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A B S T R A C T   

Floating photovoltaics (FPV) is a rapidly emerging technology that provides an alternative to ground-mounted 
PV (GPV), particularly where land is scarce or expensive. Despite an impressive technological development 
and growth in installed capacity in recent years, studies on the performance and reliability of FPV are scarce. This 
work provides insight with respect to the performance, reliability, and operational characteristics of a new FPV 
technology with the aim to identify innovation opportunities, reduce risks, develop improved solutions, and 
improve bankability of FPV. We have analysed production and weather data from one year of operation for an 
open FPV system with a small water footprint located on a water body in Kilinochchi, Sri Lanka. The technology 
is developed by the company Current Solar. Using established filtering routines and algorithms from pvlib, the 
yield and performance ratio is calculated and compared to a GPV system installed on the shore of the lake. We 
find that the technology gives a stable overall performance over the one-year period, and that the period of 
amphibious operation did not impact the continued performance of the system. Calculations of the U-value of the 
system, based on the production and weather data, gives a median U-value of 33 W/m2K, slightly higher than the 
default PVsyst value of 29 W/m2K for freestanding GPV systems. The calculated U-values are used in an energy 
yield analysis in PVsyst to estimate the energy production of the FPV technology and benchmark it against 
measured data.   

1. Introduction 

1.1. FPV market and research challenges 

Worldwide demand for energy is continuously rising. Concurrently, 
there is an urgent need to reduce greenhouse gas emissions to avoid 
further irreversible warming with profound economic and humanitarian 
consequences (IRENA, 2021). Hence, it is paramount to decouple energy 
use from its current emissions and renewable energy is one of the key 
pillars of the energy transition (IRENA, 2021). 

The renewable energy sector currently experiences an unprece-
dented growth, with decreasing costs, rising investments, and technol-
ogy innovation. In 2020, renewable energy increased by 3% while 
demand for all other energy sources, particularly oil and coal, declined 
due to Covid19 (IEA, 2021). Photovoltaics (PV) is the renewable energy 
with the greatest growth in the past decade and in many markets solar is 
now cheaper than any power source ever before (IEA, 2020). However, 

in certain areas, PV deployment will be limited by lack of available land 
resources and competition for land usage. Floating PV (FPV) has 
emerged as a solution that will allow untapped surfaces to be turned into 
viable and value-adding commercial solar installations, avoiding con-
flicts with agricultural or residential uses (Cagle et al., 2020; Gadzanku 
et al., 2021). 

The FPV marked is experiencing a rapid growth reaching a cumu-
lative rated installed capacity of >3GW by the end of 2021 (Paton, 
2021), with most of the FPV projects installed in Asia, followed by 
Europe. For instance, the Netherlands aims to have a cumulative rated 
installed capacity of ~2GW by 2023 (Folkerts et al., 2017). Globally, 
FPV is expected to grow by an average of 22 % year-over-year through 
2024 (Cox, 2019). The technology landscape is mainly targeting FPV 
applications in enclosed freshwater bodies, such as lakes, but there is 
already a focus from the sector to search for opportunities among marine 
applications (Oliveira-Pinto and Stokkermans, 2020). 

Even as the capacity of FPV systems is increasing rapidly, there are 
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still challenges related to performance and reliability that needs to be 
solved. This is mostly due to the lack of accessible, long-term production 
and monitoring data from FPV systems. The published analysis and 
literature are gradually increasing, but with the range of different cli-
mates, technologies, and relevant parameters the need for more data to 
improve the bankability, and reliability, of FPV is substantial. 

The aim of this work is to provide insight into the performance, 
reliability, and operational characteristics of a new FPV technology. The 
following Section, 1.2, will provide a short review of the literature on 
performance and reliability of FPV technologies in general. Several 
operational characteristics that impact the performance, differ between 
ground-mounted PV (GPV) and FPV. This includes mismatch losses, 
soiling losses and efficiency of heat transfer from the modules. In this 
work we explicitly study the efficiency of the heat transfer for the Cur-
rent Solar FPV technology, and Section 1.3 provide background on this 
topic. 

1.2. Performance and reliability of FPV 

The literature in the field of FPV performance is gradually increasing, 
and DNV GL recently published the first guidelines for energy yield as-
sessments (EYA) of FPV (DNV GL, 2021). The performance and reli-
ability of the FPV systems depends on various factors such as system 
mounting structure, PV technology, orientation, local environmental 
parameters, cooling mechanisms etc. The mounting structure and 
floating platform play an essential role in determining the performance 
of a PV system as it must bear the load of the module and environmental 
stresses (Kumar et al., 2021b). In addition, the floating structure can 
affect the cooling mechanism of the FPV system because of the direct 
and indirect contact of the module with the water and the exposure of 
the module to the surface area of the water. As a result, there is an 
impact on the performance of the FPV system (Cazzaniga et al., 2018). 
Rosa-Clot et al. (2010) compared air-exposed PV modules to submerged 
floating PV modules and found that the efficiency of submerged modules 
was increased by 20% compared to air-exposed modules. But such sys-
tems have challenges with respect to their long-term reliability. How-
ever, new developments are taking place due to the trade-off between 
the design, reliability and cost of floating structures. Earlier studies show 
variation in thermal loss coefficient of FPV modules as it is mainly 
dependent on installation design, floating PV structure, and PV tech-
nology. This results in variation in the performance of FPV systems. 

