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Abstract
Varying albedo, due to water surface, is currently not
incorporated in PV yield simulation software. In the absence of
measured data of reflected radiation from water, a default albedo
value of 0.2 is generally used in the modelling of Floating
Photovoltaic (FPV) systems. This paper presents modelling of
water surface’s varying albedo with the change in the position of
the sun; as any weather related changes and reflection off water
surface will have a strong impact on the radiation received on the
module.
Results shows that the albedo variations are due to the spectral
and angular dependencies of the reflective properties and
changes of the water surface. Water reflectivity is very low at
low incidence angles and it is high only during very early
morning and late afternoon when the sun elevation angle is low.
The degree of polarisation of light varies throughout the day, so
the reflectivity changes at these times and using a default albedo
value of 0.2 may underestimate the incident water reflected
radiation.
Keywords: floating PV; water surface albedo; reflected
radiation; modelling.
1. Introduction
Electricity crisis demands alternative sources of energy
generation. Moving away from coal-intensive energy generation
allows for production of clean and renewable energy sources.
The biggest renewable energy source is the Sun, thus usage of
solar energy is the most promising energy providing costeffective, sustainable and eco-friendly energy alternative to
fossil fuels. However, the biggest problem with the
implementation of solar energy is the availability of land which
is scarce in the world [1]. The burden of ground mounted solar
systems is extensively increasing due to shortage of land.
Therefore, investigations into alternative forms of production of
solar energy is required.
Approximately 71 % of the Earth's surface is water which makes
it easier to utilize the concept of solar energy to address the
electricity crises through the implementation of floating solar PV
(also known as "floatovoltaics") systems. This new ecological

alternative solution allows installation of solar PVs over any
water bodies [2].
The development of FPV systems and bifacial PV modules on
water are two rapidly growing technologies in the PV sector [3],
[4]. Since the last decade, floating solar has become a viable
market and it is definitely emerging very quickly worldwide with
200+ global floating solar plants to date, June 2019 [5]. Initially,
the main objective of floating solar was to make better usage of
underutilised or polluted water bodies. However, currently
floating solar projects are identified as the key to modifying the
world’s power supply to more sustainable energy generation.
As Asia dominates the global floating solar projects, the rest of
the world continues to follow the trend. Table 1 shows the
capacity of the floating solar projects worldwide [5]. In March
2019, the first floating solar PV installation of 59 kW was
unveiled in Marlenique, South Africa (SA) [6]. As the floating
solar market accelerates, so does Africa gets ready for floating
solar making a step towards climate change and sustainable
development.
FPV Location
Asia
Europe
America
Middle East
Oceania
Africa

Installed Capacity [kW]
813 788
19 915.31
1 784
1 319.10
130
59

Table 1. Total capacity of FPV projects globally till date
However, practically before installing a FPV system, it is crucial
to establish the energy production of the possible deployment of
a PV farm. Due to the large investment needed for the installation
of an FPV plant, an investor is curious to know how the potential
installation of a large-scale floating solar PV plant may benefit
the solar energy sector [7]. The main purpose of this paper is to
develop a model for estimating the albedo for a smooth water
surface.

2. Albedo Effect of Water
Albedo is an dimensionless fraction which is measured from a
scale of 0 to 1 with an albedo value of 0 referring to the water
surface as a perfectly black surface (perfect absorber) and a
albedo value of 1 as a highly reflective surface (perfect reflector)
[8]. Albedo of water is the fraction of the incident irradiance that
the water surface reflects. The fraction of the sunlight which is
not reflected is absorbed by the water surface. The absorbed
sunlight then increases the temperature of the water surface,
stimulates the evaporation process and energises the heat
exchange between air and water.
Figure 1 and 2 demonstrates the albedo effect on a smooth water
surface relevant to the solar elevation.

