/generating.

2.2.2.Commercial
The commercial electricity demand is linked to the total floor
space of commercial buildings and the average per m2 intensity.
The commercial floor space is split into “existing” and “new”. In
cases presented here, it is assumed that the overall commercial
floor space grows 1% annually and that 5% of the existing
floorspace would have been “retired” by 2030. The kWh per m2
intensity for existing buildings is assumed to drop by 10% in
2030 relative to the 2018 level, and the “new” commercial
buildings is assumed to have a much lower intensity (200 2
kWh/m2) in 2030 based on proposed building standards [15].
2.2.3.Industry
Industry demand growth is simply assumed as 1% per year to
2030.
2.3. The Distribution Level Dispatch
This component takes the projected energy demand for 2030 and
scales up sectoral profiles to arrive at the total demand profiles
“seen” by the grid. Should SSEG be installed in a particular
sector, the SSEG is dispatched using hourly solar profiles 3 and
subtracted from the demand profile in the calculation of the
demand profile “seen” by the grid.

Figure 3: Generation Dispatch for the Average Day in 2030
2.5. The Cost Calculation Component
This component calculates the total annualised system cost for
the system in 2030. The system cost is the sum of investment and
operation costs for the generation, transmission, and distribution
systems.

2.4. The Grid Expansion and Dispatch Component
This component takes the demand profile “seen” by the grid and
simultaneously does an Energy Balance and Capacity Balance
for the grid-based power generation system as follows:

2.5.1.Generation Costs
Annualised investment cost is overnight cost + interest during
construction, annualised using the global discount rate (8.2%)
and the lifetime of the plant. Based on Eskom’s 2018/2019
Revenue Application, there is a residual “investment cost” for
the existing fleet of power plants. The assumed costs for new
power plants are mainly based on the IRP 2019, with some
learning for PV and Wind.

2.4.1.Energy Balance
The user exogenously specifies how much coal, nuclear, PV,
Wind, CSP, Pumped Storage and Battery Storage capacity will
be in place in 2030. The coal, nuclear, PV, Wind and CSP
capacity is dispatched as per the historical dispatch profile
observed in 2018, and this dispatch is subtracted from the overall
demand profile. The profile is “flattened” using available
pumped storage capacity and the remaining profile is met with
gas turbines.

The fixed maintenance cost for existing plants is calculated using
the installed capacity and the unit cost derived in the cost
calibration component. The fixed maintenance cost for new
plants is based on capacity for new plants and assumed
maintenance costs.

2.4.2.Capacity Balance
The user specifies a Reserve Margin requirement for the system.
The peak demand is derived from the demand profile. The
installed gas turbine capacity is calculated such that total firm

The variable maintenance costs and fuel costs are calculated
using assumed fuel prices and variable maintenance cost for

Conservative assumption with actual building efficiencies
being considerably lower

2

3
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SolarGIS data

different technologies in the system and the dispatch profile
calculated above.

The first experiment modelled the uptake of SSEG in the
residential sector. We modelled an average SSEG system of 2.5
kWp, and Figure 4 shows the impact of an increasing share of
high-income residential households installing SSEG. The model
finds that residential SSEG without load shifting (blue line)
increases system cost when compared to utility-scale solar PV.
There are many reasons for this, but it is largely due to the higher
per unit cost of these smaller systems, as well as the
misalignment of solar generation and residential peak demand.

2.5.2.Transmission Costs
There are two components for Transmission costs, namely one
linked to the overall system peak and one linked to the total
installed capacity. The second component is ensuring that
adequate grid infrastructure is in place to support large
penetrations of renewable energy. Unit investment and
maintenance cost for demand linked transmission is derived in
the cost calibration component.

However, when residential SSEG is coupled with shifting 15%
of the customer’s load into the daytime, the model finds that the
system cost can be reduced. Load shifting can be achieved using
simple behaviour change or with technology like batteries or
timers on devices: the cost of which was not modelled here. It
must be noted that load shifting alone has significant value to the
system (as shown by the orange line at 0% penetration).

2.5.3.Distribution Costs
Distribution costs are calculated for the different sectors based
on the observed peak in each sector and the unit investment and
maintenance costs derived in the cost calibration component. We
did not consider distribution grid constraints in accommodating
SSEG and as such these grid reinforcements were not modelled.
3. Results
To determine the value of SSEG uptake in various sectors, three
separate experiments were performed: residential SSEG,
commercial SSEG, and industrial SSEG. In all three
experiments, the SSEG penetration was increased and the annual
system costs in 2030 were compared to a system without SSEG,
but with equal amount of utility-scale solar PV.
Table 1 lists the key assumptions for each experiment:
Table 1: SSEG Cost Assumptions (2018 Rands)
Utility
PV
14 000

Resi.
SSEG
28 500

Comm.
SSEG
16 800

Ind.
SSEG
16 800

Invest. Cost 2030
(R/kWp)

9 500

16 150

10 450

10 450

Maint. Cost 2018
(R/kW/yr)

280

856

336

336

Maint. Cost 2030
(R/kW/yr)

190

323

209

209

Invest. Cost 2018
(R/kWp)

Figure 4: The system cost impact of increasing amounts of
residential SSEG
At the point of 20% penetration, the cumulative capacity is
2.3GW, and the system cost of residential SSEG with load
shifting is slightly lower than utility-scale PV. Figure 5 presents
a waterfall graph of this point to show the difference in the
system cost impact of a system with 2.3 GW residential rooftop
SSEG vs 2.3 GW of utility scale PV. The first orange bar of
R2.53 billion shows the upfront capital cost of 2.3GW of utilityscale PV, which is significantly lower in cost than the blue bar
(R4.2 billion) showing the upfront cost of 2.3 GW of residential
SSEG. However, for the utility-scale PV to provide the same
service as the SSEG with load shifting, peaking gas power plants
are required (R0.51 billion), and electricity losses need to be
covered by fuel (R0.4 billion). Further to this, transmission
infrastructure reinforcements are required to meet the increased
peak demand (R0.18 billion), and to transmit the solar PV power
to load centres (R0.26 billion). The final cost component is the
distribution network upgrades to supply the growing peak
demand (R0.73 billion), which is avoided when customers install
SSEG with load shifting and reduce their peak demand.

25%
20%*
20%
20%
CF
0%
20%** 12%
6%
Avoided Dx
Losses
0%
20%
15%
15%
Demand Load
Shift
*This is an optimistic CF assumption.
**This may be an inflated avoided losses assumption that
includes unavoidable non-technical losses.
3.1. Residential SSEG Impact on System Cost
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commercial sector’s peak demand by up to 12%. The peak
demand reduction can be further reduced by up to 20% when the
SSEG is coupled with 10% load shifting into the daytime, as
shown by Figure 7. However, it should be noted that these
figures are indicative of the commercial sector average, and
different buildings would have different peak demand reductions
– schools and offices would expect larger peak reductions than
restaurants and hotels. Furthermore, the hourly data does not
fully capture the intra-hour variation in both load and generation
and in reality, advanced load control may be required to manage
peak demand.

Figure 5: Breakdown of System Cost Impact of 2.3GW
Residential SSEG with Load Shifting
This experiment has shown that the upfront capital cost of the
systems being compared has the biggest impact on system costs.
Secondly, without load shifting, residential SSEG increases
system cost. However, a key finding is that when residential
SSEG is coupled with load shifting, system cost can be reduced.
3.2. Commercial SSEG Uptake Impact on System Cost
The second experiment modelled the uptake of commercial
SSEG. This experiment was done differently to the residential
sector in that the SSEG penetration was kept constant at 40% of
the sector’s peak demand. Since peak demand reduction is the
driver of network infrastructure cost reductions, the assumed
peak shaving was incrementally increased to determine the point
at which system costs reduce to below that of utility-scale solar
PV. As shown in Figure 7, when peak demand reduction exceeds
7%, the system cost drops below that of equivalent utility-scale
solar PV.

Figure 7: Commercial Demand Peak Reduction with
increasing SSEG Penetration and various levels of Load
Shifting
We modelled a conservative level of 7% peak shaving, meaning
that the system cost impacts would be neutral (as shown in
Figure 6). The amount of SSEG is kept constant at 40% of peak,
or 2.3GW of PV. Figure 8 presents the cost elements that
contribute to the commercial SSEG system cost impact. The
upfront capital cost of the 2.3 GW of SSEG is R3.03 billion (farright blue bar), while the utility-scale solar PV is only slightly
cheaper at R2.52 billion. As with the residential sector, these
capital costs have the largest impact on overall system cost.
Interestingly, the model shows that commercial SSEG increases
the system’s consumption of gas fuel by R0.14 billion (the small
blue bar). This is because the gain in utility-scale PV capacity
factor outweighs the avoided electricity losses by commercial
SSEG (because commercial customers are typically connected at
medium voltage which has lower losses than the residential
sector). The peak demand assumptions are very conservative,
and as such, the distribution and transmission infrastructure cost
savings are relatively modest.

Figure 6: The system cost impact of increasing levels of
commercial SSEG
To understand the ability of SSEG to reduce the commercial
sector’s peak demand, we modelled a PV generator on a
synthetic hourly load for a full year. We found that even without
load shifting, a 40% of peak SSEG system can reduce the
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As such, we argue that electricity tariff design should reflect the
value of a reduced peak demand by setting demand charges that
reflect the distribution grid’s peak demand i.e., coincident
demand charges. Secondly, electricity tariffs should reflect the
value of shifting load to cheaper generation periods by setting
dynamic time-of-use tariffs for all high consuming customers.
While this paper has focused on the impact of SSEG on the total
cost of the power system, there are several other non-financial
impacts of SSEG. Few people dispute the fact that SSEG creates
more jobs per MW installed than utility-scale PV. In addition,
these jobs are within cities, nearer amenities, as opposed to jobs
in the desert where the solar resource is best. Conversely, utilityscale systems can be rolled out much quicker, allowing for
accelerated emissions reductions.
Figure 8: Breakdown of Commercial SSEG System Cost
Impact

In conclusion, we find that, at worst, SSEG does not significantly
increase the overall cost of the power system. Private sector
investment in SSEG should therefore receive increased policy
support alongside an aggressive state-coordinated rollout of
utility-scale PV.

3.3. Industrial SSEG Impact on System Cost
The industrial sector has a relatively constant load, meaning that
SSEG peak demand reductions are relatively low. Also, since
industrial customers are connected at high voltages, SSEG
avoids less electricity losses. However, since industrial SSEG
installations can be very large, the economies of scale are better.
As a result, the model finds that industrial SSEG has a neutral
impact on the system cost, on average.
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penetration considering the electricity load profiles of potential
SSEG adopters in different sectors of the economy.
The first major finding is that the upfront capital cost of the PV
systems being compared has the biggest impact on overall
system cost. Hence, due to the higher upfront capital cost of
residential SSEG systems, these systems increase the overall
system cost. However, with the rapidly declining capital costs of
commercial and industrial SSEG systems, these systems
compete well with utility-scale PV.
The second major finding is that the system cost is highly
dependent on whether a SSEG system reduces the building’s
peak demand or not. As such, the model shows that SSEG in
commerce (or any buildings with daytime peak demands) is most
viable, and depending on level of peak shaving achieved,
commercial SSEG systems can reduce the overall system cost.
A third key finding is that simply shifting load into the daytime,
when solar PV is generating, reduces system cost considerably.
Further, when residential SSEG systems are coupled with load
shifting, even these systems can reduce system cost.
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Abstract: The transition to renewable power generation creates new challenges in power system operation. A decline in
system inertia with increasing stochastic and distributed power
generation will result in fluctuating network frequency. This
research paper focuses on the spatial-temporal correlation of
meteorological conditions like wind speed and solar irradiance,
which drive the generation of such renewable power plants.
Weather data (one-minute averaged) from various locations
in South Africa are cross-correlated and represented as network graphs. With Spectral Graph Theory and three different
clustering strategies (Partitioning, Hierarchical and Densitybased), clusters are identified, with strong correlating fluctuations. The correlation clusters map to geographical regions.
Distributing wind and solar photovoltaic plants (in terms of
generation capacity) over all these geographical regions will
minimise the fluctuating generation seen by the power system
network. Network operators might use this methodology to
promote a less yield region for the sake of low correlations
by increasing incentives for wind and solar photovoltaic construction in these areas.
Keywords: Power System, System Frequency, Renewable Energy, Clustering, Spectral Graph Theory.
1.

Introduction

World-wide, power systems are transitioning to become more
sustainable and environmentally friendly [1]–[3]. The transition from fossil fuel to renewable energy sources (RES)
corresponds with a change in generation technology, i.e.,
synchronous generators to inverter-based generation. One of
the consequences of the power system transition is a decline in
rotational inertia, which results in system frequency instability
[4], [5]. Large-scale inverter-based RES integration shifts the
generation footprint from centralised to distributed generation
and the dispatch from controlled to variable generation. The
power system is thus becoming increasingly distributed and
stochastic.

There is in the literature [7]–[13] increasing interest to
understand variable generation to accommodate large-scale
integration of stochastic RES. Wind and solar photovoltaic
(PV) variability studies are typically on 10-minute (min) and
longer time resolutions, with 1-hour averaged data the most
commonly available. However, these time scales are far from
the inertial response time scale. On the other hand, small
temporal resolution data (1-minute and smaller time-averaged)
are not readily available. In a previous publication, the impact
of short time scale (one-second) wind speed fluctuations on
wind power production revealed that the wind turbine acts
like a first-order low-pass filter that filters out the (1-min)−1
and higher frequency components [14]. Therefore, 1-minute
resolution wind data is sufficient for short time scale analysis.
However, since solar PV has no inertia attributes besides the
inverter RLC time-constant, smaller temporal resolution global
horizontal irradiance (GHI) data is advantageous for inertial
time scale studies. The work by M. Anvari et al. [7] show that
GHI time series data are orders of magnitude more intermittent
than wind speed in terms of fluctuation amplitude.
In the literature, there is an assertion that aggregated
variable generation benefits from an averaging effect from
spatially distributed generation [7]–[9]. However, for hourly
wind power averages, J. Apt et al. [8], D. Yu et al. [11], and
E. Fertig et al. [12] mention positive and fair correlations for
some wind farms separated by long distances ( > 400 km).
According to D. Yu et al. [11], China is experiencing rapid
growth in wind power generation. For China to accommodate
the increase in wind power penetration, it must build more
coal-fired power plants to increase its load regulation ability.
In 2009, China could not accommodate 20% of its wind
generation capacity in the power system due to wind speed
fluctuations. For hourly wind data, D. Yu et al. profiled
regional wind fluctuations in China. The authors found very
high correlation coefficients ( > 0.9) for distances up to
1000 km. Lastly, the authors postulate that the short time
scale (seconds to minutes) wind speed fluctuations will be
less correlated with a smoother aggregate.
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P. Sorensen et al. [10] states that on the short time scale,
wind power variability influences the power balancing. The authors found that the coherence of fluctuating wind generation
depends on the distance and wind direction. The reduction
in variability depends on factors like size, location, and the
number of interconnected wind farms [12].
E. Fertig et al. [12] investigate the impact of interconnecting
wind farms on the variability of the aggregate generation. The
authors found the averaging effect is more profound at higher
frequencies compared to the low-frequency fluctuations. The
results indicate that interconnecting regions reduce variation,
decrease extreme step changes, and increase the duration
and percentage of wind power in the system. Large-scale
interconnection, however, does not significantly reduce the
ratio between high- to low-frequency fluctuations. The authors
also postulate that wind farms, which are close together, are
subject to similar weather patterns, and thus limiting the degree
of smoothing.
Y. Degeilh and C. Singh [13] focus on minimising the
variation in the aggregate wind power generation. The authors conclude that distributing wind generation over uncorrelated/negatively correlated sites minimises the aggregate wind
power variation. Geographic diversity allows for diverse wind
patterns with a low correlation which reduces the variability
of the aggregate.
This paper focuses on the spatial-temporal perturbations due
to fluctuating RES generation feed-in into the power system
network. The correlations between these perturbations in lowinertia power systems could be a limiting factor for large-scale
RES integration. In this paper, the one-minute average (short
time scale) wind speed and GHI time series of various weather
stations in South Africa are cross-correlated to identify clusters
of correlating regions. The significance of these clusters is
that they provide a spatial awareness of the perturbations.
This spatial awareness might assist in network planning to
reduce the correlation between fluctuations. Thus, increasing
the reliability of the system to operate within the narrow
predefined frequency boundaries.
The rest of the paper outline is as follows: Section 2 presents
and discuss the methodology used in this research paper.
Section 3 presents the numerical analysis and clustering of
the wind speed and solar irradiance. Section 4 discuss the
clustering results. Lastly, Section 5 concludes this work.
2.