All water bodies experience variations in water levels through the 
year, and for inland water bodies, larger fluctuations are to be expected 
throughout the lifetime of a FPV system. In particular, when placed on 
smaller water bodies, as is the case for the studied system, or those 
operated close to shore, there may be a need for amphibious operation, 
meaning FPV systems that can sustain reliable and stable operation also 
when they are exposed to water level fluctuations that leaves the FPV 
system sitting on dry land. This may also be relevant for installation of 
FPV on new hydropower dams. As FPV has substantially shorter con-
struction time than hydropower dams, and it can be beneficial to be able 
to start the operation of the FPV system before the dam has been con-
structed. Amphibious operation poses challenges such as the need for a 
flexible mooring that can handle varying water levels and sufficient 
anchoring of the system on dry land. Also, the curvature of the seabed 
can change the POA of the individual modules when the system is 
standing on the dry seabed. To our knowledge, there has been no reports 
on how amphibious operation affects the performance of FPV. 

Losses in floating PV systems may be slightly different from land- 
based systems. In FPV, there is no loss of shading due to nearby ob-
jects and there is less dirt, but soiling loss from bird droppings can be 
prominent. Also, temperature inhomogeneity and misalignment in 
module orientation can potentially lead to mismatch losses (Gorjian 
et al., 2021). Besides these, the degradation of PV modules under the 
environment of water bodies is a matter of concern for the long-term 
reliability of PV modules. Modules are constantly exposed to humid 

environments which can accelerate various degradation modes such as 
bus bar corrosion, moisture ingression, leakage current and junction 
failure (Kumar et al., 2021a). Research on performance loss rates and 
reliability of FPV systems is still very limited, as solid analysis of reli-
ability requires a time-series of several years. Thus, there is a need for 
long-term performance and degradation studies of floating PV systems 
with different technologies to identify these aspects. 

A frequently stated advantage of FPV over GPV is the potentially 
reduced module temperature due to water cooling, resulting in a higher 
power conversion efficiency. While many claims have been made 
regarding enhanced cooling of FPV (Choi, 2014; Lee et al., 2014; Suh 
et al., 2020; Yadav et al., 2017 Do Sacramento et al., 2015; Ho et al., 
2016; Majid et al., 2014), they have only to a limited extent been fol-
lowed up by conclusive data or quantification and the significance of 
FPV technology has often been under-communicated in reviews and 
reports (Kjeldstad et al., 2021). However, several recent results and 
publications indicate that the cooling effect on the typical pontoon- 
based floaters is in fact modest (Liu et al., 2017, 2018; Mittal et al., 
2017; Oliveira-Pinto and Stokkermans, 2020). Some studies have even 
reported a lower module performance on the water compared to land 
(Kumar et al., 2021a). A clear understanding and quantification of the 
cooling effect for the different FPV floater technologies is hence an 
important missing piece of information in the industry (Kumar et al., 
2021b). It is essential to successfully optimize cooling against other 
performance and O&M-relevant aspects such as panel tilt, soiling and 
cleaning, panel mounting and robustness. This understanding is also 
needed for accurately estimating power production. Large uncertainties 
in predictions of cooling-enhanced performance directly converts into 
uncertainties EYA and levelized cost of electricity (LCOE) calculations. 

The recently published best practice guidelines from DNV GL states 
that it is “recommended to apply different thermal loss factors for 
different types of systems and different float technologies”. However, in 
the absence of appropriate simulation software and technology specific 
recommended thermal loss factors, the current “best practice procedure 
is to determine the thermal loss factors for FPV systems through appli-
cation of technology-specific measurements” (DNV GL, 2021). To 
diversify the available data in terms of technology and climatic char-
acteristics and address the unanswered questions related to performance 
and cooling of various FPV technologies, it is of great importance to 
collect and analyse field data from a range of systems. This should 
preferably be accompanied with theoretical modelling to establish the 
weather dependency of the heat loss coefficients for different FPV 
technologies. 

1.3. Module temperature and heat transfer coefficients 

The operating temperature of a PV module is determined by several 
factors: incident solar radiation, ambient temperature, wind speed, wind 
direction, properties of the cell and module materials and mounting 
structure. Both radiative and convective heat transfer will take place and 
affect the module temperature. Numerous models have been proposed 
for simulation of the module temperature. A comprehensive overview is 
given by Skoplaki and Palyvos (2009) for GPV systems, the values of the 
heat loss coefficients and their correlation with various meteorological 
parameters has been thoroughly studied. In IEC61853-2 (IEC, 2018) the 
Faiman model is recommended as the preferred method to estimate the 
module temperature (K) in yield assessment analysis. In the model 
proposed by Faiman (2008) the electrical efficiency, η, is taken into 
consideration so that the fraction of the incident irradiance being con-
verted to electrical energy is not considered to be contributing to the 
increase in module temperature, while this is not included in the stan-
dard. When the electrical efficiency is taken into consideration the 
module temperature, Tmod (K), is given by. 