The water reflected radiation from a smooth water surface is
estimated using the combination of Fresnel’s law and Snell’s law
[9]. The albedo model is based on specular reflection, i.e. mirrorlike reflection as it obeys the law of reflection from a smooth
surface at definite angle. The incident light is assumed to be
reflected from a “perfectly” smooth water surface in a single
direction. The reflectivity of a smooth water surface (still water
surface) is calculated using the Fresnel’s formula which describe
the reflection and transmission of light (or electromagnetic
radiation in general) when incident on an interface between
different optical media.
Fresnel’s law of reflection is expressed as [10]:
𝜃1 = 𝜃2 .
With 𝜃1 and 𝜃2 as the incident and reflected angles on the water
surface normal to the zenith.
Figure 3 demonstrates the interface between air and water.

Fig. 1. High solar elevation

Fig. 3. Interface of the reflected radiation from air to water
Fig. 2. Low solar elevation
Albedo effect has a significant impact on the climate. The lower
the albedo, the more radiation from the sun that gets absorbed by
the water, and temperature will rise. When the water albedo is
higher, and the water bodies are more reflective, the more
radiation is returned to space and also reflected on the rear side
of the bifacial module cooling the environment as well as
maximizing energy generation from bifacial modules in
comparison to mono-facial modules respectively. The aim of
bifacial technology on water is to capture more solar energy per
module. The albedo effect of water is one of the critical factors
which needs to be accounted for in FPV systems as it affects
climate change and the uneven heating of the water bodies can
drive weather. It is presumed that due to the reflection of
irradiation from the water surface, a positive impact can be
expected from the installation of FPV on water.

Using the Snell’s law of refraction, the refracted angle
(transmitted angle) is computed as follows [11]:
∅2 = sin−1

𝑛1 ∙ 𝑠𝑖𝑛(𝜃1 )
.
𝑛2

With 𝑛1 and 𝑛2 the refractive index of air and water medium
respectively.
3. Modelling
3.1 Clear Sky Models
In lieu of measurements, identifying relevant clear sky models to
predict the daylight quantities is a crucial step in developing the
albedo model. The two clear sky models which are available in
pvlib-python are Ineichen and Perez [12] and the Simplified
Solis [13]. Therefore, these two models are implemented to

predict the incoming solar radiation and are compared
respectively to the measured irradiance, i.e. Global Horizontal
Irradiance (GHI), Direct Normal Irradiance (DNI) and Diffuse
Horizontal Irradiance (DHI). Comprehensive validation of the
model accuracy are assessed using the relative performance
matrices i.e. Mean Bias Error (MBE) and Root Mean Square
Error (RMSE).
The measured data is acquired from a data logger which is
connected to a range of high quality solar and weather sensors at
the rooftop of civil engineering building of Stellenbosch
University, South Africa. Minutely weather data is recorded
from 01 January 2018 till 31 December 2018. The annual data is
analysed and cleaned; and the most clear sky day is then obtained
for each of the seasons, i.e. summer, spring, autumn and winter.

Seasons
Summer
Autumn
Winter
Spring

AOD
0.117
0.049
0.056
0.069

Table 2. Seasonal variation of AOD and Linke turbidity in
Stellenbosch
3.2 Clear Sky Model Verification
For accurate performance prediction of FPV systems, it is
essential that the solar irradiance are precisely matched with the
measured real-time data. Clear sky estimates from the two clear
sky models were computed and compared to the measured
irradiance for each of the clear sky days of the seasons using the
two error matrices as shown [17].
𝑁

Parameters of the location are as follows:

1
𝑀𝐵𝐸 = ∑(ŷ − 𝑦𝑚 ),
𝑁
𝑖=1

Latitude = -33.927905°,
Local longitude = 18.865266°,
Local time meridian = 30.0°.