Methodology

The weather data for this research comes from the Southern African Universities Radiometric Network (SAURAN)
[15]. The weather stations used are Howard College (KZH),
University of Zululand (ZUL), USAid Venda (VEN), CSIR
Energy Centre (CSIR), GIZ University of Pretoria (UPR),
USAid Gabarone (UBG), USAid Namibian University of
Science and Technology (NUST), GIZ Richtersveld (RVLD),
GIZ Vanrhynsdorp (VRD), Eskom Sutherland (SUT), Mariendal Heliostat (HELIO), Stellenbosch University (SUN), GIZ
Murraysburg (MRB), GIZ University of Free State (UFS),

USAid University of Fort Hare (UFH), and Central University
of Technology (CUT). The one-minute time resolution wind
speed and GHI measurement time series for the year 2017 and
2018, respectively, were used. The choice of 2017 and 2018
was due to the highest number of recorded measurements.
Correlating the time series measurements (for one year) of
these weather stations delivers a cross-correlation matrix. To
interpret the cross-correlation matrix is quite simple. However,
a better presentation of the results will lead to further insight.
Considering the cross-correlation matrix as a similarity matrix
opens to Spectral Graph Theory analysis and clustering.
Consider the weather stations as vertices of a graph connected by weighted edges based on the similarity matrix.
Thus, the higher the correlations between weather stations,
the stronger are their direct connections. Based on these edge
weights, different clustering algorithms are employed to study
the graphs. The clustering methods include Spectral Clustering, Partitional Clustering (K-means), Hierarchical Clustering
(Agglomerative), and Density-Based Spatial Clustering of Applications with Noise (DBSCAN).
Spectral clustering is a method to re-organise a graph to
obtain further insight into the underlying structure. As an
analogy, consider a network of springs with different spring
constants. For a given subset of fixed vertices, the spring network will rearrange to minimise the network’s total potential
energy (Jspring ). Mathematically, for a graph, this optimisation
is equivalent to the minimisation of the quadratic form of the
graph Laplacian, L [16]:
Jspring = min ~xT L~x
k~
xk=1
~
x6=~
0

~xT L~x =

2
1 X
Lij xi − xj
2

(1)

(2)

(i,j)∈E

Consider a vector ~x that assigns real values to the graph
vertices. The quadratic form of the Laplacian computes the
sum of the squares of the differences in the vector ~x.
The Courant-Fisher theorem states that the eigenvectors of
a symmetric matrix (like the graph Laplacian) approximate
the solutions of the quadratic minimisation and maximisation
problems. Using the eigenvectors corresponding to the smallest
non-zero eigenvalues as a coordinate system to re-draw the
graph reveals its structural characteristic. The spectral clustering reveals clusters and allows for other clustering algorithms
to fine-tune the network clusters.
Clustering is a form of unsupervised machine learning
and requires domain knowledge insights to configure the
algorithm parameters. However, there are metrics to help
evaluate the clusters. The metrics used in this work include
Spectral Gap, Sum of the Squared Error (SSE), Silhouette
Coefficient, Dendrogram from Hierarchical Clustering, and
Epsilon curvature method from Density-based clustering. The
use of these different clustering methods provides insight
and confidence in the clustering results. The results from the
weather data and their clusters are shown in the next section.
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Table 1. Wind speed cross-correlation results.

3.

Cross-corr

RVLD

HELIO

VRD

CSIR

ZUL

UFH

CUT

SUN

NUST

UNV

UBG

UPR

KZH

RVLD

1

0.34

0.47

0.1

0.24

0.19

0.19

0.3

0.26

0.12

0.07

0.08

0.24

HELIO

0.34

1

0.36

0.09

0.16

0.27

0.22

0.6

0.16

0.05

0.05

-0.01

0.18

VRD

0.47

0.36

1

0.17

0.26

0.23

0.25

0.39

0.26

0.18

0.12

0.16

0.22

CSIR

0.1

0.09

0.17

1

0.12

0.14

0.26

0.13

0.23

0.23

0.28

0.49

0.11

ZUL

0.24

0.16

0.26

0.12

1

0.19

0.26

0.22

0.21

0.08

0.14

0.06

0.43

UFH

0.19

0.27

0.23

0.14

0.19

1

0.25

0.25

0.19

0.13

0.16

0.05

0.18

CUT

0.19

0.22

0.25

0.26

0.26

0.25

1

0.25

0.26

0.14

0.3

0.19

0.22

SUN

0.3

0.6

0.39

0.13

0.22

0.25

0.25

1

0.18

0.13

0.08

0.04

0.21

NUST

0.26

0.16

0.26

0.23

0.21

0.19

0.26

0.18

1

0.21

0.21

0.15

0.2

UNV

0.12

0.05

0.18

0.23

0.08

0.13

0.14

0.13

0.21

1

0.2

0.21

0.08

UBG

0.07

0.05

0.12

0.28

0.14

0.16

0.3

0.08

0.21

0.2

1

0.29

0.11

UPR

0.08

-0.01

0.16

0.49

0.06

0.05

0.19

0.04

0.15

0.21

0.29

1

0.03

KZH

0.24

0.18

0.22

0.11

0.43

0.18

0.22

0.21

0.2

0.08

0.11

0.03

1

Numerical Analysis and Clustering

This section presents the spatial-correlation analysis results
from the wind speed and GHI measurement time series signals.
This section consists of two subsections, with the first subsection focusing on the wind speed dynamics and the second part
focusing on the solar GHI.
3.1. Wind speed correlations
Cross-correlating the one-minute averaged wind speed time series for one year (2018), the correlations between the different
locations are obtained and presented in Table 1. For the wind
speed measurements, the spatial correlation is low (below 0.6).
The highest correlation is between SUN and HELIO. Figure 1
presents a histogram of the cross-correlations. The correlation
distribution does not resemble a Gaussian shape but shows
heavy tails.
As mentioned in the previous section, constructing a graph
to present the cross-correlation results opens the door for
analysis techniques from Graph Theory. The cross-correlation
matrix serves as a similarity matrix for the edge weights. All
the vertices then have a direct connection to every other vertex
of various strengths. Some correlation coefficients are very
low, and in the graph, representation resembles weak edges,
which are practically insignificant, and thus eliminated. The
threshold for edge removal is the correlation coefficient value
(similarity strength) of 0.25.
The threshold value corresponds with the peak of the correlation distribution in Fig. 1. The resultant graph representation
is in Fig. 2. Note the complete disconnection of UNV due to
its very low correlation coefficients.
Figure 2 shows the re-organisation by plotting each vertex based on the eigenvectors of the two smallest non-zero
eigenvalues. The resulting graph representation shows the
natural character of the cross-correlation results. The weather
stations with the higher cross-correlations lump together to

Fig. 1. Wind speed correlation histogram.
form local clusters. It is now clear, from the new graph
representation, to find cut-sets on the lowest edge weights as
depicted in Fig. 2. As mentioned previously, utilising various
clustering metrics support the choice for the optimal number of
clusters. Table 2 summarises the results of these metrics. Based
on the metric results, the recommended number of clusters
is 3. Table 3 presents the cluster labelling results. Figure 3
visualises the clustering results on a geographical map of the
weather stations.
Although the clustering algorithms do not use geographical
features, the results still reveal an underlying geographical
element in the cross-correlation strength between stations.
Distributing wind farms (in term of generation capacity) over
all these geographical regions will minimise the fluctuating
generation seen by the power system network. Network operators might use these results to promote a less yield region for
the sake of low-correlations by increasing incentives for wind
farm construction in these areas.
3.1. Solar irradiance correlations
Cross-correlating the one-minute resolution GHI time series
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Table 2. Wind speed cluster metrics for optimal number of partitions.
Clustering

Eigen gap

metrics
Number of

1

3

0.43

0.3

12
0.49
0.29

0.26

11
0.28

4

0.3

0.26
0.39

0.26
10

0.26

1. RVLD
2. HELIO
3.VRD
4. CSIR
5. ZUL
6. UFH
7. CUT
8. SUN
9. NUST
10. UNV
11. UBG
12. UPR
13. KZH

0.26
9
6
7

8

0.26

10

6

12

0.27
2 8

1

0.3 11
0.26
3

9

0.26

Dendrogram

Epsilon curve
( = 0.075)

3

3

Table 3. Wind speed correlation cluster labels based on
three clustering algorithms, Partitional Clustering
(K-means), Hierarchical Clustering (Agglomerative), and
Density-Based Spatial Clustering of Applications with
Noise (DBSCAN). The negative one (-1) label indicates
an outlier based on the algorithm.

13

0.47

0.27 0.6

5

Coefficient

1

0.34

0.36
3

Silhouette

Error (SSE)

3

clusters

2

Sum-of-Squares

4

Hierarchical

Node

Location

K-means

1

RVLD

0

0

0

2

HELIO

0

0

0

3

VRD

0

0

0

4

CSIR

2

2

2

5

ZUL

1

1

1

6

UFH

0

0

-1

7

CUT

2

2

-1

8

SUN

0

0

0

9

NUST

0

0

-1

10

UBG

2

2

2

11

UPR

2

2

2

12

KZH

1

1

1

(agglomerative)

7

0.26
0.26

5
0.43

13

Fig. 2. Wind speed correlation graph.
for a year (2017), the correlations between the different
locations are obtained and presented in Table 4. For the
GHI measurements, the spatial correlation is high. The lowest
correlation (0.43) is between UNV and HELIO. Figure 4
presents a histogram of the cross-correlations. The correlation
distribution mean is 0.68 indicating high spatial correlation
strengths.
Using the cross-correlation matrix as a similarity matrix for
the graph representation reveals a highly meshed network, see
Fig. 5. The eigenvectors of the smallest non-zero eigenvalues
from the graph Laplacian function as a coordinate system to
rearrange the graph’s layout. The graph’s spectral decomposi-
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Fig. 3. Wind speed cluster map.

DBSCAN

Table 4. GHI cross-correlation results.
Cross-corr

RVLD

HELIO

VRD

CSIR

ZUL

UFH

SUN

NUST

UNV

UBG

UPR

MRB

UFS

SUT

RVLD

1

0.8

0.91

0.68

0.56

0.66

0.83

0.78

0.53

0.65

0.63

0.79

0.74

0.88

HELIO

0.8

1

0.84

0.57

0.45

0.57

0.9

0.69

0.43

0.65

0.57

0.7

0.67

0.75

VRD

0.91

0.84

1

0.65

0.54

0.65

0.87

0.73

0.52

0.64

0.61

0.79

0.73

0.91

CSIR

0.68

0.57

0.65

1

0.71

0.65

0.57

0.67

0.7

0.83

0.9

0.78

0.83

0.72

ZUL

0.56

0.45

0.54

0.71

1

0.6

0.5

0.53

0.59

0.65

0.68

0.69

0.73

0.59

UFH

0.66

0.57

0.65

0.65

0.6

1

0.6

0.61

0.46

0.65

0.63

0.78

0.73

0.67

SUN

0.83

0.9

0.87

0.57

0.5

0.6

1

0.65

0.45

0.6

0.54

0.73

0.66

0.87

NUST

0.78

0.69

0.73

0.67

0.53

0.61

0.65

1

0.52

0.62

0.62

0.75

0.72

0.68

UNV

0.53

0.43

0.52

0.7

0.59

0.46

0.45

0.52

1

0.64

0.65

0.65

0.66

0.55

UBG

0.65

0.65

0.64

0.83

0.65

0.65

0.6

0.62

0.64

1

0.75

0.78

0.8

0.64

UPR

0.63

0.57

0.61

0.9

0.68

0.63

0.54

0.62

0.65

0.75

1

0.78

0.79

0.59

MRB

0.79

0.7

0.79

0.78

0.69

0.78

0.73

0.75

0.65

0.78

0.78

1

0.84

0.81

UFS

0.74

0.67

0.73

0.83

0.73

0.73

0.66

0.72

0.66

0.8

0.79

0.84

1

0.71

SUT

0.88

0.75

0.91

0.72

0.59

0.67

0.87

0.68

0.55

0.64

0.59

0.81

0.71

1

1

14

2

13

3

12

4

11

5

Fig. 4. Solar GHI correlation histogram.

10

6

9
7

tion shows the underlying structure and a more interpretable
picture.
Due to the high correlations, the vertices lump together except for ZUL and UNV, which have the weakest connections.
Table 5 summarises the cluster metric results used for finding
the optimal number of clusters.
Since the GHI cross-correlations are strong, the graph is
relatively hard to partition and is evident from the clustering
metrics, Eigen gap, SSE, and the epsilon curve. These clustering metrics indicate a value of 1 as the optimum number of
clusters. Table 6 summarises the resulting cluster labels from
the three algorithms. The DBSCAN method highlights the
two distant outliers, ZUL and UNV. After the removal of
the outliers, partitioning on the meshed region commenced.
Table 7 presents the final cluster labels. The observation from
the clustering results is that the K-means and Hierarchical
clustering results are in agreement. The DBSCAN algorithm,
however, breaks down for non-homogeneous cluster densities.
The cross-correlation results are visual on a geographical
map in Fig. 6. The resulting GHI cross-correlation clusters
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1. RVLD
2. HELIO
3.VRD
4. CSIR
5. ZUL
6. UFH
7. SUN
8. NUST
9. UNV
10. UBG
11. UPR
12. MRB
13. UFS
14. SUT

8

5

11
4

10 13
12

6

14 1
8 3
7
2

9

Fig. 5. GHI correlation graph.

Table 5. Solar GHI cluster metrics for optimal number of partitions.
Clustering
metrics

Eigen gap

Number of

Sum-of-Squares

Silhouette

Error (SSE)

Coefficient

1

3

1

clusters

Dendrogram
3

Epsilon curve
( = 0.075)
1

Table 6. Solar GHI correlation cluster labels based on
three clustering algorithms, Partitional Clustering
(K-means), Hierarchical Clustering (Agglomerative), and
Density-Based Spatial Clustering of Applications with
Noise (DBSCAN). The negative one (-1) label indicates
an outlier based on the algorithm.
Hierarchical

Node

Location

K-means

1

RVLD

0

0

0

2

HELIO

0

0

0

3

VRD

0

0

0

4

CSIR

0

0

0

5

ZUL

2

2

-1

6

UFH

0

0

0

7

SUN

0

0

0

8

NUST

0

0

0

9

UNV

1

1

-1

10

UBG

0

0

0

11

UPR

0

0

0

12

MRB

0

0

0

13

UFS

0

0

0

14

SUT

0

0

0

(agglomerative)

DBSCAN

Fig. 6. GHI cluster map.
mould along the earth’s longitude lines, which coincide with
the sun’s coverage and movement. The clusters are also at
the different movement stages of the Southern Africa weather
fronts (carrying clouds), approaching from the Atlantic ocean
and South-Western direction.

Table 7. The final GHI cluster labels. The negative
one (-1) label indicates an outlier based on the algorithm.
Hierarchical

Node

Location

K-means

1

RVLD

1

1

0

2

HELIO

1

1

-1

3

VRD

1

1

0

4

CSIR

0

0

1

6

UFH

0

0

1

7

SUN

1

1

-1

8

NUST

1

1

0

10

UBG

0

0

1

11

UPR

0

0

-1

12

MRB

0

0

-1

13

UFS

0

0

-1

14

SUT

1

1

0

(agglomerative)

DBSCAN

4.

Discussion

Power systems transition from dispatchable fossil fuel and
synchronous generation to having a large share of variable
and inertia-less inverter-based renewable energy generation.
Focusing and concentrating large-scale variable RES integration within finite regions with coherent fluctuations will
lead to correlated noise input to the power system network.
Low-inertia power systems have less capacity to ride through
correlated fluctuations/noise.
In this paper, the meteorological signals (wind speed and
solar GHI) from various weather stations distributed across
South Africa are cross-correlated to find similarities. The
correlation results are then represented as a graph, with the
correlation strength as the edge weights.
Spectral Graph Theory and clustering metrics helped to
interpret the correlation results. Identifying similarity clusters
provide insight into the source of spatial-temporal fluctuations
due to distributed RES, seen by the power system network.

227

The distribution of a RES type (in terms of generation
capacity) among the clusters or regions will ensure low spatial
correlating noise inputs from the power system network’s
perspective.
The link between meteorological signals and power generation is a non-linear relationship that introduces non-linearity
in the variance of the spatial-temporal fluctuations fed into the
network. Further research on the link between fluctuating meteorological signals and fluctuating power generation is needed
to gain more insight into spatial-temporal perturbations.
The large-scale integration of inverter-based RES and
decommissioning of synchronous generator power plants
leads to a decline in system inertia, which results in reduced
frequency transient stability. The results from this research
contribute to further insight into the safe operation of
low-inertia power systems of the future. System operators
can structure the remuneration of RES generation considering
their location based on a region which reduces the overall
noise correlation. That is to create an incentive to integrate
RES power plants in less favourable areas - in terms of
natural resources for maximum yield.
5.

