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H I G H L I G H T S  

� Exergy input available at submerged photovoltaics (SPV) is lesser when compared to floating photovoltaics (FPV). 
� The exergy losses are more in ground-mount photovoltaics (GMPV) when compared to other FPV and SPV. 
� The exergy output of FPV and SPV is high when compared to GMPV and this is due to low exergy thermal. 
� The exergy efficiency of SPV is 3.07% and 43.65% higher than the FPV, and GMPV installation methods respectively.  
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A B S T R A C T   

The scope for water-based photovoltaic (WPV) installations has raised questions related to its 
performance in comparison to traditional land-based photovoltaic (LPV) installations. In litera-
ture, few studies exist, and they mainly highlighted the performance of WPV and LPV based on 
energy analysis but fails to give a detailed understanding. In this paper, the exergy based para-
metric approach is used to understand the realistic performance and the energy conversion 
process of the photovoltaic (PV) module in both water and land environments. Three amorphous 
silicon thin-film PV modules installed in ground-mount PV (GMPV), floating PV (FPV), and 
submerged PV (SPV) methods are considered for experimentation to understand the exergy 
performance. The experimental results show that the exergy efficiency is varied for each instal-
lation method. It is observed that the exergy efficiency of SPV is 3.07% higher than the FPV and 
43.65% higher than GMPV installation methods, respectively. Overall, the thermodynamic 
analysis of the thin-film PV module provided in this study delivered a critical understanding of 
the performance, and this study will serve as a useful reference in selecting the best installation 
methods.   

1. Introduction 

The photovoltaic (PV) installations are gaining more popularity in recent years. At the same time, they experience a few challenges 
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related to performance and land occupancy [1–3]. Performance-related challenges are mainly based on weather conditions experi-
enced by the PV modules; for example, the irradiance, temperature, and dust cover [4,5]. The land occupancy issues are due to 
land-use conflicts between PV and other sectors [3]. Generally, PV installations demand a vast land area. Due to this, the developments 
in different sectors like agriculture and industrial operations, are becoming problematic [6]. 

In recent years, the researchers have come up with the water-based PV (WPV) installation approaches where PV modules are placed 
on floating devices that float on water, as well as submerges in the water [7,8]. The newly emerged WPV installation has given big hope 
in addressing the performance and land use related challenges. With the emergence of WPV, the PV module installations can be 
categorized into three types: ground-mount photovoltaics (GMPV), floating photovoltaic (FPV), and the submerged photovoltaics 
(SPV). Among the three, the FPV and SPV installation approaches do not demand land area, but they require the same area on the water 
bodies [7]. Apart from the land saving, the WPV installation offers few additional benefits; for example, the FPV acts as a water cover 
that helps in reducing the water evaporation [8]. In addition to it, water also favors PV module performance in terms of temperature 
effect (which is a major influential parameter in terrestrial PV applications) [9]. We believe that the emergence of WPV could be a 
promising solution for PV growth as it tackles both challenges (performance and land occupancy) discussed earlier. 

In literature there are few studies, mainly suggesting on the performance variation with respect to the installation approach, as the 
PV modules would experience varying weather conditions [7,8,10,11]. The major influencing weather parameters are temperature, 
solar radiation, and the angle of incidence [12,13]. In literature, there are several studies on the weather parameter’s effects on the PV 
module efficiency. Most studies have proven that water provides a cooling effect for the PV module, but there is a considerable heat 
gain by the PV modules. From the view of thermodynamics, this is still considered to be a loss in the performance [11–14]. As the PV 
module temperature increases, the energy output would decrease due to which the overall performance is reduced. Much details about 
the performance variations are only possible when we clearly understand the power conversion process in the PV module. In a study, 
Morgan et al. used a simple experimental method and observed the variations in the electrical characteristics of solar cells [15]. In 
another study, Dunlop et al. showed the influence of outdoor weather conditions on the energy performance of 40 different crystalline 
silicon-based PV modules from different manufacturers [16]. They suggested that there is a considerable derate in the performance 
levels [16]. At the National Institute of Standards and Technology (NIST) and Sandia National Laboratories (SNL), Fanney et al. 
compared the outdoor operating performance characteristics of three different PV modules and suggested that the electrical param-
eters like voltage, current, efficiency were varied from module to module [17]. A study by Mathew et al. revealed that energy per-
formance would vary based on PV technology and the re-configuration method opted [18]. The variation in the power outputs and the 
power conversion efficiency of a Heterojunction with Intrinsic Thin Layer (HIT) PV module under Saharan weather conditions were 
investigated by Benlebna et al. [19]. From the investigation presented in Refs. [19], it is suggested that desert weather parameters like 
ambient temperature, wind speed, and relative humidity had a strong influence on the PV module’s energy performance. To limit the 
temperature effect and for improving the power conversion efficiency, Junaidh et al. proposed three different strategies that generally 
come fall under the cooling of the PV module. These strategies include humidification by placing wet sack at the back end of the PV 
module, cooling of the PV module by flowing the water on the front end, and their combinations [20]. In another study [21], an 
experimental setup is developed to simulate the performance and efficiency of the three commercially available WPV technologies. 
The study suggested that WPV could be promising in the near future. In Ref. [22], Kumar et al. investigated the power conversion 
efficiency of the PV module in GMPV, FPV, and SPV installation approach. Based on their investigation, Kumar et al. suggested the 
configuration of FPV as it provides better power conversion efficiency when compared to GMPV and FPV [22]. In a study, Ajitha et al. 
investigated the underwater performance of the PV module [23]. They suggested that, as the immersion depth increases, the power 
outputs produced by the SPV module would decrease [23]. 