𝑁

1
𝑅𝑀𝑆𝐸 = √ ∑(ŷ − 𝑦𝑚 )2 ,
𝑁
𝑖=1

3.1.1 Simplified Solis
The Simplified Solis model parameterises the clear sky GHI,
DNI, and DHI in terms of the Aerosol Optical Depth (AOD) and
precipitable water. Precipitable water value ranges from 0.2 - 10
cm [14]. However, for this model, the default value used in the
pvlib-python software is 1 [15]. It is used with the assumption
that all the water vapour in a vertical column of air is condensed
into liquid water. The Simplified Solis is approximated by a
single broadband of AOD at a wavelength at 700 nm [14]. AOD
is a dimensionless number which measures how much direct
sunlight is prevented from reaching the water surface due to
aerosol particles such as dust and haze.
After evaluation of the measured irradiance data with the
modelled Simplified Solis irradiance, the AOD value was
adjusted accordingly for accurate approximation of the clear sky
days. It was found that in Stellenbosch the AOD ranges between
0.049 and 0.117 as shown in Table 2.
3.1.2 Ineichen and Perez
The Ineichen-Perez model parameterises the clear sky GHI,
DNI, and DHI in terms of the Linke turbidity. The Linke
turbidity factor is a very suitable approximation used to model
the solar irradiance, atmospheric absorption and scattering under
clear skies [16].
Table 2 shows the Linke turbidity factor which is adjusted
accordingly to best fit the measured data and the clear sky model
data.

Linke turbidity
0.848
1.102
0.635
1.425

Table 3 and 4 shows how the GHI components computed error
matrices for the two clear sky models varies seasonally.
Seasons

RMSE [W/𝒎𝟐 ]

MBE [W/𝒎𝟐 ]

Summer

7.18

-0.23

Autumn

3.85

-0.19

Winter

4.45

0.02

Spring

5.86

-0.14

Table 3. Ineichen-Perez modelled and measured GHI
comparison
Seasons

RMSE [W/𝒎𝟐 ]

MBE [W/𝒎𝟐 ]

Summer

9.18

0.15

Autumn

3.84

0.24

Winter

6.06

0.60

Spring

5.56

0.35

Table 4. Simplified Solis modelled and measured GHI
comparison
The variation in the errors between the two clear sky models are
dependent on the attenuation of the Linke turbidity factor and
AOD. Both clear sky model errors are acceptable within the
ranges obtained [18], [19]. Therefore, the range of the errors of

the two clear sky models shows that both the models are a good
estimate for predicting the solar radiation. However, due to
minimal input data set for each of the days, the Ineichen and
Perez model is used in this paper for predicting the irradiance.
Figure 4 shows the measured GHI on a clear sky day in summer
and the modelled GHI component of the two clear sky models.

The index of refraction is computed as a function of the
wavelength using the following expression of the modified
Edlén’s equation [21]:
( 𝑛𝑎𝑖𝑟 − 1) ∙ 108 = 8342.54 + 2406147(130 − 𝜎 2 )−1
+ 15998(38.9 − 𝜎 2 )−1 .
Whereby 𝜎 =

1
𝜆𝑣𝑎𝑐

with 𝜆𝑣𝑎𝑐 in units of µ𝑚 ranging from

200 𝑛𝑚 to 1100 𝑛𝑚.
However, for effective approximation of the refractive index of
air, it is computed at a varying temperature 𝑇 in ℃ ranging from
0 ℃ to 100 ℃ and a pressure 𝑝 in Pascal. Therefore, the value
of (𝑛𝑎𝑖𝑟 − 1) is multiplied by the following expression [20]:
𝑛𝑎𝑖𝑟 (𝑇, 𝑝) = ( 𝑛𝑎𝑖𝑟 − 1) (

Fig. 4. Measured GHI and clear sky model

𝑝[1 + 𝑝(60.1 − 0.972𝑡)∙10−10 ]
96095.43(1 + 0.003661𝑇)

) + 1.

Figure 5 shows how the refractive index of air decreases with an
increase in wavelength and temperature.