Conclusion

The decline in power system inertia and the increase in
stochastic and distributed RES generation set the focus of
this paper on the spatial-temporal correlations of the meteorological conditions, like wind speed and solar irradiance,
which drive these types of RES generation. For one-minute
time resolution (averaged) wind speed and solar irradiance
data, the results indicate a high spatial correlation for the
GHI and a low correlation for wind speed. All the correlation
coefficients are positive, which mean there is low-frequency
coherent behaviour. The correlation clusters map to geographical regions, and they also align with the usual weather front
pattern and the sun’s coverage and movement, respectively.
Distributing wind and solar photovoltaic plants (in term of
generation capacity) over all these geographical regions will
minimise the fluctuating generation seen by the power system
network. The results from this research contribute to further
insight into the safe operation of low-inertia power systems
of the future. System operators can structure the remuneration
of RES power producers considering their location based on
a region which reduces the overall noise correlation and thus
supports the power system to have a robust system frequency.
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Abstract: The high demand for low carbon energy and rapidly
decreasing solar panel prices have led to a surge in solar
photovoltaic (PV) plants across the globe, more than at any other
time since the industry began. Combined with geographic
variations in environmental conditions, this has led to a vast
increase in the need for characterisation of local spectral data.
However, obtaining site-specific spectral data can be difficult for
average users due to their high cost, varying accuracy, and
difficulty to operate and maintain.

generation capacity, while the price of PV modules has
decreased more than expected. By the end of 2012, the
cumulative installed capacity reached 100 GW, but reached 635
GW by 2019 as a result of increased installations in response to
increased demand [1]. Further growth forecasts predict several
tens of terawatts PV capacity will be achieved before 2050 but
will require large investments [3]. Parallel to this, electric energy
generation from solar PV depends on the environmental
conditions and solar energy received. Both factors, together with
the spectral irradiance and meteorological parameters such as the
ambient temperature and wind speed, all differ seasonally and
also geographically, thus influencing the performances of
deployed solar system [2]. The enormous investment in PV
systems (conventional and new technologies) has led to a
matching economic drive to ensure the best PV sites and most
suitable spectrally sensitive PV technologies are chosen for new
installations [3].

Currently, users work with spectral data obtained from the
American Society for Testing and Materials (ASTM) standard,
satellites, and the Simple Model for Atmospheric Transmission
of Sunshine (SMARTS) Model. To describe spectra generated
by any of the above-mentioned sources, researchers have used
average photon energy (APE) and other parameters. In this
paper, we develop a method for describing PV site-specific clear
sky 12-noon spectral data based on environmental conditions
and spectral properties. The approach bins measured spectra into
100 and 200 nm wavelength ranges and characterises their
changes throughout the year with the plane of array (PoA)
irradiance, APE, air mass (AM) and sun elevation at the site to
establish relationships.

For high and sustainable energy generation, a PV site requires an
abundance of the sun’s energy and its seasonal availability [3].
In particular, quantifying the localized spectral irradiance has
become topical and key for characterizing and estimating the
energy yield of PV devices [4]. However, PV site specific
spectral irradiance data are scarce because of the high global
standards of precision and cost of instrumentation [5], operation
and maintenance [6]. As a result, broadband spectral irradiance
data generated by international companies, as well as satellite
and model generated spectral data have become an alternative.
However, this data overlooks the impact of the angle of
incidence and/or the spectral distribution of a specific site and
may lead to impractical yield calculations [7]. Efforts across the
world are underway to acquire spectrally-resolved irradiance and
site specific data for long term parameter analysis [4]. Binning
and long term data analysis are spectral analysis approaches that
are increasingly utilised. For example, binning with statistical
analysis was conducted on spectral distributions, where APE
bins of 0.02-eV and their standard deviations across all 50-nm

The method developed showed strong correlations between the
APE and the PoA irradiance, the AM and the sun elevation in
three clear sky days, each month over the period of three years.
The observed strong correlations between these parameters
indicate that when spectra cannot be measured, the measurable
site’s environmental conditions can help determine the spectral
content with strong confidence.
Keywords: Air mass; Sun elevation; Plane of array irradiance;
Spectral distribution; Binning, Average photon energy.
1. Introduction
The growing demand for clean energy over the past decade has
resulted in a rapid increase in cumulative installed PV electricity
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bands over the wavelength range (350–1050 nm) is divided [2].
Also, long term spectral impact analysis in a PV site was done
for PV sites in which they found that the short and long term
parameter behaviours may differ [8]. In this research, parameters
of interest such as the prevailing environmental conditions, sun
position, airmass, plane of array irradiance, and the spectral
irradiance were investigated for a long term (three years) because
of their direct effect on the performance of solar systems.

durations of night and day and receive equal amounts of solar
irradiance[2]. Also, on these dates, both north and south poles
get 24 hours of daytime interchangeably due to refraction [2].

The paper compares the spectral distribution of the ASTM
global tilt spectrum to the locally measured spectral irradiance
under the prevailing environmental conditions. The tests were
conducted on three clear sky days a month over the three-year
period, from 2018 to 2021, at noon each time. To quantify the
variations throughout each of these years, spectral analysis was
performed on wavelength bins of 100 nm from 300 to 900 nm
and 200 nm from 900 to 1100 nm. For each bin, we determined
the APEs to examine how variations during the year relate to
other factors.

Fig. 1. The Earth's tilts during the summer and winter
solstices as well as the equinox.
It is also important to note that when the northern hemisphere
experiences the summer solstice, the southern experiences the
winter and vice versa.
2.2. Airmass and spectral characterisation
Airmass has an impact on the spectral properties of radiation and
in turn the performance of PV systems [3]. Equation (1)
mathematically defines the airmass as a function of the sun
elevation angle. It is the relative atmosphere through which the
unscattered solar irradiance crosses from the sun to the ground
(the measurement point) [4].

2. Research Background
2.1. The Influence of the PV Site Geographical Location
The geographical location factors that are unique to a PV site and
affect the amount of available solar irradiance and its
characteristic spectral distribution are the latitude (determines
the airmass) and height above sea level (determines the
atmospheric pressure)]. Latitudes and longitudes, indicate how
far north (+) or south (-) from the Equator and how far east (+)
or west (-) from the Greenwich line is the location respectively.

AM =

1.0
(cos(90° - elev) + 0.50572 × (6.07995 + elev)-1.6364 )

(1)

where elev is the solar elevation (⁰), as observed from the
measurement point, defines an angle the sun makes above
horizon (0 ⁰) [5] and is inversely proportional to the AM.

Solar energy received at a PV site is known to vary due to Earth’s
continuous rotation around its axis and revolving around the sun,
thus changing its tilt around its own axis and giving rise to nights
and days and to different seasons of the year respectively. As a
result, the duration of nights and days, as well as the relative
position of the sun differ. At the certain times during this process,
each of its Earth’s hemispheres passes the summer and winter
solstices as well as the equinox points in time as shown in Fig.
1. At the summer solstice point, the hemisphere is tilted
maximally towards the sun, experiences the longest day of the
year and receives high solar irradiance as the sun elevation
reaches the highest. Simultaneously, the other hemisphere
reaches the winter solstice at the maximum tilt away from the
sun, experiences shortest day of the year and receives low solar
irradiance. Either of the north or south poles get 24 hours of
daytime simultaneously due to refraction, while the other goes
through 24 hours of night time. This occurs at about June 21 or
22 and December 21 or 22. Equinox is midway between the two
solstices, where the Earth’s axis of rotation reaches the
perpendicular position relative to the Sun (at about March 19–22
and September 21–24) and both hemispheres experience equal

At standard test conditions (STC), which include the total
irradiance of 1000 W/m2, the airmass of AM1.5 and temperature
of 25°, ASTM Gl73 reference spectra (shown later with the
measured spectra) are developed [6], namely, the extraterrestrial, direct and circumsolar as well as the global tilt. The
latter is mostly used as an international standard to design all PV
modules. This however differs with the real life conditions.
2.3. Characterising spectra
Fig. 2 shows ASTM Gl73 reference spectrum showing three
spectra, the extra-terrestrial, direct and circumsolar, and the
global tilt. The global tilt spectrum is used as the international
standard when characterizing PV modules at standard test
conditions (STC). The light source for solar simulators used
during STC measurements should conform closely to the global
tilt reference spectrum. The spectral match between the
simulated light and the global tilt spectrum is determined by
evaluating the percentage of total irradiance in 100 and 200 nm
wavelength bins. The STC also requires 1000 W/m2 light
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intensity and 25 °C cell temperature.

with the site specific zenith angle, elevation, and azimuth angle
of the sun from the online available Solar Geometry Calculator
developed by the NOAA Earth System Research Laboratories
(ESRL) [8]. To obtain the site specific data, the calculator
requires the correct location coordinates, namely, the latitude
and longitude as well as the timescale of the measurement site
and can access historical data of any range of dates interest.
3.2. PV Testing Site Multi-year Global Irradiance and
Spectral Measurement Systems
Fig. 3 shows the outdoor irradiance (top) and spectral (bottom)
measurement systems mounted on a dedicated weather station on
the roof of Building 34 on the CSIR Pretoria campus.

Fig. 2. The ASTM Gl73 reference spectrum showing three
spectra, the extra-terrestrial, global tilt and direct and
circumsolar spectra [6].
However, the actual operating conditions differ from STC
depending on the location and the season of the year. Instead, the
locally measured spectra can be useful and when characterised
using the average photon energy (APE), spectra can be shown to
be “blue” or “red dominant” and used to determine its impact on
the annual energy yield of PV technologies. The APE is
calculated by dividing the integrated incident irradiance by the
integrated photon flux density, and is defined by Equation (2)
b
∫a Eλ (λ)dλ
APE= b
q ∫a φ(λ)dλ

Fig. 3. Top: data acquisition system to measure the plane of
array Irradiance. Bottom: The spectral data acquisition
system to measure the spectral data

(2)

The irradiance measurement system includes the pyranometer
and Keighley data logger, while the spectral measurement
system includes the new generation grating MS 711
spectroradiometer and the EKO data logger. Both the
pyranometer and the spectroradiometer are mounted in the same
plane and environment conditions, taking continuous
measurements of plane of array (PoA) irradiance and spectrum,
respectively. The devices are unique, robust, with no moving
parts, and suitable for most weather conditions. The
spectroradiometer in particular, operates optimally in the
temperature range of -10 ⁰C to 50 ⁰C and records spectra in the
300 nm to 1100 nm wavelength range with an accuracy of
+/- 0.2 nm [9].

where q [eV] is the electron charge, Eλ (λ) [W m nm ] is the
spectral irradiance at wavelength λ, and φ(λ) is the photon flux
density at wavelength λ. The APE values indicate the average
distribution of light over the spectrum, regardless of the absolute
intensity of light. The average photon energy (APE) is also
technology independent parameter and describes only the
spectral composition of solar irradiation [7].
-2

-1

The density of the photon flux, φ(λ) is defined by Equation (3)
𝝋𝝀 [𝒑𝒉𝒐𝒕𝒐𝒏𝒔 𝒎−𝟐 𝒔−𝟏 𝒏𝒎−𝟏 ] =

𝑬𝝀
𝒉𝒄/𝝀

(3)

3.3. Data pre-processing

which is calculated using the Plank–Einstein relation ℎ𝑐/𝜆 [J]. It
is the number of incident photons per unit area per second per
wavelength.

3.1. Obtaining the Airmass and Solar Elevation Values.

For our investigation, three clear sky days with high PoA
irradiance were selected for every month over the test period
from 2018 to 2020. The data includes the measured spectra, the
measured PoA irradiance, the site location, calculated air mass
and calculated sun elevation on the site. The seasonal and hourly
variations of these parameters at 12-noon is characterized.

The airmass is one of the major environmental properties used to
characterize the measurement site. Its data was sourced together

The spectral measurements were assigned to bins corresponding
to the IEC 60904-9 standard bins for evaluating spectral

3. Methods employed in data collection and analysis
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mismatch in solar simulators [10]. Specifically, the spectra were
binned from 400-500 nm, 500-600 nm, 600-700 nm,
700-800 nm, 800-900 nm and 900-1100 nm wavelengths. The
relative energy distribution in each bin was then calculated to
determine their percentage contribution to the integrated spectral
irradiance and help characterize the shifts in spectrum over the
seasons of the year.

4.2. Lists CSIR PV testing site multiyear global irradiance
Fig. 5 shows hourly trends of the PoA irradiance (25° tilt, 0°
azimuth) measured at the CSIR around solar noon by month. For
each plot, three clear sky days with the highest values at 12-noon
were selected in each month from 2018 to 2020. The horizontal
dotted line represents the STC 1000 W/m2 plotted here to show
visually how the PoA irradiance vary throughout the year.

4. Results and discussion
The results of this work are presented to show and interpret the
clear-sky variations of the 12 noon environmental conditions,
irradiance and solar spectra that characterize a measurement site
on a daily and seasonal basis. First, we present air mass, sun
elevation, and PoA irradiance variations at the CSIR
measurement site on three clear sky days of every month of the
year. This is followed by the Eko Spectra data, percentage
spectral distribution, and correlation among all the parameters.
4.1. The airmass and elevation that characterizes the
measurement site
Fig. 4 shows the airmass and sun elevation at 12-noon on the
actual dates the selected spectral measurements were taken. The
airmass and the elevation were obtained using the NOAA solar
calculator. These two parameters vary by inverse proportion
throughout the year following Equation (1). At higher sun
elevation, lower air mass is observed and vice versa. This
directly affects how much solar energy is maximally available at
each specified period [ nakajima1990determination ], as well as
the corresponding spectra.

Fig. 5. Average hourly PoA irradiance near solar noon for
each year by month
The highest irradiance values (~1100 W/m2) were measured
during the months of February and March as well as September
and October around the spring and autumn equinox when the sun
position is nearly perpendicular to the plane of array at solar
noon. The lowest values (~950 W/m2) were measured during
June when the sun elevation is low in the sky, which are the days
close to the winter solstice.

The airmass ranges from the shortest AM1.0 in December 26
(summer) to the longest AM1.53 in in June 16 (winter), exactly
when the sun elevation is the highest at 87.2⁰ and the lowest at
40.9⁰ respectively. This indicates that the standard airmass
AM1.5 used when testing solar modules is only realized in
winter months in Pretoria.

4.3. Combined multi-year spectra and energy distribution
for the CSIR PV testing site
This section investigates how the spectra and the energy
distributions vary at whole spectra and bin levels over the
three-year test period.
Fig. 6 shows the measured spectra over the test period. The
spectra are colour coded according to month in each season, with
the vertical lines dividing the spectra into bins. Measured spectra
coloured by month/season: black/winter, yellow/summer,
green/spring, grey/autumn. The bins in the short wavelength
(300 to 600 nm) represent the blue region, medium wavelengths
(600 to 900 nm) represent the red region, and long wavelengths
(900 to 1100 nm) represent the near infra-red regions of the light
spectrum. The spectra plot shows the winter months (black) at
the bottom and the summer months (yellow) at the top. The
autumn (grey) spectra generally fall nearer to the summer spectra
while the spring (green) generally fall nearer the winter spectra.
The up and down shifts observed in this diagram are indicative
of the variation of light intensity when the spectrum was

Fig. 4. The 12 noon air mass and the sun elevation at the
CSIR corresponding to spectral measurement dates
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measured, not a shift in spectral distribution.

region and a lower percentage of total energy in the red region
compared to winter months. The percentage of total energy in
the 600-800 nm wavelengths remains relatively stable
throughout the year. Based on analysis of the binned energy, the
data show a measurable shift from blue in the summer months to
red in the winter months.
4.4. Spectral bin correlation with spectral, irradiance and
environmental properties
Visualizing the relationships among the spectral bin energy
distributions and other parameters, reveals correlations that can
be analysed. Fig. 8 shows multi variant pairs plots, where each
bin (here represented by lt0400 and lt0900) is plotted against
itself, selected bins, as well as other parameters such as months,
PoA irradiance (Irr_SMP_1), airmass (Airmass), sun elevation
(Elev) above the horizon and APE (ape). The bins’ energy
distribution and the APE characterize the measured spectra while
other parameters present the months when measurements were
taken, and describe the environmental conditions of the PV site.

Fig. 6. Measured spectrum coloured by month/season:
black/winter, yellow/summer, green/spring, grey/autumn
To see the left (red) or right (blue) shifts in spectral distributions,
the binned data will be analysed in the following diagram.
At bin level, Fig. 7 shows the percentage of energy variation in
each bin, averaged by month. At this level, the spectral energy
variations that could not be observed in Fig. 6, can be observed.