Tmod = Tamb +
G(α − η)
U0 + U1v

, (1) 
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where Tamb (K) is the ambient temperature, α is the absorbed fraction of 
the incident irradiance, set to 0.9, G (W/m2) is the incident irradiance 
and η is the electrical efficiency of the module. The heat loss coefficient 
of the system, U0 + U1v, consists of a constant value and a wind 
component. If the wind component is not available, or the meteoro-
logical data lacks reliable wind measurements, a single value for the heat 
loss coefficient, U (W/m2K), is often used and referred to as the U-value. 
Eq. (1) is also utilized in the industry standard modelling software for PV 
plants, PVsyst®. For GPV systems, the values of the heat loss coefficients 
and their correlation with various meteorological parameters has been 
thoroughly studied (Barykina and Hammer, 2017; Ghabuzyan et al., 
2021; Koehl et al., 2011), but the most appropriate values of U0 and U1 
for the various types of mounting structures are still debated. This is not 
surprising as the heat transfer will depend on module characteristics, 
outdoor conditions and mounting, and hence a significant spread in best 
fit values for different systems is expected. Even for identical modules 
installed at different sites with the same type of mounting, the best fit 
values for U0 and U1 was found in one study to have a spread of 14% in 
U0 and 29% in U1 (Barykina and Hammer, 2017). The weather condi-
tions at a given site influence the parameters, as U1 depends on the 
number of days with high irradiance (>400 W/m2) and the corre-
sponding range of the irradiance values, the amount of wind, and 
ambient temperature ranges on the chosen days. Naturally, these com-
binations of outdoor conditions are different for each of the sites. For 
many commercial energy yield assessments, also for utility scale PV 
plants, only a single U-value is used as input and no wind data is 
included. 

Only a few studies report heat transfer coefficients for FPV systems 
directly (Dörenkämper et al., 2021; Liu et al., 2018). Many earlier 
studies infer the temperature differences by comparing the performance 
of GPV and FPV systems, often based on systems with limited monitoring 
(Choi, 2014; Kamuyu et al., 2018; Lee et al., 2014; Suh et al., 2020; 
Yadav et al., 2017). Other studies report on prototype FPV technologies 
that are in direct contact with water and where the water temperature 
therefore is expected to impact the module temperature to a greater 
extent than in commercially available systems (do Sacramento et al., 
2015; Ho et al., 2016; Majid et al., 2014). Other studies that have found 
superior performance due to water cooling have utilized water as a 
cooling agent by either submerging the panels in water or spraying the 

panels with water. Various technologies exploiting this are detailed in 
the reviews by Cazzaniga et al. (2018) and Dwivedi et al. (2020). 

More recent studies analysing production and monitoring data from 
fit for purpose instrumented FPV systems show that the additional 
cooling effect is highly FPV technology dependent (Dörenkämper et al., 
2021; Liu et al., 2018). A thorough study of the performance of FPV 
systems in the Tengeh Reservoir testbed in Singapore show that while 
the FPV systems generally outperform the average Singaporean rooftop 
system, a well-ventilated roof-top system on shore performs slightly 
better than all the tested FPV systems (Liu et al., 2018). The observed 
lower operating temperature for some FPV systems (excluding those that 
have active cooling or are lying on, or in, the water) compared to GPV 
systems is predominantly due to local climate differences. Large water 
bodies will often provide lower ambient air temperatures and higher 
windspeeds than dry land. A literature review (Völker et al., 2013) found 
that during daytime and in the summer the cooling effect of ponds, 
lakes, and rivers is between 0.5 and 5 K, and the range of this effect is 
between a few meters and up to 400 m. For larger water areas, maximum 
wind speed increases and the effect of the water body is detectible at 
greater distances. Even around a small pond of 0.25 ha significant wind 
speeds can develop, but only at short distances (Gross, 2017). Amiot 
et al. (2020) found that the theoretical offshore wind was roughly twice 
the onshore wind for a small pond with a perimeter of 1,05 km. For low 
wind speeds, radiative cooling will have a relatively more important role 
and the temperature of the surfaces that is seen by the module will then 
have a small effect on the temperature of the module (Lindholm et al., 
2021). Naturally, the effect of all these parameters will depend heavily 
on the mounting structure of the FPV system. 

1.4. Objectives 

This study reports on the performance of a small footprint FPV sys-
tem developed by the company Current Solar. The pilot is located on a 
freshwater body in Kilinochchi, Sri Lanka and has been operated since 
January 2020. A GPV system is installed on the shore of the same water 
body, and near the FPV plant, to allow for performance comparison 
between the two systems. The analysis aims to address three important 
topics related to FPV, particularly for this new technology. Firstly, this 
study reports on the performance and reliability over a one-year period. 