3.3 Optics at an Air-Water Interface
In optics, any media in which light can propagate has an index
of refraction, denoted by n and is dimensionless defined as:
𝑛=

𝑐
𝑐/𝑓1
𝜆0
=
= .
𝑣
𝑣/𝑓2
𝜆

With 𝑐 the speed of light in vacuum, 𝑣 the phase velocity of light
in the medium, 𝜆0 and 𝜆 as the wavelength in vacuum and
medium respectively, 𝑓1 and 𝑓2 as the frequency which remains
equal as light waves travel from air to water and vice versa [20].
The refractive indices is a key factor which needs to be
accounted for when modelling the albedo of water. To obtain
the values of the indices, there are two suitable techniques. Using
a refractometer, the index can be measured directly or by using
specific sensors to measure the atmospheric pressure, humidity
and air temperature. Therefore, in the absence of measured data
of the indices, a precise estimation of the refractive index of air
and water is computed using the Edlén’s and Lorentz-Lorenz
equation respectively.
3.3.1 Index of Refraction of Air
The refractive index for dry air nAir is specified to be at 15 ℃
with a pressure of 101.325 kPa containing 0.045 % volume of
CO2, i.e. standard air [21]. The index of refraction of air is
defined as the ratio of the wavelength of the radiation in the air
with reference to a vacuum, therefore [20]:
𝑛𝑎𝑖𝑟 =

𝜆𝑣𝑎𝑐
.
𝜆𝑎𝑖𝑟

Fig. 5. The variation of refractive index of air with
wavelength for various temperatures
3.3.2 Index of Refraction of Water
The refractive index of liquid water nwater is computed at
atmospheric pressure, relative to a vacuum which covers a range
of wavelength, temperature, and density. The Lorentz-Lorenz
function (molar refraction) is used as a foundation to compute
the index of refraction of water and is defined as [22]:
𝐿𝐿 =

𝑛𝑤𝑎𝑡𝑒𝑟 2 − 1
𝑁𝐴 𝛼
=
.
2
(𝑛𝑤𝑎𝑡𝑒𝑟 + 2)𝑝𝑚
3𝜀0

With 𝑝𝑚 the liquid water density in moles per unit volume, 𝑁𝐴 is
Avogadro’s number, 𝛼 the molecular polarisability at optical
frequencies and 𝜀0 the permittivity of vacuum.

However, to determine the dependency of wavelength on the
molar refraction, the dispersion relation is used as [22]:
𝐿𝐿 = 𝑎0 + ∑
𝑖

𝜆2

𝑎𝑖
.
− 𝜆2𝑖

With 𝑎𝑖 the resonance strength constants and 𝜆𝑖 the wavelength
related to the 𝑖 𝑡ℎ resonance. Although the Lorentz-Lorenz
function covers all the resonances, for this formulation the
effective infrared and ultraviolet resonances are of interest as it
is presumed to have a prevailing effect on the refractive index as
[22]:
𝑎𝐼𝑅
𝑎𝑈𝑉
𝐿𝐿 = 𝑎0 + 2
+
.
𝜆 − 𝜆2𝐼𝑅 𝜆2 − 𝜆2𝑈𝑉
With least square adjustments of 𝑎0 , 𝑎𝐼𝑅 and 𝑎𝑈𝑉 and selective
𝜆𝐼𝑅 and 𝜆𝑈𝑉 , the modified formulation of Lorentz-Lorenz
function provides more accurate refractive index data in the
visible spectrum.

Coefficients
𝑎0
𝑎1
𝑎2
𝑎3
𝑎4
𝑎5
𝑎6
𝑎7
𝜆∗𝑈𝑉
𝜆∗𝐼𝑅

Value
0.243905091
9.53518094e-3
-3.64358110e-3
2.65666426e-4
1.59189325e-3
2.45733798e-3
0.897478251
-1.63066183e-2
0.2292020
5.432937

Table 5. Lorentz-Lorenz function
Figure 6 shows how the refractive index of water decreases with
an increase in wavelength and temperature.