Fig. 8. Multivariable pair plots involving the spectral bins,
air mass and irradiance for the three years in question.

Fig. 7. Energy distribution by month
The bins lt0400 and lt0500, representing the blue and ultraviolet
parts of the spectrum, as well as the bin lt1100, representing the
near-infra-red, varied significantly with high summer values and
low winter values. There are also small variations in bin lt0600,
which represents part of the blue region, as well as in bins lt0700,
lt0800, and lt0900, which represent the red-to-near-infrared
region. In addition, when considering the spectral energy
distribution among the bins, the top line shows that roughly 19%
of the total energy in the measured spectrum falls in the ‘lt0600’
bin, i.e. the wavelengths between 500 nm and 600 nm. The
variation from month to month is small for this bin. However,
the energy in the ‘lt0400’ bin, i.e. the wavelengths between 300
and 400 nm, is higher in summer compared to winter. By
contrast, the energy in the ‘lt1100’ bin is lower in summer
compared to winter. This indicates that during summer months,
the spectra contain a higher percentage of total energy in the blue

The pairs plots show density plots along the diagonal and the
scatter plots elsewhere to help identify trends for further
analysis. The density plots, in particular, illustrate the
distribution of a single variable while the scatter plots
demonstrate the existence or non-existence of relationships
between any two of the considered variables. The diagonal
density plots behaviour varies from left skewness at top left
(short wavelengths) to right skewness at bottom right (longer
wavelengths) indicating that the mean is to the left and to the
right of the peak respectively with minor differences among the
different years. In the lt0600 and lt0700 bins, the density plots
are in the middle.
Among the scatter plots, the first row where lt0400 (300 to
400 nm) bin is selected to represent the blue region and plotted
against the lt0900 bin which represents the red region, and also
with other parameters. It was observed that lt0400 has weak
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positive and negative correlations with the lt0600 and lt0700 bins
respectively. This indicates that the transition of correlation
between lt0400 with other bins from positive to negative occur
between the lt0600 and lt0700 bins. This also explains why a
minimum to no variation of percentage energy distribution was
observed in the lt0600 and lt0700 bins in Fig. 7. These bins are
not shown in Fig. 8 so that we can clearly show the bins that
represent the blue and red region bins with clarity. For example,
with the lt0900 (800 to 900) bin, lt0400 has a negative correlation
with high linearity, indicating that when the energy in the blue
region is high, the energy in the region will be low. With the
months’ variable, the lt0400 bin values are high during the
summer months (the beginning and end of the year), but decrease
in the intervening months to reach the minimum in winter. With
other parameters, the lt0400 bin has a negative linear correlation
with air mass and positive correlations with the plane of array
irradiance, sun elevation and APE.

elevation is lower in winter compared to summer and the
corresponding air mass is higher in winter compared to summer.
The spectral measurements were plotted to determine changes in
the distribution of energy versus wavelength over the course of
the year. The spectral measurements have a visually similar shape
throughout the year, while the intensity changes. The minimum
intensities were observed in winter months and the maximum
intensities were observed in summer months. We then
characterized the spectral distribution using the APE and spectral
binning. We established a quantitative and traceable variation of
the APE which corresponds to the variations observed in the
spectra. The low values of APE were observed in winter while in
summer high values of the APE were obtained. We then
characterized the spectral distribution using the APE and spectral
binning. We also established a quantitative and traceable
variation of the APE which corresponds to the variations
observed in the spectra. The low values of APE were observed
in winter while in summer high values of the APE were obtained.

The lt0900 bin, which represents the red region of the spectra in
the pairs plots, correlates negatively with the blue region bins,
has low values in the summer months and high values in the
winter months. The bin has no clear correlation with the plane of
array irradiance, negative correlations with the sun elevation and
the APE and a positive one with air mass. The months’ variable,
when plotted against the plane of array irradiance shows the
same effect observed in Fig. 5, where high values were obtained
in February and March and September and October, which are
the months close to the Equinox dates. The opposite behaviour
between air mass and sun elevation shown in Fig. 4 is illustrated
in Fig. 7 in rows two and three from the bottom and the second
and third column from the right, as a non-linear (near
logarithmic) negative correlation.

The measured spectra were binned using relative areas under the
curve in each bin for every spectrum of the selected days to
visualize subtle shifts in the spectral distribution that were
difficult to see in full spectral distribution plots. A clear pattern
was observed for the short wavelength bins between 300 and
600 nm and the longer wavelength bins between 700 and
1100 nm. In summer months, shorter UV and blue wavelengths
make up a higher percentage of the energy in the overall spectral
distribution compared to winter. In winter months, longer red
and infrared wavelengths make up a higher percentage of the
energy in the overall spectral distribution compared to summer.
This result confirms a slightly blue shifted spectrum in summer
and a slightly red-shifted spectrum in winter.

5. Results and discussion

6. Summary
The study included the analysis of two to three available spectral
data for 12 noon in all the months from 2018 to 2020. First, the
environmental properties of the measurement site were
established to confirm that midday sun elevation is lower in
winter than in summer and the corresponding airmass is higher
in winter than in summer. The spectral measurements are
visually similar throughout the year, whereas the intensity of the
intensity changes. Minimum intensities were recorded through
the winter months, while maximum intensities were recorded
through the summer months. Following this, we used the average
photon energy (APE) and spectral binning to characterize the
spectral distribution. We established a quantitative and traceable
variation of the APE which corresponds to the variations
observed in the spectra. The low values of APE were observed
in winter while in summer high values were obtained. We then
used the average photon energy (APE) and spectral binning to

The spectral distribution of solar irradiance is unique to the
measurement site of interest. It varies hourly from sunrise to
sunset in a day and seasonally from January to December
because of the differences of prevailing weather conditions (e.g.
cloudy or clear sky). To solve the scarcity of site specific spectral
data, CSIR commissioned a spectroradiometer and a pyrometer
mounted in dedicated weather stations on site to measure spectral
and irradiance content. Following this, we characterized the
spectral distribution using the APE and spectral binning.
Midday spectral distribution measured at the CSIR campus in
Pretoria varies seasonally throughout the year due to the changes
in sun position and the related. In this work, we analysed two or
three 12 noon spectra for clear sky days, in every month of the
years 2018 to 2020. First, we established the environmental
properties of the measurement site to confirm that the midday sun
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characterise the spectral distribution. Furthermore, we
established a quantitative and traceable variation of the APE
which corresponded to variations observed in spectra used.
The measured spectra were binned using relative areas under the
curve in each bin for every spectrum of the selected days to
visualize subtle shifts in the spectral distribution that were
difficult to see in full spectral distribution plots. A clear pattern
was observed for the short wavelength bins between 300 nm and
600 nm and the longer wavelength bins between 700 and 1100
nm as represented by lt0400 and lt100 bins respectively. In
summer months, shorter UV and blue wavelengths make up a
higher percentage of the energy in the overall spectral
distribution compared to winter. In winter months, longer red
and infrared wavelengths make up a higher percentage of the
energy in the overall spectral distribution compared to summer.
This result confirms a slightly blue shifted spectrum in summer
and a slightly red-shifted spectrum in winter.
The spectral distribution of solar irradiance is unique to the
measurement site of interest. It varies hourly from sunrise to
sunset in a day and seasonally from January to December
because of the differences of prevailing weather conditions (e.g.
cloudy or clear sky). To solve the scarcity of site-specific
spectral data, CSIR commissioned a spectroradiometer and a
pyranometer mounted in dedicated weather stations on site to
measure spectral and irradiance content. The data used in this
study was measured with these devices, with APE and spectral
binning being used to characterize spectral energy distribution.
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Abstract: To increase methanogenic activities, magnetic
nanoparticles (MNPs) such as Fe3O4, NiFe2O4 and CuFe2O4 were
synthesised and evaluated via the co-precipitation technique and
biochemical methane potential (BMP) test. Four BMP systems
were tested, with a working volume of 0.8 mL (wastewater (0.5
mL) and sludge (0.3 mL), coupled with 1.5 g of the MNP. The
surface morphology, elemental composition, crystallinity, and
functional groups of the MNPs were analysed using scanning
electron microscopy/energy dispersive X-Ray spectroscopy
(SEM/EDX), X-ray powder diffraction (XRD) and Fouriertransform infrared spectroscopy (FTIR). The MNPs addition
decreased the oxidation/reduction potential when compared to
the control reactor without MNP. The reduction of the chemical
oxidation demand (COD) showed an increase with Fe3O4
(94.92%) > NiFe2O4 (84.45%) > CuFe2O4 (75.63%) as compared
to the control reactor (68.63%). In terms of biogas production,
the MNPs addition also enhanced the methane potential as Fe3O4
(100%) > CuFe2O4, (96.3%) > NiFe2O4 (94.6%) > Control
(65.7%). The kinetics of the study was well fitted on the
modified Gompertz kinetic model. Inclusively, with the same
MNPs loading (1.5 g), the reactor with Fe3O4 MNPs was found
to be more advantageous than the rest of the systems. In the
prospects of biodegradation and to increase the value of biogas
generated, integrating MNPs in anaerobic digesters will result in
a more energy-efficient anaerobic process for wastewater
treatment.

ways to mitigate this problem [1, 2].
Another global issue of concern is the over dependence on fossil
fuels. Currently, the over dependence and the burning of fossil
fuels continuously have led to greenhouse gas effects that affects
the environment thereby causing climate change. These fossil
fuels are continuously depleted due to the fact that they are not
renewable [1]. In view of this, there is need to look out for an
alternative form of energy that serves the same purpose and is
environmentally friendly. Biogas is a renewable energy and is
produced from readily available local materials like agricultural
residue and waste materials using a process called anaerobic
digestion (AD) [1, 3, 4]. Thus, AD presents the advantage of
solving environmental remediation as well as producing biogas
which is a renewable energy.
The use of magnetic nanoparticles in environmental remediation
has gained a lot of interest. Intensive studies have been done
recently on the use of magnetic nanoparticles (MNPs) due to its
optical, electronic, and magnetic properties as compared to the
bulk materials. The physical and chemical stability of MNPs
make it the most suitable for application in biomedicine,
engineering, and catalytic processes [5]. MNPs are widely used
in cell separation, magnetic storage, drug delivery,
environmental remediation and catalysis [6]. Recently magnetic
nanoparticles have been used in wastewater treatment and biogas
enhancement via the AD process [5]. The magnetic nanoparticles
improve the performance of the AD system thereby enhancing
the biogas yield [7].

Keywords: Anaerobic digestion; chemical oxygen demand;
magnetic nanomaterial; synthesis; biochemical methane
potential.

Synthesis methods such as sonochemistry, thermal
decomposition, solvothermal, hydrothermal and co-precipitation
methods have been studied and reported. Among these synthesis
methods, co-precipitation synthesis is gaining more interest
since its preparation is simple, easy, less expensive and uses
readily available apparatuses [5, 8, 9]. The main aim of
synthesising these MNPs is to modify their physical properties
such as size, surface area, catalytic properties, and magnetic
properties. However, to optimize and give a better performance
of the AD system, the magnetic nanoparticles used are

1. Introduction
Pollution of the environment continues to be a global concern.
Pollution is caused by the indiscriminate discharge of waste from
industrial activities and emission of harmful gases into the
environment. This has brought about contaminations of our
water sources, air, and land. Health related issues such as
respiratory infectious diseases have also been linked to some of
these contaminants. Researchers are constantly trying to find

236

synthesized to modify their surfaces to produce high-quality
MNPs. In this study, MNPs were synthesized using the coprecipitation synthesis method and characterized using scanning
electron microscopy/energy dispersive X-Ray spectroscopy
(SEM/EDX), X-ray powder diffraction (XRD) and Fouriertransform infrared spectroscopy (FTIR) and evaluated by
assessing their impact on biogas production.

Table 1. Chemicals with their molecular weights and
masses

2. Materials and Methods
Analytical grade chemicals were used. Sodium hydroxide pellets
(NaOH), ferrous sulphate heptahydrate (FeS04.7H2O), oleic acid
(surfactant), ferrous chloride hexahydrates (FeCl3.6H2O), nickel
(II) nitrate hexahydrate and copper (II) nitrate trihydrate were
purchased from Sigma Aldrich, South Africa. The wastewater
and sludge were obtained from a local South African sugar
refinery in Kwa-Zulu Natal. The wastewater was characterized
to determine the chemical oxygen demand (COD), total
suspended solids (TSS) and volatile suspended solids (VSS)
according to standards [10]. The results obtained were, COD
(3570 mg/L), Color (1340 Pt.Co), Turbidity (200 NTU), TSS
(583.5 mg TS/L) and VSS (419 mg TS/L).

Chemicals

Molecular weight
(g/mol)

Mass (g)

Ferrous chloride
hexahydrates

270.29

108.12

Ferrous sulphate
heptahydrate

287.55

55.61

Sodium
hydroxide

39.997

199.99

Copper (II) nitrate
trihydrate

241.6

48.32

Nickel (II) nitrate
hexahydrate

290.79

58.16

2.2. Characterization of MNPs
To ascertain the success of the synthesis and to know the
surface morphology, elemental composition, crystallinity, and
functional groups of the synthesized MNPs, the MNPs were
characterized using SEM/EDX, XRD and FTIR.

2.1. Synthesis of magnetic nanoparticles (MNPs)
1 L stock solutions of the chemicals used for the synthesis were
prepared. With known molecular weight, volume and
concentration using the Sigma Aldrich mass molarity calculator,
the masses were determined as presented in Table 1. 0.4 M Fe3+,
0.2 Fe2+/Cu/Ni and 3 M NaOH stock solutions were prepared by
dissolving 108.12 g, 55.61/48.32/48.16 g and 199.99 g,
respectively in a 1 L distilled water. Using the co-precipitation
synthesis method adapted from Maaz et at. [11], the magnetite
(Fe3O4), copper ferrite (CuFe2O4) and nickel ferrite (NiFe2O4)
were synthesized. Firstly, a precursor solution of 1:1 volume
ratio (500 mL/500 mL) of 0.4 M Fe3+ and 0.2 Fe2+ were measured
and poured into a 2 L beaker. 2 mL of oleic acid was added which
dropped the pH of the solution to 2 and stirred for about 30
minutes for homogeneity. In a dropwise manner, 250 mL of
NaOH was added to the mixture and stirred at 15 rpm until a
thick black precipitate was formed (pH adjustment). The final
pH was found to be 11. The resultant precipitated solution was
heated at 70°C for 2 hours (ageing). The solution was cool at
room temperature which was then filtered and washed with
distilled water and ethanol. The precipitate was oven dried for 12
hours at 80°C and calcined for 1 hour at 550°C. The same
procedure was repeated for the copper and nickel ferrites,
however, a volume ratio of 3:2:1 (500 mL/333.33 mL/166.67
mL) of 0.4 M Fe3+, 0.2 Fe2+ and Cu/Ni was used. The MNPs were
characterised and applied in a BMP test.

2.2.1.Scanning Electron Microscopy and Energy Dispersive XRay (SEM/EDX) analysis
The morphology and elemental analysis of synthesized MNPs
were identified SEM/EDX at the University of Cape Town,
South Africa (Nova NanoSEM coupled with EDT and TLD
detector). The acceleration voltage of 5 kV with a magnification
in the range of 10–50 k was used for the operation of the unit.
2.2.2.X-Ray Powder Diffraction (XRD analysis)
The crystal structures of the synthesized MNPs were analysed
with X-ray diffractometer equipment (Bruker AXS, D8
Advance) coupled with PANalytical software (Empyrean, PRO
MPD, Netherlands) that was operated at 40 kV with a target
current of 40 mA. The samples were grounded into fine particles
and homogenized, then carefully loaded in a rectangular glass
cell and scanned with a J-J scan coupled with the copper anode
(Cu-Kα radiation: λ=1.5406 Å) and Bragg-Brentano
configuration. The measurements run within a range of 5 to 85
(2θ) defined with a typical step size speed of 0.0340 min-1.
2.2.3.Fourier Transform Infrared spectrometer (FTIR)
analysis.
The polymeric, organic, and inorganic molecular structures and
functional groups of the MNPs were recorded over the range of
400 - 4000 cm-1 by a Fourier Transform Infrared (FTIR)
spectrometer (Shimadzu FTIR 8400).
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2.3. Application of synthesized MNPs on a BMP test for
biogas production

(HACH 2100N)

According to the protocol adapted from Mu, et al. [12] and
Speece [13], a biochemical methane potential (BMP) test was
set-up with four bioreactors (1 L Duran schott bottles) with
tightening Teflon caps which had a gas outlet connected to a
measuring cylinder and a thermostatic water bath. A working
volume of 0.8 L and a headspace of 0.2 L was used for all setups. The distribution of the sludge and wastewater and MNPs in
each bioreactor has been presented in Table 2. The bioreactors
after filling it with the wastewater, sludge and MNPs were then
purged with nitrogen gas for 2 minutes for anaerobic conditions.
The bioreactors were submerged in a thermostatic water bath
regulated at a mesophilic temperature of 35°C and for hydraulic
retention time (HRT) of 21 days. A daily monitoring of the
biogas yield was done for each set-up. At the end of the 21 days
digestion period, the composition of the biogas produced was
analyzed to determine the methane and carbon dioxide yields
with a gas chromatography (GC-2014 Schimadzu, Japan). The
supernatant effluent was characterized to determine COD, color,
and turbidity reduction. The remaining sludge after decanting the
supernatant liquid was analyzed to know the TSS and VSS after
the digestion period for each set-up using the AHPA (2017)
standards methods [10, 14]. The analytical tools, presented in
Table 3, were used for the analysis.