N-Peak N-PeakTwinPeak TwinPeak
N

(a)

(b)

Fig. 1. (a) FPV system and GPV reference system (Current Solar AS, authorized). (b) Illustration of the FPV system with the location of the back panel temperature 
sensors marked with red dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The yield and performance ratio are calculated and compared to the GPV 
system. Secondly, thermal loss coefficients have been calculated based 
on production and weather data and have been implemented in PVsyst® 
to estimate the energy production of the FPV technology and benchmark 
it against measured data. Thirdly, as the FPV system in this study has 
been subject to a drought, leaving the installation sitting on a dry 
lakebed, the performance has been monitored before, during and after 
the drought. 

This paper is organized as follows: Section 2 describes the system and 
the methodology used for performance assessments. The results are 
presented and discussed in Section 3, and a conclusion is given in Sec-
tion 4. 

2. Methodology 

2.1. Case study description 

The FPV system is installed in a freshwater body in Kilinochchi, in 
the province of Jaffna in Sri Lanka, with a GPV system installed in close 
vicinity. The studied FPV system is the first pilot from the company 
Current Solar AS, and both systems have been operating since January 
2020. In the analysis data from March 2020 to May 2021 has been used. 
The system is situated at a latitude of 9.68 and longitude of 80.02. The 
local climate is characterized as a tropical rainforest, with warm tem-
peratures and high humidity all year around. The yearly irradiation for a 
typical meteorological year (TMY), based on meteorological data from 
the Meteonorm database, is 1887 kWh/m2 and the average temperature 
is 28.6 ◦C (World Bank Group, n.d.). The hottest and most humid months 
are April/May and August/September, respectively on each side of the 
monsoon rains, while the coolest months are December and January. 
This region is dominated by the North-eastern Monsoon, bringing the 
peak of rainfall to the region between the months October to December. 

The studied FPV system has a rated installed capacity of 44 kW. The 
system consists of composite beams, where the solar panels are moun-
ted, and high-density polyethylene (HDPE) pipes that provide buoyancy 
to the system. The composite beams are arranged in east–west orienta-
tion with a 15◦ tilt and the solar panels are mounted in portrait mode for 
maximum utilization of the standard-length HDPE pipe. Four of the 
strings are west facing, while the other four are east facing. The system is 
set up with two different module types, REC Solar N-Peak 315 W and 
REC Solar TwinPeak 295 W. The N-Peak modules are framed, mono- 
crystalline n-type Si, and the Solar TwinPeak modules are framed, 
multi-crystalline Si modules. Each string contains 18 modules, and for 
each module type there are two strings facing west and two strings 
facing east, giving a total of eight strings in the FPV system. Each pair of 
strings with the same module type and orientation is connected in par-
allel to a separate maximum power point tracker (MPPT) on the same 
inverter. The FPV system has a relatively open structure, fitting into the 
“small footprint” classification suggested by Liu et al. (2018). The PV 
panels are mounted relatively close to the water surface, which will to 
some extent limit the air flow beneath the FPV system, see Fig. 1 a). The 
system is connected to a 50 kW SMA inverter with a total of 6 MPPTs. 

The plant is instrumented with three Kipp&Zonen RT1 irradiance 
sensors, providing irradiance and back panel temperature, a Campbell 
Scientific 109 temperature sensor measuring water temperature (Tw), 

and a Campbell scientific CS215 air temperature and relative humidity 
sensor. Note that one of the irradiance sensors is defective. Data is 
logged with a Campbell Scientific CR310 datalogger. Fig. 1 b) shows the 
placement of the back panel temperature sensors. 

A GPV reference plant with a rated capacity of 2.5 kW, is installed in 
close proximity to the FPV system, see Fig. 1 a). The GPV system consists 
of eight south facing REC Solar N-Peak 315 W type modules with an 8◦

tilt. In this study, only the strings consisting of the module type REC 
Solar N-Peak 315 W are assessed. The floating unit is instrumented with 
three POA irradiance sensors and module temperature (Tm) sensors, air 
temperature (Ta) and water temperature (Tw) sensors in addition to 
humidity. This instrumentation enables precise monitoring and perfor-
mance analysis. The GPV system is connected to the same inverter as the 
FPV system, utilizing a separate MPPT. A summary of the design features 
for both the FPV and the reference system is given in Table 1. 

2.2. Performance assessment 

Different parameters for assessing the performance of PV systems are 
described in IEC 61724-1 (IEC, 2021). In this work, the performance 
ratio and relative yield is used to assess the overall performance of the 
system and compare the FPV and GPV system, respectively. Addition-
ally, the heat loss coefficient is calculated using the Faiman model 
(Faiman, 2008). These different analyses will be explained in the 
following sections, with Table 2 listing the filters and given time period 
used for each. 

2.2.1. Performance ratios for the FPV system 
The overall performance of the system is assessed through the per-

formance ratio (PR), given by. 

PR =

∑
tEt/PSTC

∑
tHi,t/GSTC

(2)  

where Et (kWh) is the energy output of the array at the given time, PSTC 
(kW) is the nominal power (at standard test conditions, STC), Hi,t (W/ 
m2) is the incident irradiation at the given time, and GSTC = 1000 W/m2. 
It should be noted that Et constitutes the direct current (DC) energy of 
the east and west facing strings consisting of REC N-Peak 315 W mod-
ules. The temperature corrected performance ratio (CPR) is given by. 