Based on the above literature survey, it is understood that many have used energy analysis for understanding the performance 
behavior of the PV module in different modes of installation. Almost most of the studies give the information on the power conversion 
efficiency variation but fails to provide a detailed understanding. We believe the accounting energy performance alone is not sufficient 
to understand the PV behavior in realtime conditions. In literature, few studies suggest the exergy approach for understanding the 
realistic behavior of the energy conversion process of PV module involving energy losses and internal irreversibility [24,25]. In 
general, the exergy assessment of PV module allows us to measure the quality index of energy. It is one of the critical concepts of the PV 
module’s performance characterization (in addition to the electrical characterization that is most known) that is generally based on 
thermodynamic laws. While performance assessment, the exergy analysis accounts for all the possible interactions of a PV module with 
the outer environment and measures the various thermal losses. In the current study, the considered installations approaches will have 
different interactions (e.g., land surface environment, water surface environment, and underwater environment). Overall, the exergy 
analysis provides information on how efficiently the PV modules can be used. Also, it gives information on possible actual perfor-
mance. The exergy analysis involves various metrics, for example, the exergy input and output (where the exergy output will be less 
than the exergy input since a part of the exergy input is always destroyed by natural processes). When compared to the energy 
approach, the exergy approach will help us to identify thermodynamic losses possible in PV modules based on their interactions with 
outer environments and suggest steps that can be taken to reduce these losses [26]. 

This study deals with the exergy performance of the thin-film PV module in three installation approaches, namely GMPV, FPV, and 
SPV. But the available literature is mainly related to the GMPV and FPV. Sundaram and Babu [27] studied the exergy efficiency of 5 
MWp PV array situated in Mettupalayam, India. The results showed that thermal exergy varies with the difference in ambient and PV 
module temperature. Rawat et al. [28] investigated the exergy performance of thin-film PV in GMPV configuration in real outdoor 
conditions. They found that the PV array is operating at an exergy efficiency of 9.84% [28]. Sukumaran and Sudhakar [29], inves-
tigated the exergy of the crystalline PV array and found the annual average exergy efficiency as 9.77%. In a study by Kumar and Kumar 
[30], the experimental setup is developed to investigate the exergy performance of three different FPV, namely Multicrystalline Silicon 
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(Multi-Si), HIT, and Cadmium Telluride (CdTe). The results showed by Kumar and Kumar [30] suggest that a thin-film PV module 
would be better for water bodies with higher potentials for power outputs. From the brief literature study carried in the above par-
agraphs, it is understood that exergy analysis is very much needed to estimate the actual energy performance of a PV module. Most of 
the studies suggested that thermal destruction is very high in PV modules, and this could be varied based on the size of the PV array or 
based on the interconnected PV array configuration [24–30]. As of now, the exergy analysis of PV modules is only limited to the GMPV 
and FPV installation approaches, and as per the author’s knowledge, there were no studies on the exergy analysis of SPV. In this regard, 
we believe that studying the energy conversion process and accounting for the exergy losses based on installation and surroundings 
interactions would be beneficial in further improving the FPV and SPV installation approaches. 

The main objective of this experimental study is to evaluate the exergy performance of an amorphous thin-film PV module in three 
different PV installations (i.e., GMPV, FPV, and SPV) by considering the monitored data. In addition, the evaluated exergy metrics (the 
exergy input, exergy output, exergy electrical, exergy thermal, exergy loss, and exergy efficiency) are compared for the three 
considered installations. We believe this is a first study to show the detailed exergy investigation on FPV and SPV systems in com-
parison with the GMPV. 