MNP (g)

Wastewater
(L)

Sludge
(L)

A

1.5 Fe3O4

0.5

0.3

B

1.5 CuFe2O4

0.5

0.3

C

1.5 NiFe2O

0.5

0.3

D

No MNPs
(control)

0.5

0.3

Analytical balance
(HCB602H 22
ADAM)

VSS

Analytical balance
(HCB602H 22
ADAM)

2.4. Kinetic study of the BMP system
From the cumulative biogas yield, the kinetic of the system was
studied to observe the performance of the system over a period
of 21 digestion days. First order and modified Gompertz kinetic
model equations (1 & 2) were adapted and used for this study
from Syaichurrozi, et al. [15] and Guo, et al. [16].

𝑃𝑚 = 𝑌𝑚 [1 − exp( − kt)]

𝑃𝑚 = 𝑌𝑚 . exp (− exp [

Rmax.e
𝑌𝑚

(1)

[λ − t]] + 1)

(2)

Where,
Pm = cumulative specific biogas yield (mL/g COD)
Ym = maximum biogas production (mL/g COD)
λ = lag phase period or minimum time to produce biogas (days)
t = cumulative time for biogas production (days) and e is a
mathematical constant (2.718282)
K (Rmax.e/Ym) = maximum specific substrate uptake rate per
maximum biogas production (mL/g COD.day)
k = first-order rate constant (1/d).

Table 2. MNP, sludge and wastewater distribution
BMP Set-up

TSS

3. Results and discussions
3.1. Characterization of synthesized MNPs
3.1.1.SEM/EDX analysis of MNPs

Table 3. Characterized parameters and analytical tools
used.
Parameter

Analytical tool

COD

HACH
Spectrophotometer
(DR3900)

Color

HACH
Spectrophotometer
(DR3900)

Turbidity

Turbidity meter

To understand the surface morphology of the MNPs, SEM/EDX
analysis was carried out to determine the elemental composition.
Figure 1 shows the images of the SEM analysis of the MNPs.
This confirms the presence of magnetite with agglomerated
shape [17]. This was obtained at a microscale of 10 µm. In Figure
2, the EDX spectra of the MNPS with their compositions is
tabulated. The peaks around 0.8, 6.3 and 6.8 keV shows the
binding energies of Fe. From the peaks of the Fe 3O4, it can be
observed that they are assigned to Fe, O and C and these
elements are observed in the hybridized MNPs. This affirms the
presence of magnetite in all the MNPs, hence the success of the
synthesis, confirming the observation also made by Petcharoen
et al. and Gökçe et al. [17-21].
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Fig. 1. SEM images of synthesized MNPs
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Fig. 3. XRD pattern of synthesized MNPs via coprecipitation
3.1.3.FTIR analysis of MNPs
In Figure 4 the FTIR spectra of the MNPs are shown as their
functionality in terms of reactivity, stability and oxidation was
made known. It was observed that most of the peaks were found
around 3600 cm-1, 3000 cm-1 and 1620 cm-1 which is associated
with O-H stretching. Nevertheless, the MNPs with high content
of carbon (Figure 2), had their asymmetric and symmetric CH 2
stretching bands shifted to 2921 cm -1 and 2850 cm-1,
respectively. The significant shift of these peaks proves that the
hydrocarbon chains surrounding the MNP monolayers were
closely packed in their crystalline states. Likewise, between 850
and 500 cm-1, the bands noted at 584 cm-1 and 629 cm-1 can be
assigned to the magnetite and maghemite in their oxidized forms
[12-15]. This confirms Shen et al. [12]. report, where the
absorption peaks at 530 cm-1 corresponding to Fe-O vibrations
are related to the magnetite phase.

Fig. 2. EDX images of synthesized MNPs
3.1.2.XRD analysis of MNPs
The synthesized MNPs were characterized by XRD for phase
identification of crystallinity. From the peaks observed in Figure
3, the crystalline structure (227) corresponding to JCPDS (file
No. 19-062) identified as magnetite (Fe3O4) confirmed elemental
composition in the EDX images (Fig 2). These sharp peaks
suggest that the MNPs have good crystalline structure with small
particle sizes. The peaks of CuFe2O4 and NiFe2O4 proves that
they are in the spinel phase. The presence of carbon in Fe 3O4 as
seen in the EDX images affected the MNPs surface where the
magnetite peaks were shifted, and other forms of iron oxides
were observed [17, 22].
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Fig. 4. FTIR pattern of synthesized MNPs via coprecipitation
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3.2. Impact of MNPs in wastewater treatment and
biogas yield
From Figure 5, it is observed that the bioreactors with MNPs had
better removal of contaminants. COD degradation was high in
bioreactor A with 94.92% > C (93.28%) > B (75.63%) > D
(68.63). The bioreactors with MNPs had turbidity removal above
70% as follows B (84.45%) > A (83.19%) > C (76.61%) as
compared to the control D (60.99%). Even though, the color
removal percentage was low, the bioreactor with 1.5 g of Fe3O4
MNP had 66.42%. Overall performance of the bioreactors with
MNPs as compared to the control (without MNPs) was enhanced
in the contaminant removal. MNPs have high absorption
capacity. This observation was also made by [21, 24, 25].
Observing Figure 6, which represents the biogas composition of
each bioreactor, bioreactor A had 100% methane yield, B
(96.3%) and C (94.6%) as compared to the control set-up which
has 65.7% methane yield. The bioreactor with Fe3O4 MNPs
showed a higher biogas yield of 280 mL as shown in Figure 7
and methane yield increase of 34.6%. This is because, the
addition of Fe3O4 MNPs serves as a source of Fe3+, which
stimulates the methanogenic activities and in turn increases the
yield of biogas and methane. This was also observed by Casals
et al. and Zaidi et al. [26-29].

Biogas composition (%)
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Fig. 6. Biogas composition of BMP setups A-D
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Fig. 7. Cumulative biogas yield over 21 days digestion
period
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3.3. Kinetics of the BMP system
The kinetics of the system was studied using the cumulative
biogas yield production obtained from the data. Comparing the
first order and modified Gompertz models prediction to the
cumulative yield as presented in Tables 4 and 5, it could be
observed that modified Gompertz had the closer prediction than
the first order. The correlation Coefficient (R2) values of the
Gompertz model was above 0.99 for the set-up with MNPs while
the control had 0.95. Comparing the values for the SSR (sum of
square errors), R2, kinetic constant (k) and predicted values for
both models, the system of the study was found to have a better
fit on the Gompertz kinetic model [30-32].

Fig. 5. Contaminant removal with MNPs using BMP test
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Table 4. Parameters for the bioreactors (A-D) using the
first order kinetic model
First-order
kinetic
model

Set-up
A

B

C

D

R2

0.992

0.991

0.985

0.906

measured
values, Pm
(mL/g COD)

280

170

110

47.5

Predicted
values
(mL/g COD)

299.909

180.356

120.99

53.3092

SSR

1269.7

537.805

399.01

515.05

k (1/d)

3.8E-05

3E-05

2E-05

0.05293

maximum
values, Ym
(mL/g COD)

371.96

286.67

233.61

74.98

4. Conclusion
The investigated synthesized MNPs were found to indeed
improve the AD performance by enhancing the biogas
production and the removal of pollutants from wastewater. It was
observed that the reactor with Fe3O4 MNPs had the best
performance with 94.92% COD, 83.19% turbidity and 66.42%
color removal. It also had a 100% methane yield which was a
34.3% increase in methane as compared to the control (65.7%).
The images obtained from the SEM/EDX, XRD and FTIR
analyses showed the success of the synthesis and accounted for
why the MNPs had such performance as compared to the control
set-up. The kinetics of the study was found to have a better fit on
the modified Gompertz model with a fitting error of 0.2%-4.4%.
Acknowledgements
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Table 5. Parameters for the bioreactors (A-D) using the
modified Gompertz model.
Modified
Set-ups
Gompertz
A
B
C
D
kinetic
model

2

8.90

R

0.998

0.991

0.985

0.906

measured
values, Pm
(mL/g
COD)

280

170

110

47.5

Predicted
values
(mL/g
COD)

284.331

SSR

387.447

537.805

399.01

515.05

k (1/d)

0.1354

3E-05

2E-05

0.05293

maximum
values,
(Ym)
(mL/g
COD)

345.29

286.67

233.61

74.98

180.356

120.99
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Abstract: Numerous studies have been conducted on the biogas
generation process using different feedstock as mono-substrates.
However, the direct digestion of mono-substrates presents
several disadvantages associated with substrate properties. To
overcome the disadvantages, co-digestion of two or more
substrates is recommended as an attractive alternative to enhance
yields and economic feasibility of biogas plants. However, the
problem of low biogas generation and process instability remains
challenging in co-digestion systems due to the variability in cosubstrate properties, the characterization of which requires
advanced analytical approaches. The International Water
Association’s Task Group developed the Anaerobic Digestion
Model No. 1 (ADM1), which is considered as the most advanced
and extensible model for simulating an anaerobic digestion
process, as has been noted by several studies. In this study,
ADM1 was used to simulate anaerobic co-digestion of
agricultural bio-wastes under different operating conditions to
identify a suitable co-digestion strategy for locally available
agricultural substrates (smallholder farming system cases).
Anaerobic co-digestion of agricultural bio-wastes including
cabbage residues, potato peel, rice straw, and maize straw with
manure was assessed via ADM1, which evaluates the effects of
substrate combination on biogas production. The model results
showed that the co-digestion of agricultural substrates with cow
manure is favourable for biogas production with greater than
50% methane content generated. The highest methane content
(59.59%) was obtained when 70% manure was co-digested with
20% cabbage residue and 10% straw. This study provides a basis
for predictive modelling of co-digestions, which can be utilized
as an initial screening test.

co-digestion; biogas.
1. Introduction
Anaerobic digestion (AD) of single agricultural residue biomass
feedstock presents some disadvantages related to substrate
characteristics or properties, which leads to low biogas and
methane yields due to the complex lignocellulosic structure of
the substrates, imbalanced nutrient composition (e.g. C/N ratio),
and the absence of diversified microorganisms [1]–[3]. Codigestion technology was suggested to solve such problems
through the simultaneous AD of two or more substrates with
complementary characteristics. For instance, mixing agricultural
substrates (carbon-rich, but potentially lacking in nitrogen) with
animal manure (characterized by low organic loads, but high
nitrogen contents) can improve the availability of nutrients for
microorganisms, maintain a stable pH and improve methane
production via the co-digestion process [4]. This technology is a
promising alternative to overcome the mono-substrate digestion
disadvantages and enhance the yields of the AD of organic
materials because of the positive synergisms established in the
digestion medium as well as increases in the AD plant’s
economic viability [4]. Over the years, several studies have
devoted substantial research efforts to investigate the codigestion of different combinations of municipal and industrial
wastes, agricultural bio-wastes and other organic materials to
enhance biogas generation [5], [6]. However, in co-digestion
systems, the problem of low biogas generation and process
instability remains challenging as the process needs appropriate
co-substrate selection that favours positive interactions and
proper management of the substrates mixtures in comparison
with the mono-substrate digestion processes [7]. This requires

Keywords: ADM1; agricultural substrate; anaerobic digestion;
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advanced analytical approaches to carefully characterize the
feedstock and avoid instability or fluctuations.

substrate parameters values for the ADM1. The basic data have
been taken from [22], [29] for cow manure, [30]–[33] for
cabbage residue, [34] for potato peel, [29], [33], [35] for maize
straw, and [3], [36], [37] for rice straw and presented in
Table 1. According to the extended Weender analysis approach
described in [38], the volatile solids content of the substrate is
fractioned into raw lipid (RL), raw protein (RP), raw fiber (RF)
and nitrogen-free extracts (NfE) as well as into acid detergent
fiber (ADF), neutral detergent fiber (NDF) and acid detergent
lignin (ADL), as presented in Fig. 1. Further, the carbohydrates
(RF + NfE) fraction can be divided into starch (RF + NfE - NDF),
cellulose (ADF - ADL), hemicellulose (NDF - ADF) and lignin
(ADL) based on this analysis.
The compositions of the substrates were utilized to calculate the
main input data for the process model. The input data includes
the composite particulate material (XC) and the different fractions
of the composite (fPr_Xc, fCh_Xc, fLi_Xc, fXi_Xc, proteins,
carbohydrates, lipids and inert fractions from composites,
respectively). These stoichiometric parameters were calculated
according to the method proposed by Koch et al [38], as shown
in equation 1-6 and utilized in ADM1. The sum of fully
degradable starch and the degradable fraction of cellulose and
hemicellulose represents the biodegradable content of
carbohydrates, while the non-degradable fraction of cellulose,
hemicelluloses and lignin represents the inert material [39]. For
f-factors calculation the degradation level (DVS) values of the
substrates were collected from literature [31], [32], [34], [35],
[37], [40]–[42].

The Anaerobic Digestion Model No. 1 (ADM1) developed by
the International Water Association’s Task Group is the most
powerful and reliable mathematical model to predict AD
performance and can be employed to model different substances
and process flows. It has been applied widely in AD process
optimization and for modelling the AD of different substrates
over the years: pig manure [8], sugarcane vinasse [9]; food waste
[10], waste activated sludge [11]; faba beans, oats, grass silage,
oat silage, bovine manure, pig slurry, bovine slurry and cattle
feed waste [12]; mixed (primary and secondary) sludge [13],
slaughterhouse waste [14], primary sludge [15]; waste activated
sludge [16], maize silage [17]; swine manure fibres [18];
brewery’s spent grain [19]; sewage sludge [20]; municipal
sewage sludge and restaurant wastes [21], cattle slurry [22];
municipal waste with bakery waste [23]; brewery wastewater
[24] and more have been modelled with ADM1. The increase in
the use of ADM1 demonstrates the applicability of the model in
the simulation and improvement of biogas generation processes.
However, further investigations are still needed to improve the
utility of the model at different conditions and make ADM1 more
applicable to the broad range of substrates.
This study applied ADM1 to simulate anaerobic co-digestion of
agricultural bio-wastes with animal manure under different
substrate compositions. The focus area for this study was
smallholder farming systems in South Africa and Madagascar
which informed substrate selection and biomass availability
[25]. The substrates were composed of cow manure (CM),
cabbage residues (CR), potato peel (PP), rice straw (RS), and
maize straw (MS).
2. Methodology
2.1. ADM1 model
ADM1 was applied to predict the AD of agricultural bio-wastes.
MATLAB (The Mathworks, Nattick, MA) was used to
implement the model using the default ADM1 parameters and
model inputs. The implementation was validated by comparison
to the ADM1 benchmark simulation model no. 2 [26]. In this
study, the assumed digester model was a continuous well-mixed
digester with a 7 m3 working volume and 3 m3 headspace for gas
generation and collection. The digester was assumed to be
operated in mesophilic conditions of 35 °C temperature.
2.2. Agricultural bio-waste feedstock characterization

Fig. 1. Extended Weender analysis for determination of
substrate composition.

A detailed input substrate characterization is critical in ADM1
implementation as it has a significant influence on final
simulation results [27], [28]. Basic substrate composition data
were collected from literature to calculate the required input
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Table 1. Basic data for substrate characterization.

Table 2. ThOD of different substrate fractions [38].

Table 3. Input parameters used in the modelling for solid
agricultural substrates.

a

Calculated value.