Table 1 
Summary of design features of the FPV and reference systems.  

System Structure Modules Tilt & 
Orientation 

System size 
(kW) 

FPV 
system 

Small footprint and relatively open structure. Air flow partially blocked by floating structure and 
surrounding panels. Direct exposure of the backside of the PV panels to the water surface. 
HDPE pipes provide the buoyancy to the system and the PV panels are mounted on composite 
beams. 

REC Solar N-Peak 315 W and REC 
Solar TwinPeak 295 W 

15◦, East-West 44 

GPV 
system 

Open Rack mounting structure installed on top of grass, enabling free flow of air in the back side 
of the PV modules. 

REC Solar N-Peak 315 W 8◦, South 2.5  

Table 2 
Summary of the filters and time periods used in the analysis.  

Topic Metric Data filtering Time 
period 

Overall FPV 
system 
performance 

Temperature 
corrected 
performance ratio 

Removal of: Times 
with missing 
irradiance data 
Irradiance = 0 

March 
2020 – 
May 2021 

FPV vs GPV 
performance 

Yield comparison, 
current and voltage 
comparison 

Removal of: Morning 
and afternoon Shading 
(ΔP > 20%) 

March 
2020 - 
May 2021 

Heat loss 
coefficient 

Eq. (5) 6 h around solar noon 
Clear sky periods ( 
Holmgren et al., 2018) 

Jan 2021 - 
May 2021  
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CPR =

∑
tEt/PSTC

∑
tHi,t/GSTC × [1 + γ(Tmod − TSTC)]

, (3)  

where γ is the module temperature coefficient, Tmod (◦C) is the module 
temperature and TSTC = 25 ◦C. Both PR and CPR are calculated from 
March 2020 to May 2021. Due to an initial issue with the west facing 
irradiance sensor, the PR and CPR have been calculated for only the east 
facing string prior to 9th of November 2020. This was corrected on the 
9th of November 2020, and after this, both west facing and east facing 
strings are including in the performance calculations. For PR and CPR 
calculations, the only filtering done is removal of time periods where the 
irradiance data is missing or equal to zero. 

2.2.2. Relative yield 
A comparison between the mean performance of the west and east 

facing string on the FPV system and the south facing string of the GPV 
system is made by comparing the relative yield given by. 

Yrel =
PFPV/PFPV,STC − PGPV/PGPV,STC

PGPV/PGPV,STC
× 100, (4)  

where PFPV (W) is the total power produced by the two REC N-Peak 315 
W strings in the FPV system per day, PGPV (W) is the power produced by 
the ground system per day, and PFPV, STC (W) and PGPV, STC (W) are the 
nominal powers of the two systems respectively. To reduce the influence 
of instantaneous differences between the two systems, the daily yield is 
used. A yield comparison is chosen to compare the systems due to 
lacking POA irradiance measurements on the GPV system. For com-
parison of two systems with different orientation the relative yield is 
compared to the expected difference in available solar resource, based 
on clear sky modelling with pvlib (Holmgren et al., 2018). To ensure 
that effects of shading and individual system downtime are not taken 
into consideration when assessing the difference in yield, time periods 
where |Yrel| > 20% is removed, in addition to removal of morning 
(before 10:00) and afternoon values (after 16:00). The value of |Yrel| >
20% is set as a threshold as it was found to efficiently remove periods 
where one of the systems were down or shaded. 

2.2.3. Heat loss coefficient 
In this work, the heat loss coefficient is calculated using. 

U =
G(α − η(Tmod))

Tmod − Tamb
, (5)  

where G (W/m2) is the incident irradiance, α is the absorbed fraction of 
the incident irradiance, set to 0.9, Tmod (K) is the module temperature, 
Tanb (K) is the ambient temperature, and η is the power conversion ef-
ficiency of the module which is directly calculated from the produced 
power and measured incident irradiance. 

Rapid changes in irradiance due to cloud movement may result in 
data points where the system is far from thermal equilibrium, resulting 
in incorrect estimates of the heat loss coefficient. To avoid this, only 
periods of clear sky are used for calculations of the heat loss coefficient. 
In addition, a filter is applied to select data only from a six-hour period 
around solar noon, to remove times during the morning and evening 
when the irradiance is changing more rapidly than during the middle of 
the day. After filtering approximately 5% of the data points with irra-
diance > 0 are left. 