Furthermore, the formulation is expanded to relate the variation
of temperature, density and wavelength dependency of the
Lorentz-Lorenz function of liquid water as [22]:
𝑛𝑤𝑎𝑡𝑒𝑟 2 − 1
𝑎4
= 𝑎0 + 𝑎1 𝑝∗ + 𝑎2 𝑇 ∗ + 𝑎3 𝜆∗2 𝑇 ∗ + ∗2
2
∗
(𝑛𝑤𝑎𝑡𝑒𝑟 + 2)𝑝
𝜆
𝑎5
𝑎6
∗2
+ ∗2
+ ∗2
+ 𝑎7 𝑝 .
𝜆 − 𝜆∗2
𝜆 − 𝜆∗2
𝑈𝑉
𝐼𝑅

Whereby,

𝑝∗ =
𝑇∗ =
𝜆∗ =

𝑝
𝑝0
𝑇
𝑇0
𝜆

;

𝑝0 = 1000 𝑘𝑔. 𝑚−3 ,

;

𝑇0 = 273.15 𝐾,

𝜆0

;

𝜆0 = 0.589 µ𝑚.

With 𝑝 the density, 𝑇 the absolute temperature and 𝜆 the
wavelength. The dependency of the independent variables
ranges are as follows:
𝑇 < 100 ℃,
𝜆 < 1100 𝑛𝑚,
𝑝 < 999.84 𝑘𝑔. 𝑚−3 .
The coefficients 𝑎0 to 𝑎7 , 𝜆𝑈𝑉 and 𝜆𝐼𝑅 are selectively optimised
to fit the data range and are given in Table 5 [22].

Fig. 6. The variation of refractive index of water with
wavelength for various temperatures
3.4 Albedo approximation
In this paper, the albedo model is approximated based on the
assumption that the incident ray of light which strikes the water
surface is the DNI component. DNI on a clear sky day is most
prominent and the clear sky model provides a more accurate
forecast. When the incident light ray encounters at the interface
of the water surface, some of the light is reflected off the water
surface while the remaining is transmitted through the liquid
water.
Sunlight from the Sun is a transverse wave therefore the albedo
model also assumes that the incoming incident light which strike
the water surface is unpolarised which means that the electric
fields from the radiation oscillates in all directions consisting of
two orthogonal linear 𝑠 and 𝑝 polarisation with equal amplitude
and phase difference of 90 ° [23]. For reflection and
transmission of light, 𝑠 and 𝑝 polarised light are defined as
lights which has electric fields oriented perpendicular to the
plane of incident and parallel to that plane respectively.

The reflection coefficient for both the parallel and perpendicular
polarised light are expressed as a function of the incident angle
𝜃𝑖 and transmitted angle 𝜃𝑡 as follows [24]:
𝑟∥ =

𝑡𝑎𝑛2 (𝜃𝑖 − 𝜃𝑡 )
,
𝑡𝑎𝑛2 (𝜃𝑖 + 𝜃𝑡 )

𝑟⊥ =

𝑠𝑖𝑛2 (𝜃𝑖 − 𝜃𝑡 )
.
𝑠𝑖𝑛2 (𝜃𝑖 + 𝜃𝑡 )

The total unpolarised light reflection coefficient 𝑅𝑢 is then
determined by [23]:
Ru =

(𝑟∥ + 𝑟⊥ )
.
2

The transmission coefficient is calculated as [23]:
𝑇 = 1 − Ru.
Once the incident light enters the surface of the water medium,
the refracted and reflected rays become polarised and partially
polarised depending on the angles at which the rays are striking
off. Other internal reflections in the water surface are also
neglected in this model.
Furthermore, the incident angle is equivalent to the solar zenith
angle (θi = θz ) and is defined as the angle between the zenith
(normal to the centre of earth) and the centre of the Sun. The
solar zenith angle is expressed as [25]:

Fig. 7. Fresnel’s external reflection off smooth water
surface
Contrary to a common belief that FPV can benefit from high
reflection from water surfaces [26], the overall albedo on the
water surface is actually quite low. Figure 8 shows that the
commonly used default albedo value of 0.2 is a far offset
estimate and is unreliable, and is advised not to be used in the
modelling of FPV systems. Therefore, the albedo model
developed in this paper shows a more accurate presentation of
the effect of albedo from a smooth water surface.

θz = 90° − β.
With β the solar elevation angle (altitude angle). The solar
elevation angle is computed as follows [25]:
sin β = (cos 𝐿 ∙ cos δ ∙ cos 𝐻) + (sin 𝐿 ∙ sin δ).
With 𝐿 the latitude of the respective location, 𝐻 the hour angle,
and δ the declination angle.
4. Modelling results
Figure 7 shows the Fresnel's effective smooth water surface
reflectance and transmission coefficient of s and p polarization
of radiation at various angles of incident for the 200nm
wavelength. The green (T_s) and red (T_p) curves are the
transmission coefficient of the transmitted waves of the s and p
polarization of radiation respectively. While the blue (R_s) and
orange (R_p) curves are the reflection coefficient of the reflected
waves of the s and p polarization of radiation respectively. It is
observed that for angle of incidence less than 70 ° , higher
amounts of light is transmitted than reflected. However, as the
angle of incident reaches 90°, also called the grazing incident, all
the light is reflected.

Fig. 8. Albedo model on a clear sky summer solstice
Figures 9 to 11 shows the variation of albedo on a very sunny
clear sky day for the four seasons respectively. The clear sky
day’s albedo is modelled for a wavelength of 500 nm in the
visible spectrum. The albedo effect on the clear sky days
illustrates that the reflected radiation is high during sunrise and
sunset only. This is due to the lower solar elevation observed
during sunrise and sunset, resulting in the higher albedo values.

Fig. 9. Albedo effect on a clear sky summer solstice

Fig. 12. Albedo at different wavelength
At a constant wavelength and temperature of 500 nm and
15 ℃ respectively, the effect of the wavelength and temperature
variation is evaluated for each of the seasons. It is found that for
all the seasons the effect of temperature variation is very
minimal with an albedo difference of 1 % between the minimum
and the maximum temperature of 10 ℃ and 100 ℃. The albedo
difference due to the wavelength variation between the
minimum and the maximum wavelength of 200 nm and 1100
nm is found to be 3 % for all the seasons.
5. Conclusion

Fig. 10. Albedo effect on a clear sky spring/autumn equinox

Fig. 11. Albedo effect on a clear sky winter solstice
Figure 12 shows how the albedo varies due to the wavelength
variation on a clear sky September equinox. It is observed that
the overall albedo increases with a decrease in wavelength and
that the albedo’s dependence on the temperature is insignificant.

In this paper the albedo of a flat water surface as a function of
time, temperature and wavelength is calculated. The time
varying component of albedo is influenced by the position of the
sun and this together with the intensity of DNI is accounted for
by using the Simplified Solis and Ineichen-Perez clear sky
models. Combining the position of the Sun with Fresnel’s and
Snell’s laws the reflection and refraction of water can be
calculated. The refraction index of air and water is however
influenced by temperature and wavelength.
Results shows that the albedo of a smooth water surface is not
constant and the results illustrates that temperature and
wavelength are not the critical factors which affects the albedo
but rather the position of the Sun. Early morning and late
afternoon, when radiation intensity is low, high albedo values are
observed. During the middle of the day, the albedo value is much
lower than the default value of 0.2 which is typically used. Lower
water surface albedo will therefore also result in lower bifacial
module performance gain when used on open water surfaces.
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