𝑋𝑐 = ⍴𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (𝑇𝑆)[𝑅𝑃 (𝑇ℎ𝑂𝐷𝑝𝑟 ) + 𝑅𝐿𝑖 (𝑇ℎ𝑂𝐷𝑙𝑖 )
+ 𝐴𝐷𝐿(𝑇ℎ𝑂𝐷𝑙 )
+ (𝑅𝐹 + 𝑁𝑓𝐸 − 𝐴𝐷𝐿)(𝑇ℎ𝑂𝐷𝑐ℎ )]

(1)
Particulate composites (XC), protein fraction from composites (fpr, xc), lipid
fraction from composites (fli, xc), carbohydrates fraction from composites (fch,xc),
particulate inert fraction from composites (fxi,xc), and degradation level (DVS).

Where ⍴substrate is the mass concentration of the substrate in the
reactor (kg.m-3), ThOD is the theoretical oxygen demand of the
corresponding fractions (kgCOD.kgx-1). Ash and moisture
contents are not considered for composite material calculation as
they do not contain COD by definition. The theoretical oxygen
demand values for the fractions of carbohydrates (ThOD ch),
lipids (ThODli), proteins (ThODpr) and lignin (ThODl)
degradation are given in Table 2.
𝑓𝑝𝑟_𝑋𝑐 =
𝑓𝑙𝑖_𝑋𝑐 =
𝑓𝑐ℎ_𝑋𝑐 =
𝑓𝑥𝑖_𝑋𝑐
𝑑=

𝑅𝑃
𝑉𝑆

𝑅𝐿
𝑉𝑆

[%]
[%]

(2)

[%]
[%]

(3)
a

(𝑅𝐹 + 𝑁𝑓𝐸 − 𝑁𝐷𝐹) + (𝑁𝐷𝐹 − 𝐴𝐷𝐿)𝑑
𝑉𝑆

𝐴𝐷𝐿 + (𝑁𝐷𝐹 − 𝐴𝐷𝐿)(1 − 𝑑)
=
𝑉𝑆

𝑁𝐷𝐹 − 𝑉𝑆(1 − 𝐷𝑉𝑆 )
𝑁𝐷𝐹 − 𝐴𝐷𝐿

Table 4. Parameters used in the modelling for cow manure.

[%]
[%]

[%]
[%]

( 4)

Calculated from substrate chemical composition Table 1. b Calculated by [22]
for fresh cattle manure. c Default value.

2.3. Experimental design
The biogas production potential of the single substrate scenarios
was evaluated using ADM1 based simulation experiments on an
individual basis first, after which various co-digestion scenarios
that favour biogas generation were assessed. The designed codigestion scenarios were considered the different agricultural
bio-wastes feedstock available in the smallholder farming
system in South Africa (KwaZulu Nata and Limpopo provinces)
and Madagascar (Vakinankaratra province). All scenarios except
with cabbage residues are considered for Madagascar, while all
scenarios except with rice straws are considered for South
Africa. To start all the following simulations from the same
stable starting point of the processes an OLR of 2.0 kgVS.m-3.d1
was chosen as a steady-state value. At the start-up of each
simulation, the ADM1 benchmark simulations steady-state
outputs were utilized as initial values for ADM1 [26]. At the end
of the simulation time (1-year operation) the processes reached
a steady-state, and the biogas yield, methane content and
methane yield was reported based on a steady-state value.

(5)
(6)

The degradation coefficient d describes the degradable part of
hemicellulose and cellulose and was computed from the
degradation level (DVS) of the substrates [38].
A detailed substrate characterization was further done for cow
manure in terms of particulate and soluble components of lipids,
proteins and carbohydrates. The particulate composites
component (XC) was not directly utilized as input flow fraction
for cow manure as the substrate already passed a disintegration
step during digestion step in the cow’s rumen [28], [43], [44].
The particulate components were calculated according to [45],
whereas the soluble components were calculated according to
[28] using the percentage suggested by [44]. Table 3 and Table
4 provide an overview of the calculated main substrate input
parameters utilized for ADM1.
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3. Results and discussion
3.1. Mono-digestion of agricultural substrates
The biogas production potential of the single substrate scenarios
was assessed, as illustrated in Fig. 2. A biogas yield of
419 NL.kg-1 VS obtained by cow manure after a simulated
1-year operation shows the same trend with the literaturereported range from other publications [28], [46]–[51]. A biogas
yield of 604 NL.kg-1 VS was achieved for the potato peel
substrate which is in the same trend observed in other works [31],
[34], [52]. Similar to the potato peel mono-digestion, the
cabbage residue also achieved a biogas yield of 608 NL.kg-1 VS
and comparable with literature values [31], [48], [50], [53], [54].
The biogas yield of 243 NL.kg-1 VS was achieved for rice straw
and comparable with the literature values reported for rice straw
[42], [53], [55]. In the case of maize straw, the simulation results
underpredicted the biogas yield than the literature values. The
biogas yield of 180 NL.kg-1 VS was achieved for maize straw.
This value is slightly lower and does not correspond well with
the literature values reported for maize straw [35], [56]. This is
most likely due to some kind of inhibition phenomena that linked
to the slow degradation of recalcitrant compounds (such as lignin
and cellulose) that the model cannot totally predict. These
different behaviours that can be associated with the nature of the
substrate type may impact subsequent analysis.

Fig. 2. Comparison of mono-substrates simulated data with
literature values a) Biogas yield and b) Methane yield.
3.2. Co-digestion of agricultural substrates
The biogas yield and quality depend strongly on the utilized cosubstrates, as presented in Table 5 in order of decreasing
methane yield. Manure co-digestion with the agricultural biowastes performed well, as all the evaluated substrate mixtures
produced greater than 50% methane content. The highest
methane content was 59.59%, which was achieved when 70%
manure was co-digested with 20% cabbage residue and 10%
maize straw, followed by 59.4% methane content when 60%
manure was co-digested with 30% cabbage residue and 10%
maize straw. Fig. 3. compares mono-substrate digestion with
some selected co-digestion scenarios as a function of time. The
simulated results revealed that co-digestion of agricultural
feedstock with manure yields an enhanced methane content in
comparison with the mono-digestion of each substrate.

The methane yield of 236 NL.kg-1 VS was obtained by manure
and corresponds very well with literature values [2], [47], [49],
[57], [58]. The methane yield of 330 and 352 NL.kg-1 VS was
achieved for the potato peel and cabbage residue substrates
respectively. These values are comparable with the literature
values for potato peel and cabbage residue [31], [50], [53], [54],
[59], [60] and [31], [50], [54], respectively. The model gives
conservative methane yields for straws where expected better
methane yields than the predicted values. A slightly lower
methane yield of 102 NL.kg-1 VS was obtained for maize straw
compared to the values reported by [41], [54], [60]–[62]. For the
rice straw, methane content of 112 NL.kg-1 VS was obtained,
which is slightly lower but still comparable with literature values
ranges in other works [2], [37], [48], [54], [55], [63]. The
findings in this study, therefore, revealed that the simulated
results fell into a plausible range of both biogas and methane
yields as the predicted values were close to the literature reported
values, although both the biogas and methane yield values could
be found in the literature are varied strongly.

Cabbage residues and potato peel bio-wastes performed better
when co-digested with manure than their corresponding straws
combinations with manure without decreasing biogas yield. Codigestion of these bio-wastes with manure not only generated the
highest biogas production, but the results are also more stable
than digestion with straws. This is most likely attributed to the
rapid decomposition or high biodigestibility of the cabbage
residues and potato peel bio-wastes compare to straws.
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Table 5. Substrate combination scenarios and their
performances after 1-year operation.

recalcitrant lignocellulosic structure in straws that impacts
microbial degradation efficiency in AD when mixed in quantities
greater than 30%. These findings reveal that straw cannot be
utilized as the primary feedstock or completely substitute
manure. However, straws can be added as a co-substrate with
manure or as a third co-substrate with both manure and vegetable
residues as it improved the methane content (the highest CH4
contents were achieved in the presence of straws in low
proportion). Riya et al. [36] reported a stable digester
performance when 5-25% rice straw mixed with animal manure,
which is in good agreement with this study. Carbon-rich
substrates and, when possible, large quantities of easily
biodegradable organic matter are suitable co-substrates for
manure.
The simulations of the ADM1 were able to reproduce the trends
of anaerobic digestion of the assessed agricultural bio-waste
feedstock for biogas production. The predicted results for the
feedstock could be verified with literature data.
4. Conclusion
The anaerobic mono- and co-digestion of five different
agricultural feedstock (cabbage residues, potato peel, maize
straw, rice straw and cow manure) were simulated using the
ADM1 under different substrate composition scenarios. The
simulated results for the agricultural bio-wastes were verified
using the available literature data. Overall the results confirmed
the suitability of the substrates for anaerobic digestion. However,
the biomass availability will be constrained by local conditions,
and the optimum may not always be attainable. Response surface
can be used to estimate the optimal region under constrained
conditions, and further ADM1 simulation experiments can be
done in that optimal region to identify the optimal substrate
combination.
Future work will consider uncertainty in the ADM1 parameters,
conduct research work to investigate and quantify uncertainty in
the model parameters in order to provide a probability
distribution over the relevant biogas parameters. This could be
done to account for uncertainty in techno-economic feasibility
assessments.

Substrates are in percentage of weight.
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The lowest biogas production were achieved from the mixtures
of straw with manure, particularly when increasing the straw
fractions to higher than 25-30%. This is most likely due to the
unbalanced nutrient composition (eg. C/N ratio) and the
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Abstract: Food waste generated in copious amounts in South
Africa ends up in landfills creating environmental problems
such as the uncontrolled release of greenhouse gases. This
study aimed to treat food waste through anaerobic digestion and
generate electricity from the produced biogas. A Pilot-scale (1
m3) plant consisting of a complete-mix biodigester operated at
mesophilic conditions (37 oC) with the aid of a solar geyser was
used. A 1.5 kW biogas generator was used for electricity
production. The biodigester was inoculated with cow dung and
operated at an optimum organic loading rate of 1.5
kgVS/m3/day. The biodigester was effective owing to the
digester design and operation at mesophilic conditions
producing up to 1200 L (971 L/kgVS) of biogas per day. For
every 1000 L of biogas produced, a maximum of 1.8 kW of
electricity was generated. The energy balance of the biodigester
showed that only 10% of the energy generated was required to
operate the plant, thus providing a net energy output of 90%.
These results show that South Africa could have 475 GWh
renewable energy potential based on the current food waste
generated annually, and it should be noted that effective
digester design is critical in maximizing biogas production.
Keywords: Anaerobic digestion; Electricity generation; Food
waste; Organic loading rate; Solar heating
1. Introduction
Throughout the world’s food supply chain, 1.3 billion tons of
food is wasted yearly [1]. South Africa (SA) produces
approximately 9 million tons of food waste annually [2]. SA’s
current methods of organic waste disposal are incineration,
landfills, composting, and anaerobic digestion. Incineration and
composting require energy to operate while landfilling has been
considered the most practical and cheapest disposal method.
However, landfills are filling up quickly and creating the need
for more sites farther away from waste generation, thus
increasing costs. Another challenge to landfilling is that more
than 50% of the waste disposed of in landfills is organic with
high moisture content and rots under uncontrolled anaerobic
conditions, releasing landfill gas into the atmosphere and
leaching into underground water [3,4,5]. Landfill gas, also
known as biogas, contains 55 – 70% methane, 30 – 45% carbon
dioxide, and trace amounts of hydrogen sulphide (0-2000 ppm),
moisture (depending on temperature), and siloxanes [6].
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Methane is 25 times more potent than carbon dioxide as a
greenhouse gas while hydrogen sulphide produces bad and
unhealthy odour leading to serious environmental, economic,
and social problems [7]. The disposal of organic food waste to
landfills contributes 4.3% to South Africa’s greenhouse gas
emissions. Throughout the food supply chain from generation
to landfill, greenhouse gas emissions range between 2.8 and
4.14 tonnes CO2 per tonne of food waste [2]. The national
waste sector landfills contributed 18 773 Gg CO2 eq to the
national methane emissions in 2010 [8].
Controlled anaerobic digestion of food waste (and other organic
waste) has been studied and is considered a key element in
organic waste management due to its positive impact on the
environment, economy, and energy [9,10]. It is found to have a
net energy of 100-150 kWh/ton of waste [11]. This treatment
method reduces the emissions of greenhouse gases into the
atmosphere while producing carbon-neutral renewable energy
and biofertiliser [12]. Anaerobic digestion is a biological
degradation treatment of organic substrate undertaken by
microorganisms in an aqueous environment in the absence of
oxygen [13, 14]. The substrate must be sufficiently bloated with
at least 50% water [15]. The balanced methane fermentation
process is carried out by symbiotic fermentative bacteria such
as syntrophic acetogens, homoacetogens, hydrogenotrophic
methanogens, and acetoclastic methanogens [16].
Methane is the main constituent and is considered a fuel
product. Methane has a calorific value of 36 MJ/m3 and thus
biogas has a calorific value of 22 MJ/m3 at 60% methane
composition [17]. The calorific value of biogas can be
improved by biogas purification. Biogas can be used for
cooking, generating electricity in combined heat and power
plants (CHP), and as a vehicular fuel. A cubic meter of biogas
can produce 2.1 kW of electricity assuming a mechanical
efficiency of 35% for the generator. The generation of
electricity from biogas is seen as one of the most dominant
future renewable energy sources since the continuous power
generation from organic waste can be guaranteed [13].
Therefore, it has been shown through research studies that food
waste has high biodegradability properties and is thus suitable
for anaerobic digestion for producing biogas energy [18].
This study aimed to treat food waste through anaerobic
digestion at a pilot scale. The biogas produced was used to

generate electricity and the energy balance of the pilot plant
was determined. The AD condition treatment was evaluated at
a constant temperature, pH, and mixing while varying organic
loading rate. The energy analysis was carried out to evaluate
the efficiency of the plant and determine South Africa’s food
waste electricity potential.
2. Materials and methods
2.1. Materials
A pilot-scale biodigester operated at mesophilic conditions was
assembled at the Vaal University of Technology (VUT), South
Africa. A 1.5 kW biogas generator was purchased from Puxin
Technology, in China. A handheld biogas analyser was
purchased from China, Beijing Shi’An Technology Instrument
Co. LTD. Two Ritter biogas meters were donated by Devos
Laboratory. Cow dung (CD) was sourced from a local farm in
Vanderbijlpark, while food waste (FW) was collected from the
VUT Vanderbijlpark campus cafeteria and Stonehaven
Restaurant in Vanderbijlpark, South Africa. The FW comprised
mainly of organic materials 60% included rice, raw dough, slap
chips, buns, bread, porridge; 30% vegetables and fruit and 10%
grease, chicken and meat.
2.2. Experimental setup
The experimental setup consisted of a complete-mix anaerobic
biodigester (CMBD) operated at a controlled temperature of 37
o
C. CMBD was constructed from a 1000 L vertical tank with a
working volume of 800 L. The biogas holder had a capacity of
1000 L. Substrate was mixed using a submersible 180 W
grinder pump. The digester was heated using a 100 L solar
heat-exchanger equipped with a temperature controller. A food
blender was used to reduce the particle size of the substrate.
Biogas quantity was measured with a biogas meter, with a flow
rate ranging between 1 and 18 000 L per hour. An 18 W biogas
compressor was used to extract biogas from the biogas holder
to supply to downstream processes. A 1.5 kWh generator was
used for electricity generation with a conversion efficiency of
22%. The generator employed combustion, air-cooled, fourstroke single-cylinder engine. The experimental setup is
outlined in Fig. 1.