2.3. Output modelling 

An energy yield analysis of the system using measured weather data 
was performed in PVsyst®, which is considered a standard for PV system 
design and simulation worldwide (Umar et al., 2018). It includes 
comprehensive meteorological and PV systems components databases. 
Irradiance and temperature data measured at the location from February 
to May 2021 was used as input data. Some days were missing from the 

measured irradiance data, in these cases the irradiance was assumed to 
be the same as the previous day. There were also some missing tem-
perature measurements, which were filled in using logged weather 
forecasts from Yr (“Facts about Yr,” n.d.). Currently, PVsyst® does not 
have an option to simulate FPV systems, but to some extent it is possible 
to adjust the available parameters to calculate the energy output of these 
systems. So, to calculate the energy yield for the FPV system, the 
calculated thermal loss coefficients, derived from temperature mea-
surements, have been implemented into PVsyst® version 7.2.10. In the 
Faiman model implemented in PVsyst®, the parameters which may be 
altered are the constant thermal coefficient, U0, the wind dependent 
thermal coefficient U1, and the wind speed, v. The ambient air tem-
perature and irradiance is by default imported from the selected mete-
orological data file. There is no direct way of including either the effect 
of water temperature or humidity in PVsyst®. However, the effect of 
water temperature for FPV systems that are not in direct contact with 
water is small: Lindholm et al. quantify the effects of water temperature 
and wind speed on the cell temperature for a FPV system with air-cooled 
rear side when the air temperature is kept constant (Lindholm et al., 
2021). The results are shown in Table 3. 

Large variations in water temperature are required to significantly 
affect the cell temperature. Therefore, we can assume that the ambient 
air temperature, measured directly above the lake, is sufficient to pro-
vide an accurate representation of the thermal behaviour of the system. 
As reliable wind measurements were not available for the entire time 
period, a single U-value without a wind component is used. 

In this study, a grid connected PV system is designed with the support 
of the mandatory input parameters of the software, including, but not 
limited to site location, local weather data, system components (in-
verters, modules), orientation and tilt of the PV modules, system sizing 
and detailed losses. The most relevant computation simulation param-
eters will be discussed below. 

The light induced degradation (LID) loss is set to zero, as this is not a 
loss mechanism for n-type modules (ur Rehman and Hong Lee, 2013). 
The dynamic nature of the movement of floating solar designs was 
considered, as uneven sunlight reaching modules on the same string can 
cause differences mainly in current across connected modules, resulting 
in “mismatch losses”. Since the FPV pilot site is a small in-land fresh-
water body, it was assumed that the waves and the resulting wave- 
induced mismatch is negligible. The mismatch loss was therefore set 
to 1% which is also the PVsyst® default value. The albedo of water is 
very low, around 0.06 (NSIDC, 2020), and since no measurements were 
performed at the location this parameter was conservatively set to 0.05. 
No near shading was included in the simulation, as there are no sur-
rounding structures/objects which draw visible shades on the FPV sys-
tem. Another relevant loss mechanism is soiling, which affects the 
ability of a PV cell to absorb irradiation, due to the accumulation of dirt 
(e.g., dust or bird droppings) on the surface of the solar module. Since 
the literature provides little quantitative information related to soiling 
for FPV systems and no measurements were done at the site; soiling 
losses were assumed to be 3%. 

3. Results and discussion 

In this study production and weather data from the first year of 
operation for an FPV system developed by Current Solar has been 

Table 3 
Computed cell temperatures for different wind velocities and two water tem-
peratures, 10 ◦C and 30 ◦C. The air temperature is kept constant at 30 ◦C.  

Wind [m/s] TC [10 ◦C] TC [30 ◦C] ΔTC 

1  52.75  56.47  3.72 
3  46.20  48.92  2.72 
5  42.49  44.58  2.09 
7  40.23  41.91  1.68  
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analysed. In the following sections the results of the analysis are pre-
sented and discussed. 

3.1. Performance and reliability 

Fig. 2 shows the performance ratio (PR) (Eq. (2)) and the tempera-
ture corrected performance ratio (CPR) (Eq. (3)) aggregated to daily 
values in the period 6th of March 2020 to 26th of May 2021. Note that 
before 9th of November 2020 only PR for the east facing string is shown, 
see Section 2.2.1. The two periods of missing data are due to missing 
irradiance values. 

Some of the variation in PR throughout the time period is corrected 
for by including the effect of temperature in CPR. However, some of the 
variation has other explanations, such as soiling and seasonal variation. 
An example of a possible seasonal variation is the observed reduction in 
CPR in the month of April, which can be seen in both years, but a longer 
period of data acquisition is needed to identify the seasonal variations 
and is outside the scope of this paper. The mean PR for the system in its 
first year of operation is 0.85, which is comparable with the four best 

performing systems at the FPV testbed in Singapore (Liu et al., 2018) 
Although more case studies and longer study periods are needed to 
establish a proper understanding of reliability, the observed stable PR 
over the studied period is a good first indication of a reliable technology. 