2.3. Digester start-up and operation
Anaerobic digestion was initiated by introducing 200 kg of CD
inoculum to the digester which contained 600 L of preheated
tap water to obtain a working volume of 800 L [19].
Experiments were not conducted in triplicates due to time
constraints considering the design, construction, commissioning
and startup of the pilot plant. At the beginning of the startup
and after 24 hours of stabilization, biogas volume, biogas
composition, digestate pH, and temperature were monitored
daily. Inoculation was allowed to proceed until the produced
biogas cumulative difference was less than 1%. At the end of
inoculation, the optimal OLR was determined by feeding the
digester batch-wise with different organic loads of 1, 2, 3, 5,
and 7 kgVS/m3. Food waste was collected, blended, and stored
in a shaded area in bulk batches of 60 - 100 L. Each load was
added to the digester and allowed to digest until the biogas
accumulative difference was less than 1%. At this point, a
higher load was introduced. After determining the optimal
OLR, the digester was operated semi-continuously using the
draw and fill method.
2.4. Biogas conversion to electricity
A biogas compressor pressurized biogas to 2 – 6 kPa and then
the generator engine was started. Devices and gadgets with a
total power consumption of 1500 W were connected to the
generator. A wattmeter was connected between the generator
and appliances to measure power output.
2.5. Chemical and physical analysis
Samples of the blended feed and digestate were removed and
measured for total solids (TS) and volatile solids (VS) using the
standard method of analysis [20]. Alkalinity in the digester was
analyzed using a pH meter. The digester temperature was
measured using a digital STC-1000 temperature controller
connected to a thermocouple. Biogas composition was analysed
with an online natural diffusion hand-held biogas analyser to
measure CH4, CO2 and H2S. The biogas analyser could measure
methane and carbon dioxide, each between 0 – 100 Vol% and
between 0 to 1000 ppm for H2S.
3. Results and discussion
3.1. Characterization of the substrate
The biodegradability of a substance can be determined by its
physical and chemical characteristics, which influence the
performance of anaerobic digestion by affecting the methane
yield and process stability [18]. The biodegradability of the
food waste and cow dung as determined from the moisture
content (MC), total solids (TS), and volatile solids (VS)
percentage is presented in Table 1. A high amount of moisture
in a substance makes it suitable for anaerobic digestion [7]. In
this study food waste was found to contain 85% of MC and the
inoculum contained an average of 53%. The VS content in a
substrate represents the biodegradable matter. The average VS

Fig. 1. Schematic representation of the pilot biogas plant
coupled to an electricity generator.
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Cow dung

Food waste

Moisture content (%)
Total solids (%)

53
47

85
15

Volatile solids (%)
pH

35
7.3

95
4
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After the startup period of 55 days, CMBD performance at
different OLR was monitored by evaluating pH, biogas
composition, and biogas and methane yield. Biogas hourly
production rate and cumulative biogas production for the first
40 hours of FW digestion were monitored as well. From Fig.
3a, biogas production occurred in a series of peaks starting with
two main peaks, the second one being the highest. These peaks
took place between hours 2 and 13, with the highest peak
occurring between hours 8 and 13. This was an illustration of
intense biogas production during the initial hours after digester
feeding. A similar observation was found by Koch et al. [26]
who reported that the intense biogas production was an
indication of the presence of readily degradable compounds.
The highest biogas production rate was 131 L/hour for OLR 7
(see Fig. 3a). Lui et al. [27] obtained the highest peak of 0.8
L/day at an average OLR of 8.5 kgVS/m3, while El-Mashad
and Zhang [28] obtained 59 L/kgVS/day at 2 kgVS/m3 within
the first day of digestion.
Cumulative biogas production increased with an increase in
loading, with OLR of 1, 2, 3, 5, and 7 kgVS/m3 producing 544,
931, 1746, 2334, and 2796 L of biogas, respectively, as
depicted in Fig. 3b. The hourly production rate dropped
significantly within 40 hours for OLR 1, 2, and 3 kgVS/m3.
Whereas OLR 5 and 7 continued at significant production rates
averaging 20 and 50 L/hour, respectively. Approximately 80%
of biogas was obtained within 40 hours of digestion time for
OLR 1, 2, and 3; whereas, up to 50% was obtained for OLR 5
and 7 within the same period. This indicated that continued
daily organic loading at high rates might result in system
overload due to organic compounds accumulation and thus
lowering the microbial activity.
Methane production and accumulation are critical in evaluating
methanogenesis during digestion. Similar to the biogas
production profile shown in Fig. 3a, the methane production
profile comprised of a series of peaks as given in Fig. 3c. Koch
et al., [26] observed a similar trend in their first 100 hours of
co-digestion of food waste with municipal wastewater. There
was an increase in methane production with an increase in
organic load to a limit, which was OLR 3 kgVS/m3. OLR 5 and
7 kgVS/m3 showed no clear trend in methane production as
shown in Fig. 3c. The lack of a clear trend indicated instability
of the anaerobic digester at high OLR. Fig. 3d shows that OLR
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3.3. Biodigester performance at different OLR

Cow dung was pre-incubated as inoculum in the prototype
biodigesters for 55 days to create a suitable environment for
food waste digestion. The methane composition, which was
monitored from day 22 when significant activity was observed,
ranged between 42 and 59% and CO2 between 18 and 25% as
shown in Fig. 2a, while H2S ranged from 0 to 49 ppm, Fig. 2b.
The flammable biogas contained an average of 54% CH4 and
24% CO2 and 17 ppm of H2S. The unaccounted volume of gas
by the biogas analyser could be ascribed to traces of different
gases (NH3, H2, N2, O2, CO). The pH remained stable
throughout the inoculation period and within the methanogenic
favorable range. The digestate pH level ranged between 7.2 and
7.5 over 55 days. This indicated that an excellent digestate
buffering capacity was introduced in the biodigesters. From
these results, it can be confirmed that methanogenic conditions
were successfully obtained during inoculation.
CO2

25

Fig. 2. (a) Biogas composition during CMBD startup and
(b) digestate pH

3.2. Biodigester start-up

CH4

7

20

Moreover, the VS/TS ratio is an indicator for evaluating the
suitability of a substrate for biogas production; substrates with a
higher VS/TS ratio contain higher organic matter and thus are
more suitable for biogas production [23]. In this study VS/TS
for food waste was found to be 95%, an amount close to that of
Zhang et al., [23] of 94 %. These high values indicated that the
food waste was rich in biodegradable matter and thus had an
excellent biomethane potential. Substrates with VS/TS higher
than 80% are considered great candidates to be anaerobic
digestion feedstock [24, 25]. The VS/TS ratio for the inoculum
was 35%, which demonstrated that there was a small fraction of
organic matter to be digested, substances with values below
17.4 to 10 % are considered inorganic [21].

60

(b)

7,5

6,5

Table 1: Characteristics of CD and FW
Parameter

8
Digestate pH

contents obtained for food waste and inoculum were 14 and
16%, close to the 13% and 15% obtained by Kuczman et al.,
[21] and Dhamodharan et al. [22], respectively. The inoculum
used for the startup of the CM biodigester had a pH value of 7.3
which is suitable for methanogenic bacteria.

50

Digestion time (Days)
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Methane production for the OLR of 1, 2, and 3 kgVS/m was
highest at 18, 29, 42 L/hour on hours 4, 16, and 10,
respectively, which was reduced to 5 L/hour by day 39. OLR 5
and 7 kgVS/m3 had the highest methane production rate of 47.5
and 43.5 L/hour by day 10 and 6, respectively, by day 40 the
methane production was still significantly exceeding 15 L/hour.
Furthermore, after day 28, OLR 7 kgVS/m3 methane production
increased from 18.6 to 30.4 L/hour by day 40. This trend
indicated the reduction in initial overload leading to enhanced
microbial activity and therefore improved methane production.
Koch et al. [26] obtained the highest peak of 13.7
LCH4/kgVS/hour within the first 10 hours of digestion.
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Fig. 3. (a) Biogas production hourly rate and (b) cumulative
biogas production (c) hourly methane rate and (d)
cumulative methane production during anaerobic digestion
of food waste at different organic loadings.
The composition of biogas produced shows the methanogenic
bacteria performance as depicted in Fig. 4d. It was observed
that an increase in organic load resulted in a decrease in
methane content and an increase in carbon dioxide content at
the early stages of digestion. Hydrogen sulphide content
showed no significant response to organic load increase. The
highest H2S average content was 39 ppm. According to
Pipatmanomai et al. [30], H2S content below 50 ppm is below
toxicity levels and thus safe to be used in combustion electricity
generators and biogas stoves.
At high OLR methane content dropped and carbon dioxide
content increased as shown in Fig. 4a and b. The biogas quality
for OLR 5 and 7 improved after hour 32 where methane and
carbon dioxide contents were within the usable range for
energy conversion. Besides, this is characteristic of the primary
stages of AD, hydrolysis, acidogenesis, and acetogenesis,
producing CO2. These stages have a higher growth rate than the
methanogenesis stage [16]. Thus, it is critical to maintain a
loading rate that promotes methanogenic bacteria growth rate
and prevents excessive acids and CO2 build-up that could
inhibit the hydrogenotrophic methanogens [16].
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3.4. Biogas yield and composition at different OLR
The specific biogas and methane yield of food waste after 40
hours at the various organic loads are represented in Fig. 3. The
graph shows a clear decrease in biogas and methane yield
beyond OLR 3. Organic loads 1 and 3 kgVS/m3 obtained the
highest biogas and methane yields of 655 and 709 L/kgVS, and
411 and 409 LCH4/kgVS/m3, respectively. OLR 7 obtained the
lowest specific biogas and methane yield of 492 L/kgVS/m3
and 195 LCH4/kgVS/m3, respectively. OLR 3 gave the highest
conversion of biogas from food waste and thus was chosen to
be the optimal organic load as per specific biogas and methane
yield. Consequently, the OLR of 3 kgVS/m3 produced higher
cumulative biogas and methane than OLR 1. OLR 3 produced
three times more biogas and methane than OLR 1 in the same
period, thus making it a desirable operating parameter. Babaee
and Shayegan, [28] obtained the optimal organic load to be 1.4
kgVS/m3/day which yielded 250 LCH4/kgVSadded. El-Mashad
and Zhang, [29] obtained 657 L/kgVS from waste food after 30
days of digestion 79.1% of which was produced after 20 days
of digestion. Also, after 20 days of digestion, the methane yield
accounted for 72.5% of 353 L/kgVS obtained after 30 days
[29].

1

2000

Methane production
rate (LCH4/hour)

3, 5, and 7 produced almost similar cumulative methane within
the first 40 hours of digester feeding. These results show
methane inhibition beyond OLR 3, which confirms digester
overload, thereby hindering microbial activity [27].

40

Digestion time (Hours)
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average composition of biogas at different organic loads for
food waste in Fig. 4c showed that an increase in organic load
resulted in a decrease of methane content and an increase in
carbon dioxide composition. Higher organic loads resulted in
poor-quality biogas that cannot be used as fuel. The average
methane and carbon dioxide contents for OLR of 1, 2, 3, 5 and
7 kgVS/m3 were 63, 60, 58, 50 and 43 %, and 14, 26, 30, 32
and 33 %, respectively.
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3.5. Operation of the anaerobic digester at optimal
conditions

CH4 (%)

60

The CMBD anaerobic digester was operated at the optimal
organic loading rate of 1.5 kgVS/m3/day for 35 days to monitor
the daily operation of the biogas pilot plant and to determine
the daily biogas production. The optimum OLR of 3 kgVS/m3
took 48 hours to completely digester therefore to run the
digester daily the OLR was halved so as not to overfeed the
digester. Biogas and methane daily production rate increased
gradually over the digestion period, this was due to the
presence of residual substrate from previous feeds which
increases with additional feed (Fig. 5.a). On the first day, 341 L
(276 L/kgVS/day) of biogas and 187 L (151 L/kgVS/day) of
methane were produced and increased daily to a maximum
average of 1319 (1068) and 791 (641) L/day (L/kgVS/day),
respectively, on day 91. Additionally, the graph consists of a
series of peaks occurring on days 61, 69, 83, and 91; the
reduction in biogas production post-peak was due to the fresh
food waste introduced to the digester after the prepared bulk
batch had been depleted. This was because feeding fermented
food makes volatile fatty acids readily available to the
microorganism in the digester; hence fermented food is more
favourable than fresh food waste and improves biogas
production [31].
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Fig. 4. (a) Specific biogas and methane yields, (b) hourly
methane and (c) carbon dioxide contents, and (d) overall
composition of cumulative biogas produced during
anaerobic digestion of food waste at different organic
loading rates.
After hour 13, there was a gradual decrease in carbon dioxide
production as they were converted into methane. Consequently,
methane content increased gradually after hour 13. OLR of 2
and 3 kgVS/m3 followed a similar trend as did OLR 5 and 7
kgVS/m3; biogas composition for the OLR of 2 and 3 kgVS/m3
remained within favourable range throughout the digestion
period whereas for OLR 5 and 7 kgVS/m3 the composition was
compromised. The results for OLR of 1 kgVS/m3 showed the
most stable methane and carbon dioxide content throughout the
digestion period. Methane content for OLR of 1, 2, and 3
kgVS/m3 ranged between 53 and 66%, whereas OLR of 5 and 7
kgVS/m3 ranged between 20 and 60%. The carbon dioxide
content for OLR of 1, 2, and 3 kgVS/m3 ranged between 10 and
42%, and 15 and 64% for OLR of 5 and 7 kgVS/m3. The
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Biogas showed to be rich in methane throughout the digestion
period with an average of 60% and a low concentration of CO2
at an average of 29 % and 94 ppm for H2S. The highest
methane concentration obtained was 68% on day 65, and the
lowest carbon dioxide was 24% and 44 ppm for H2S (Fig. 5.b).
The graph shows that digestion conditions were stable and
favorable for methanogenesis. This can further be seen in the
digestate pH levels in Fig. 5.c. The pH was stable and ranged
between 7.3 and 7.8 with no adjustment required. This was an
indication of a high buffering capacity, attributed to inoculum,
and optimum OLR.
Biogas production rate
(L/Day)

Yield (L/kgVS)

900

Biogas

1200,0

Methane

(a)

800,0
400,0
0,0
58
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Digestion time (Days)

88

CH4

CO2

H2S

pilot scale.

(b)

800

60

600

40

400

20

Component
Digestate circulation pump
Hot water circulation pump

200

0

0
58

8,1
Digestate pH

Table 2: Power consumption of equipment used in biogas
production and biogas use

H2S (ppm)

CH4 & CO2 (%)

80

63

68
73
78
83
Digestion time (Days)

88

Usage (W)
45

8

1

Solar geyser temperature controller

5

5

Hot water circulation controller

3

3

373
16
585

90
16
160

Food grinder
Biogas blower
Total

(c)

Rating (W)
180

7,6

4. Conclusion

7,1

The successful construction and operation of the pilot plant
indicated that biogas technology is within reach to South
Africans; all the parts used for the construction of the digesters
were sourced locally except for the generator engine. The
digester temperature test work results showed that a 1 m3
digester can be well heated using a 100 L solar heated geyser
without electrical backup. The digester was heated up from
24.1 oC to 37.3 oC in 10 days and was well maintained at that
temperature with sufficient insulation. Also, it was found that
when the solar geyser water was at temperatures between 80
and 100 oC the digester could be heated from 24 to 38 oC in 2
days. Cow dung proved to be suitable for inoculation as it
provided a healthy environment for digesting FW. For digesting
highly acidic food substrate, CD provided a high buffering
capacity to the system. pH levels remained stable throughout
the digestion periods with no irreversible acidification typically
experienced in the treatment of FW. The optimal OLR of 1.5
kgVS/m3/day, which made up 7 kg of waste food at a food-towater ratio of 3:2, was able to produce 1400 L/day (1134
L/kgVS/day) of biogas. At the end of 35 days of digestion a
total of 31 535 (25 534) and 19282 (15 612) L (L/kgVS) of
biogas and methane, respectively, was produced. From 1000 L
of biogas 1.8 kWh of electricity was produced equivalent to
powering three hundred 6 W light bulbs for 1 hour. The energy
balance over the pilot plant showed that the system required
10% energy of its energy output to produce 1.8 kW. Based on
these results it can be concluded that the pilot plant is effective
and a viable technology in South Africa.