The difference in yield, Yrel, between the GPV and FPV system is 
shown in Fig. 3 a). An illustration of the expected difference in available 
solar resource due to the different system configurations, based on clear 
sky modelling (Holmgren et al., 2018), is included as a solid black line in 
Fig. 3 a). In Fig. 3 b) the modelled difference in available solar resource 
is subtracted from the relative yield. For times with a positive difference 
in yield, the FPV system is performing better compared to the GPV 
system and vice versa. In Fig. 3 a) and b), three time periods during the 
lifetime of the system are indicated as shaded areas 1, 2 and 3, and will 
be discussed in the following. In the first time period, the FPV system is 
underperforming for unknown reasons. The second period shows a clear 
drop in relative yield for the FPV system. In this time period the FPV 
system was no longer situated on water due to a period of drought. This 
will be discussed further in Section 3.3. In the third period, the FPV is 
performing better compared to the GPV system. During this time, there 

Only east facing string Mean of east and
west facing strings

Fig. 2. Performance ratio (PR) and the temperature corrected performance ratio (CPR) for the N-Peak modules in the FPV system. The dotted lines are a rolling 
median. The vertical line marks when the issue with the west facing irradiance sensor was fixed. Points to the left of this line are calculated using only the east facing 
string, while points to the right are calculated using both east and west facing strings. 

(a)

(b)

1.

2. 3.

Fig. 3. Difference in yield of the floating system (averaged for east and west facing strings) and the ground mounted system. (a) shows values without correction for 
the difference in modelled irradiance due to different configurations, while this has been corrected for in (b). 

T. Kjeldstad et al.                                                                                                                                                                                                                               



Solar Energy 239 (2022) 242–251

248

are some large variations in the voltage levels of the GPV system, either 
due to a fault in the maximum power tracker or module faults. Apart 
from these three time periods, the average difference in yield is 0.6% in 
favour of the FPV system. This is within the margin of error of installed 
capacity and significance is therefore uncertain. The construction of the 
GPV system is more free standing than the FPV system, likely providing 
a higher cooling due to wind. Initial CFD calculations have shown that 
the wind cooling is expected to vary across the FPV system, depending 
on the wind direction, giving a temperature gradient across the FPV 
system, hence resulting in even higher difference in cooling by wind 
between the GPV and FPV system. While the GPV system is likely to have 
a higher wind cooling contribution, the FPV system is expected to have a 
slightly higher cooling contribution from thermal radiation between the 
module back cover and water (Lindholm et al., 2021). 

3.2. Heat loss coefficients 

For ground-mounted, freestanding systems a U-value of 29 W/m2K is 
commonly used and is set as a default value in the performance 
assessment tool PVsyst® (PVsyst, n.d., n.d.). For fully insulated systems 
and intermediate cases, PVsyst® proposed U-values of 15 W/m2K and 
20 W/m2K, respectively. However, the U-value is system specific, as 
shown by the broad range of values reported in the literature. Assuming 
a wind-speed of 1 m/s some examples of reported U-values for free-
standing, ground-mounted systems are 18.5–28.5 W/m2K (Ghabuzyan 
et al., 2021), 31.9 W/m2K (Faiman, 2008) and 33–35.8 W/m2K (Koehl 
et al., 2011). One study calculated U-values for freestanding systems in 
different climates with the same mounting and found a spread in U- 
values from 34.9 W/m2K to 45.8 W/m2K, assuming a wind speed of 1 m/ 
s (Barykina and Hammer, 2017). 

Fig. 4 shows heat loss coefficients (U-values) for the studied FPV 
system, calculated by inserting measured meteorological data in Eq. (5). 
A spread in U-values is observed, with a median of 32.6 W/m2K and 
32.5 W/m2K for west and east facing strings respectively. For the west 
facing strings the 25th percentile is 30.9 W/m2K and the 75th percentile 
is 38.0 W/m2K. For the east facing strings the 25th percentile is 30.7 W/ 
m2K and the 75th percentile is 38.4 W/m2K. The spread in values is 
likely due to the dependence of wind, which is not included in this study 
due to lack of reliable wind measurements. For FPV systems only a few 
previous studies have been undertaken. The heat loss coefficients 
derived for the Current Solar FPV system are lower than the experi-
mentally determined median heat loss coefficients for a small footprint 

(U = 57 W/m2K) system in the Netherlands, but similar to large foot-
print systems in the Netherlands (U = 37 W/m2K) (Dörenkämper et al., 
2021) and Singapore (U ~ 30 W/m2K) (Liu et al., 2018). 

An energy yield analysis was done in PVsyst® with two different U- 
values, U = 33 W/m2K and U = 20 W/m2K, to see how the choice of U- 
value influences the expected PR and compare the results with measured 
data. Fig. 5 shows the resulting monthly PR values calculated from the 
measured data and the PVsyst® analysis. A U-value of 33 W/m2K was 
chosen based on the median U-value found for this system. A U-value of 
20 W/m2K was chosen based on the default PVsyst® value for inter-
mediate structures, since the structure of the FPV system limits wind 
cooling on the back side of the modules to some extent. A U-value of 33 
W/m2K provides the best fit to the measured data in February and May. 
In March and April, however, the PVsyst® model with a U-value of 20 
W/m2K provides a PR value that is closer to the measured performance. 
This may reflect an increase in module temperature due to reduced 
wind, or it may reflect other losses, not connected with operating tem-
perature, that is currently not captured in the PVsyst® model. In March 
there is an increase in the difference between the module temperature 
and the air temperature, as seen in Fig. 6. This could be part of the reason 
why the measured PR decreases more than the PVsyst® PR from 
February to March, but the increase in temperature difference is not 
large enough to be the only contributing factor. Additionally, the tem-
perature difference in April is similar to the difference in February and 
cannot explain the larger difference in PR in this month. It is therefore 
likely that the decrease in PR in March and April is due to other losses 
that are not captured in the PVsyst® model. 