6,6
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Fig. 5. Daily (a) biogas and methane production (b) biogas
composition and (c) digestate pH during anaerobic
digestion of food waste at optimum OLR of food waste.
3.6. Biogas conversion to electricity and energy balance
A maximum of 1.8 kWh of electricity was generated from 1000
L of biogas with an overall conversion efficiency of 22%. The
biogas consumption of the generator was 650 L/hour. On a
national scale, this amount of electricity can light up to three
hundred 6 W energy saver light bulbs for an hour. In a rural
setting where there is no electricity, this biogas pilot plant can
provide electricity and allow the users to perform short-term
energy-requiring tasks.
The energy balance considers the energy input to run the biogas
pilot plant and compares it with the total energy output. The
temperature controllers used in this plant were operated
continuously throughout the day and consumed a total of 8 W
per hour, these are the lowest energy-consuming component of
the plant. The two highest energy-consuming components of
the plant were the food blender and digestate circulation pump.
The food blender had the highest power rating however it was
used only for 15 minutes a day consuming 90 W. The digestate
circulation pump was operated for 15 minutes per hour daily,
thus it consumed 45 W. The hot water circulation pump ran
continuously at startup for 2 days and then it would turn off
when the set digester temperature was reached and then it runs
for approximately 3 hours in the morning. On average the hot
water circulation pump used 1.3 W per hour daily. When
running the generator, the biogas blower was used to pressurize
the biogas and it consumes 16 W per hour. In total, the energy
input to run the entire biogas pilot plant per hour was 160 W
(see Table 2). In comparison to a power output of 1800 Wh, the
biogas plant requires 10% of its energy output. This is a
positive result and proves the system to be energy effective. A
techno-economic analysis is recommended to evaluate the
economic feasibility of converting of biogas to electricity at
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Abstract: With the rapid shift of nanotechnology from
laboratory to large-scale industrial applications, the release of
nanomaterials into the environment is unavoidable. In fact,
wastewater treatment settings (biosolids) being the major
receptor of these nanomaterials needs to be improved to curb this
environmental concern. In this study, magnetised nanoparticles
(MNPs) such as Zn-FeTiO2 and Cu-ZnFeTiO2 were synthesised
using the co-precipitation method and characterised using
Fourier-transform infrared spectroscopy (FTIR), X-ray powder
diffraction (XRD) and scanning electron microscopy/energy
dispersive X-Ray spectroscopy (SEM/EDS) techniques. Their
synergistic effect on biogas production (methanation) and
metabolic activity was investigated by adding 1.5 g of MNPs to
anaerobic digestion of municipality wastewater and comparing
the performance to a control reactor (with no additives). After 30
days of incubation at mesophilic temperature (35℃), the daily
biogas production was collected by downward water
displacement (inverted cylinder). The subsequent cumulative
biogas volume calculated followed a modified Gompertz kinetic
model (P < 0.005). Cumulative biogas production of 200 mL and
105 mL with methanations enhancement of 100% CH4 and
96.7% CH4 upon the addition of Cu-ZnFeTiO2 and Zn-FeTiO2
were respectively recorded. This was compared to the control
reactor performance of 52.5 mL and 65.7% CH4. Using the
biogas production as a metric over time, the rate constant
obtained were 0.2605 d-1 > 0.183 d-1 > 0.118 d-1 for the system
with Cu-ZnFeTiO2, Zn-FeTiO2 and control, respectively. Results
of these findings exemplify the possibility of intensifying the use
of MNPs to improve anaerobic digestion processes in the
wastewater treatment settings.

Keywords: Biogas; bioenergy; biostimulation;
nanoparticles; methanation; kinetics

In wastewater treatment settings, CO2 methanation is a potential
option for mitigating anthropogenic gas emissions [1, 2]. In
essence, valorisation of CO2 from biogas produced via anaerobic
digestion (AD) of high strength organics is a viable route to meet
wastewater treatment energy inputs. Consequentially,
application of nanomaterials is gaining momentum in the
wastewater settings, whereby their end of life and recoverability
possess environmental challenges [1, 3]. Therefore, employing
magnetic nanoparticles (MNPs), which is easily separated with
external magnetic field, represents a promising solution in
curbing some of these concerns including cost of discharging
sludge and landfills complexity with heavy metals [4, 5, 6].
Additionally, MNPs have been reported to have the potential as
a biostimulant for biogas enhancement in AD processes [7].
Generally, treating wastewater with an AD process to generate
biogas has been a slow process [8, 9]. Other researchers have
reported on the use of MNPs in biostimulated methanation
processes for the enhancement of AD process performance with
respect to methane yield and water quality treatability
performance [3, 7, 10, 11, 12]. Manzoor el at. [11] investigated
the effect of photocatalytic MNPs, such as ZnFe2O4/TiO2 and
ZnFe2O4 for CO2 methanation. These catalysts were chosen
because they are stable, have resistance towards corrosion, and
is cheap. Also, additive metals such as iron, zinc, copper, and
nickel have nutritional value in the AD phase and their inclusion
can significantly stimulate microbial activities, thereby affecting
both methane and biogas yields [11, 13, 14]. Due to efficacy and
physiochemical properties of MNPs, which includes being
superparamagnetic, having large surface area, its nanosize,
resistance to corrosion, chemical and thermal stability, their
hybridized form with a photocatalyst has proven to be more
suitable [2, 11, 15]. However, to the best of our knowledge, the
applicability of magnetised photocatalyst and its mechanism in
AD processes is still limited. Therefore, this study seeks to
understand the synergistic effect of Cu-ZnFeTiO2 and Zn-
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by Pope et al. [17].

FeTiO2 on a biostimulated methanation process for local South
Africa Sugar refinery wastewater treatment via the water quality
and methane yield.

2.3. Kinetics of biostimulated system
Using the cumulative biogas yield for 30 days, each
biostimulated system was modelled using the first order (1) and
modified Gompertz (2) kinetic models to estimate their
respectively kinetic variables [19].

2. Materials and Methods
With the protocols adapted from APHA [16], the wastewater
obtained from a local South Africa Sugar refinery wastewater
treatment plant in the KwaZulu Natal Province was characterised
to constitute chemical oxygen demand (1340 mg COD/L),
turbidity (200 NTU), Color (3570 Pt.Co), total suspended solids
(95 mgTSS/L) and volatile suspended solids (49 mgVSS/L).

Y(m) = ym [1 − exp( − kt)]
(1)
Rmax.e

Y(m) = ym. exp �− exp �

2.1. Synthesis and characterization
Synthesis of the magnetic nanoparticle (MNPs) was done using
the co-precipitation method adapted from Maaz et al., [15].
Using a 2 L beaker, the mixture of the precursors in volume ratio
of volume ratio of 3:2:1:1 (429 mL Fe3+: 286 mL Fe2+: 143 mL
TiO2: 143 mL Cu or Zn) was stirred and heated at temperature
of 70°C for 2 hours, whereby 3 mL oleic acid was added for
homogeneity. At a pH of 12, about 250 mL of NaOH was added
dropwise until a thick black precipitated was formed. Prior to
calcination (at 550°C for 1 hour), the resultant powder was
washed (distilled water and ethanol) and dried at 100°C for 12
hours. MNPs were then characterized using scanning electron
microscopy and energy dispersive X-ray (SEM/EDX), Fourier
Transform Infrared (FTIR) spectrometer (Shimadzu FTIR 8400)
and X-ray diffractometer equipment (Bruker AXS, D8
Advance). Sigma Aldrich in South Africa provided all the
chemicals and reagents used.

ym

(2)

[λ − t]� + 1�

Where;
Y(m) is cumulative of specific biogas yield (mL/g COD), ym is
maximum biogas production (mL/g COD), λ is the lag phase
period or minimum time to produce biogas (days), t is
cumulative time for biogas production (days) and e is a
mathematical constant (2.718282), K = Rmax.e/ym is the
maximum specific substrate uptake rate per maximum biogas
production (mL/g COD. day) and k is a first-order rate constant
(1/d).
3.

Results and discussion

3.1. Characterization of MNPs
The physicochemical properties of the modified TiO2 were
studied, where the morphological appearance of the Zn-FeTiO2
(Fig 1a) and Cu-ZnFeTiO2 (Fig 1b) were compared. The SEM
images (Fig 1) illustrated the presence of the metal dopants in
the TiO2 photocatalyst [20]. The nonspherical shapes and
fragmented structures of the agglomerated metals (Zn and Fe)
and TiO2 photocatalyst are observed in the Zn-FeTiO2
nanocomposite (Fig 1a). Compatibly, the angular structures and
self-agglomerated nanocrystalline particles of the Cu, Zn, Fe and
the TiO2 resulted in conglomeration of the Cu-ZnFeTiO2
nanocomposite (Fig 1b). There were no major variations in size
between the dopant metals and the TiO2 photocatalysts in
agglomeration sizes ranging from 1 to 5 μm. This showed
monodispersed uniform particles with a surface area of 4.15 μm
at a width distance (WD) of 5.58 mm (Fig 1a) and 5.34 mm (Fig
1b) on a microscale of 1 μm, with magnification of 50 kx and
landing energy power of 5 keV.

2.2. Biostimulated methanation process and analysis
In an anaerobic digestion process using a biochemical methane
potential (BMP) test, a working volume of 800 mL with a
headspace of 200 mL was used for the analysis. A biochemical
methane potential (BMP) test was carried out in three bioreactors
(1 L Duran schott bottles) with working volume of 800 mL and
a headspace of 200 mL. They were air-tight with Teflon caps
connected with tubes and cylinders. After being filled with
wastewater (500 mL), inoculum (300 mL), and MNPs (1.5g),
each bioreactor was purged with nitrogen for 2 minutes. The
bioreactors were then submerged in a 30°C water bath, with the
caps' tubes connected to a cylinder via a downward displacement
method for gas collection. BMP system was operated for 30 days
hydraulic retention time with daily monitoring of the biogas
produced. At the end of the 30 day digestion period, the gas was
characterized using gas chromatography (GC-2014 Schimadzu,
Japan) for each set-up. The supernatant liquid in each bioreactor
was characterized to determine COD, color and turbidity using
the APHA [16] standards. The remaining sludge was also
characterised to determine the TSS and VSS as per the protocol
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The phase characteristics of the photocatalysts (Zn-FeTiO2; CuZnFeTiO2) were investigated using X-ray diffraction (XRD),
with the results shown in Fig 2. The measurements were defined
within a range of 15 to 80o (2θ) with a step size speed of 0.0340
min-1. Anatase phase reflection (JCP2-21-1272) with (101; 141)
plane detected at a 2θ peak of 25.28° and 31.2° had a bodycentered tetragonal crystalline structure with a pore size of 3.893
nm. The magnetite (JCP 2-19-0629) with (227) plane was found
to be face centred cubic at a 2θ reflection peak of 35.42° and
crystallite size of 5.197 nm. Also, the halites (225) and other
dopants (321) reflection peaks were observed at a 2θ of 45.12°,
46.23°, 57.36°, 61.23°, 65.6° and 77.36° (JCP2-01-0730579/0628). The average crystalline size (2.163 nm) of the
ZnFeTiO2 was found to be smaller compared with the CuZnFeTiO2 (4.163 nm). Similarly, Cu dopants had a significant
effect on the Cu-ZnFeTiO2 increasing its crystallite size, which
affirms the SEM results [20]. This may be attributed to dopant
substitution, which causes a noticeable crystalline structure
illusion.

Figure 3 shows the FTIR spectra of the Zn-FeTiO2 and CuZnFeTiO2, which were systhesised via co-precipitation and
recorded over the wavenumber range of 400 - 4000 cm-1 by a
FTIR spectrometer (Shimadzu FTIR 8400). The synergistic
effect of the binary dopants (Zn-Fe) on the TiO2 showed
remarkably low transmittance (light absorption) as compared to
the ternary-dopants (Cu-ZnFe) on the TiO2 photocatalyst. This
suggest there was significant change in the surface state of the
Cu-ZnFeTiO2 which enhanced its trapping and stability of its
radical inerts [20, 21]. This could be ascribed to the absorbance
reflecting the synergism and trapping state of the band gap.
Furthermore, the fingerprint zone at wavenumber 2500–450 cm1
consistuted majority of chemical and functional groups [22].
The peaks at 485 cm−1 and 725 cm−1 could be attributed to the
O–Ti–O bonding in anatase morphology. The bands centered at
1521 cm−1 and 3554 cm−1 are the characteristics of surfaceadsorbed water and vibration hydroxyl groups [22]. Conversely,
no peaks within the range of 2000- 3250 cm−1 reflects the C–H
stretching band, which means all organic compounds were
removed from the samples after calcination.
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3.2. Comparing the treatability performance
The synergistic effect of the MNP additives (Cu-ZnFeTiO2 and
Zn-FeTiO2) on the contaminant removal profile of reactor
setups; (A) Cu-ZnFeTiO2, (B) Zn-FeTiO2) and the (C) control
are indicated in Figure 4. The figure shows that the MNP
additives increased the COD removal as compared to the control
reactor in following order; A (93.92%) > B (85.97%) > C
(68.63%). Similarly, the colour and turbidity removal followed
the same trend respectively, as A (65.65%) > B (60.75%) > C
(51.21%) and A (85.19%) > B (76.79%) > C (68.63%). Figure 5
shows that the bioreactor system with Cu-ZnFeTiO2 was most
effective with over 65% removal of TSS and VSS, which affirms
the observations made by Canan et al. [21]. The relative
degradation of the TSS, VSS and COD affirms the potential
ability of the MNPs as a biostimulant for AD processes to
enhance its methanation [21, 23].

Figure 5: Removal of TSS and VSS by bioreactor setups; (A)
Cu-ZnFeTiO2, (B) Zn-FeTiO2 and (C) control
3.3. Biogas production
The effect of Cu-ZnFeTiO2 and Zn-FeTiO2 addition to the AD
process for biogas production and CO2 methanation was
evaluated over a hydraulic retention time of 30 days. Figure 6
shows the biogas composition of the three bioreactors. It is
observed that the methane yield is A (100%) > B (96.7%) > C
(65.7%). As CO2 methanation involves conversion of CO2 to
CO, the MNPs exposure facilitated the oxidization and
absorption of the oxygen species generated by the dissociated
CO2, whereby the intermediates was hydrogenated to methane
(CH4) [12,13]. Evidently, adding the dopants (Zn, Cu, Fe) to the
TiO2 photocatalyst improved its sulphur tolerance by reducing
the repulsion between the adsorbed sulphur atom and the CO
260

activation state in the AD process [10]. This mechanism resulted
in 100% methane yield in reactor A, whereby the methanogen
activities were highy effective (Fig 6). Other researchers have
reported on the very important role of MNPs in activation of
coenzymes in the methanation process [10, 13, 14].

Figure 7: Cumulative biogas yield for bioreactors (a) CuZnFeTiO2 > (b) Zn-FeTiO2 > (c) Control.

Figure 6: Biogas composition for BMP set-ups A-C

Table 1: First order and modified Gompertz kinetic study
for a BMP set-ups A-C
Kinetic model
First
order Modified
model
Gompertz model

According to Glass and Orphan [13], chemisorption of carbon
dioxide
on
transition
metals
is
spontaneous,
where in this case the surface structure of the MNPs strongly
affected the biogas production as well as the methanation
process. In Fig 7, the cumulative biogas production of setup A
(Cu-ZnFeTiO2) > setup B (Zn-FeTiO2) > setup C (Control). The
cumulative biogas data obtained were fitted on the first order and
modified Gompertz kinetic models (Table 1). The kinetics of the
BMP anaerobic digestion system were best fitted on the modified
Gompertz kinetic model. The system was done to understand and
ascertain the performance of an AD system over a period using
its cumulative biogas yield [19].

Set-ups

A

B

C

A

B

C

R2

0.97
6

0.9
66

0.9
05

0.99
5

0.9
89

0.9
49

measured values,
G(m)(mL/g COD)

200

10
5

52.

200

105

52.
5

Predicted
values
(mL/g COD)

214.
222

11
0.7
1

55.
16
7

199.
912

106
.68

51.
03

SSR

218
3.80

37
2.1
5

38
8.9
8

330.
49

370
.49

228
.48

k (1/d)

0.12
47

0.0
49
7

0.0
05
3

0.26
05

0.1
83

0.1
18

maximum
values,y(m) (mL/g
COD)

511.
71

13
1.6
2

63.
32

214.
25

110
.29

51.
31

9.98
8

7.7
47

4.3
12

ʎ (days)
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and biosorbents. Coordination Chemistry Reviews, 403,
213096.
[5] Kozak, M., Cırık, K., Dolaz, M., & Başak, S. (2021).
Evaluation of textile wastewater treatment in sequential
anaerobic moving bed bioreactor - aerobic membrane
bioreactor.
Process
Biochemistry.
doi:https://doi.org/10.1016/j.procbio.2021.03.013
[6] Nisticò, R. (2017). Magnetic materials and water treatments
for a sustainable future. Research on Chemical
Intermediates, 43(12), 6911-6949.
[7] Tetteh, E. K., & Rathilal, S. (2020). Application of
magnetized nanomaterial for textile effluent
remediation using response surface methodology.
Materials
Today:
Proceedings.
doi:https://doi.org/10.1016/j.matpr.2020.03.827
[8] Owusu, P. A., & Asumadu-Sarkodie, S. (2016). A review of
renewable energy sources, sustainability issues and
climate change mitigation. Cogent Engineering, 3(1),
1167990.
[9] Zaidi, A. A., RuiZhe, F., Shi, Y., Khan, S. Z., & Mushtaq, K.
(2018). Nanoparticles augmentation on biogas yield
from microalgal biomass anaerobic digestion.
International Journal of Hydrogen Energy, 43(31),
14202-14213.

4. Conclusions
This study evaluated the effect of synthesised magnetic
nanoparticles (MNPs): Cu-ZnFeTiO2 and Zn-FeTiO2 as
biostimulants for CO2 methanation in the AD process. Their
respective bioreactor throughputs in terms of contaminant
removal, biogas production and methanation were found to be
substantially significant as compared with a control bioreactor.
Characteristics of the MNPs were tested via SEM, XRD and
FTIR, where Cu-ZnFeTiO2 especially showed viable potency to
be expedited for industrial applications to address environmental
and economic concerns of conventional nanomaterial usage in
the wastewater treatment settings.
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