Fig. 4. Heat loss coefficient for the west and east facing string respectively, 
calculated from measured module temperatures and efficiency calculated from 
measured production and irradiation. The box spans the first to the third 
quartile, with the line indicating the median. The whiskers show the range of 
the data, and the points past the whiskers are outliers. 

Fig. 5. Monthly performance ratio (PR) calculated from measured data 
compared to PR from an energy yield analysis in PVsyst® using measured 
weather data and two different U-values, U = 33 W/m2K and U = 20 W/m2K. 

Fig. 6. Irradiance weighted module (Tmod) and air temperatures (Tair) aggre-
gated to monthly values on the left axis. Difference between the irradiance 
weighted, monthly module and air temperatures (Tdiff) on the right axis. 
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3.3. Effect of stranded FPV system dry bed 

Due to a period of drought, the lake where the FPV system is situated 
dried out in the months October and November 2020, as shown in Fig. 7. 
As shown in Fig. 3, the FPV system had a lower yield in this period 
compared to the GPV system. One hypothesis for the lower performance 
is that the lack of water leads to reduced water cooling. Such an effect 
would however result in lowered voltage levels, as the parameter pre-
dominantly affected by temperature variations is the voltage. Fig. 8 a) 
and b) shows the relative difference between the current and voltage 
levels of the FPV and GPV system. As the two systems have a different 
configuration, a normalization of the values has been done: 1) the cur-
rent values of the FPV system are divided by four, as four strings in the 
FPV system are being compared to one string in the GPV system, 2) the 
voltage values of the FPV system are divided by 4.5, as two strings, each 
with two times 18 modules connected in parallel in the FPV system are 
being compared to one string with 8 modules in series in the GPV sys-
tem. The relative difference for each data point is calculated and the 
result is aggregated to a daily median. Negative values imply lower 
values for the FPV system. We observe that the reduced performance is 
due to a drop in current levels and not in voltage for the FPV system. 
Hence, the drop in performance is most likely not due to a lack of cooling 
but could rather be caused by increased soiling on the FPV system, (as 
was observed in the picture shown in Fig. 7 b)), which becomes more 
evident in dry periods as the soiling is not washed away. 

Comparing the relative yield difference between the FPV system and 
the GPV system (Fig. 3) in the months prior to the drought and after the 
dam is filled with water again, there is not significant change in the 
relative performance of the system. In a three-month period before the 
dry period the mean difference in yield was 0.4%, and in a three-month 
period after the dry period the difference in yield was 0.9%. This dif-
ference is smaller than the uncertainties related to seasonal variation 
and soiling. Additionally, Fig. 2 shows a decrease in CPR in October and 
November 2020, with the CPR values returning to pre-drought levels 
after the dam is filled with water again. The mean CPR in a three-month 
period before and after the drought is 0.92 and 0.91, respectively. Thus, 
the data indicate that the FPV system was unaffected by the drying of the 
lake. This means that amphibious systems can be a possibility, which is 
relevant for potential FPV sites where droughts can happen, or for 
installing FPV systems on new hydropower dams. However, this will be 
technology specific and further research is needed. 

4. Conclusion 

In this work we have studied the performance, reliability, and 
operational characteristics of a new FPV technology developed by Cur-
rent Solar AS. The FPV system is located on a water body in Kilinochchi, 
Sri Lanka, with a ground-mounted PV system close by. Data from the 
first year of operation was collected and analysed, from which we can 
conclude. 

Fig. 7. (Current Solar AS, by permission) Picture of the FPV system in the months October and November 2020, when the system was located on the dry lakebed due 
to a period of drought. 

(a)

(b)

Fig. 8. Relative difference in normalized current (a) and voltage (b) between the FPV and the GPV system. The relative difference is calculated for each data point 
and then aggregated to a daily median. 
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- Analysis of the production data shows CPR values in the range of 0.9 
and 0.95 after one year of operation.  

- When compared with the closely situated GPV system, the relative 
yield difference during times of stable performance is 0.6% in favour 
of the FPV system, which is within the margin of error of installed 
capacity and is not considered a substantial difference in 
performance.  

- The heat loss coefficient for the FPV system was calculated from 
temperature measurements, and a spread in U-values with a median 
of 33 W/m2K, 25th percentile of 31 W/m2K and 75th percentile of 
38 W/m2K was found.  

- Although the dam where the FPV system is situated was dry for some 
period, we observe no implications for the continued performance of 
the system after the dam is yet again filled with water. 

The results show an overall performance of the system in the same 
range as other FPV systems located in similar climates. Amphibious 
operation of the system does not affect the continued performance. To 
assess the degradation and reliability of the system, three years of 
operational data is needed and will be reported on a later stage. 
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