2. Description of photovoltaic installation methods 

In general, the PV modules are installed in an open rack configuration. In the open rack installation approach, PV modules are 
mounted on the metallic frames that were supported by a concrete basement. In such an installation method, the metallic structures are 
mounted at specific heights from the ground level, which is generally called a ground clearance area [31]. Such open rack 
configuration-based PV installation is also called as ground-mounted PV (GMPV) [32]. GMPV’s are the most commonly seen PV in-
stallations across the globe. Depending upon the location and based on the weather conditions, the tilt angle and orientation of the PV 
module is varied to ensure the maximum power outputs from the installed GMPV. The typical view of a GMPV installation is presented 
in Fig. 1(a). These GMPV’s require vast land areas, which resulted in land-use conflicts between the agriculture sector and the energy 
sector. This has resulted in a few novel approaches, especially the water-based PV installations that mitigate land use. 

In water-based PV installations, the PV modules are installed in two approaches one is floating PV (FPV), and the other is sub-
merged PV (SPV). In the FPV installation approach, the PV modules are made to float on the water surface, as shown in Fig. 1(b). In 
FPV, floating structures made with high-density polyethylene material and upon which the PV modules are installed. A mooring 
system is used to tie the PV modules or the array [7]. The weights for the mooring system are chosen based on the PV system weight 
and the force exerted by the wind on the PV system in each direction. Like GMPV, the PV module in the FPV installation approach can 
also be installed with varying tilt and orientation depending upon the location and the climatic conditions to ensure the maximum 
power outputs. Submerged photovoltaics (SPV) is also one of the water-based PV installation approaches. In the SPV installation 
approach, the PV modules are installed in underwaters at varying water depths, as shown in Fig. 1(c) [23]. Like FPV, the SPV module is 
also supported by the mooring system. 

At present, among the three PV installation approaches described in this paper, the most commonly seen is GMPV, and it con-
tributes to a major share of current PV installed capacities. Whereas the FPV also contributes to a minor share, but the SPV is very 
minimum. Table 1 presents the brief highlights of the benefits of these three installations approaches. 

3. Parametric approach for exergy evaluation 

The exergy analysis of a solar PV module allows us to measure the quality index of energy. It is one of the critical components of the 

Fig. 1. a). Ground mount PV [33]; b). floating PV [34]; c). submerged PV [11,35].  
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PV module’s performance characterization (in addition to the electrical characterization that is most known) that is generally based on 
thermodynamic laws. While performance assessment, the exergy analysis accounts for all the possible interactions of a PV module with 
the outer environment and measures the various thermal losses. Overall, the exergy analysis evaluates the efficient use of PV modules 
and provides the actual performance. Mathematically the exergy balance relation for a PV module is given by Equation (1) [24,29]. 

Exin ¼Exout þ Exloss þ Ir (1)  

where, Exin is the exergy input in Watt; Exout is the exergy output in Watt; Exloss is the exergy loss Watt; Ir is the irreversibility. 
The exergy input ðExinÞ, can be calculated using Patela’s mathematical model, see in Equation (2). According to Patela’s relation, 

the input exergy is defined as the amount of power received by the PV module [24,29]. 

Exin ¼ APV � G�
�

1 –
4
3

�
Tamb

Tsun

�

þ
1
3

�
Tamb

Tsun

�4�

(2)  

where APV is the area of the PV module in m2; G is the in-plane solar radiation measured in w=m2; Tamb and Tsun are the ambient and sun 
temperatures in K specific to the location of the PV module. Depending upon the mode of PV module installation and based on the 
surrounding local conditions, the ambient temperatures will vary. Whereas the temperature of the sun is generally considered as 5777 
K. 

The exergy output ðExoutÞ of any electricity generation device can be represented numerically, considering the electrical outputs 
from the device and thermal energy gained by the device. Depending upon the device and the system configuration, the thermal energy 
gains can be used within the system or simply dissipated to the local surroundings. In the case of solar PV applications, the PV modules 
will have thermal gains, but the gained thermal energy is dissipated into the local surroundings from the surface of the PV module. 
Here, the available thermal gains are left as unused, which is generally considered as thermal loss in the PV module. Hence, the exergy 
output from the PV module can be expressed as per Equation (3) [24,29]. 

Exout ¼Exele � Extherm (3)  

where, Exele is the exergy electrical represented in Watt; Extherm is the exergy thermal described in W. 
The exergy electrical ðExeleÞ is the amount of electricity generated by the PV module in Watt and given by the relation shown in 

Equation (4) [24,29]. 

Exele¼Voc � Isc � FF (4)  

where, Voc is the open-circuit voltage in Volts; Isc is the short circuit current in Amps; and FF is the fill factor. The fill factor will vary 
depending upon the PV technology and as per the local operating conditions. 

The exergy thermal ðExthermÞ is the amount of energy lost to the local surrounding areas from the PV module in the form of heat. 
Generally, PV module experiences the heat gain, and this can be understood based on the rise in PV cell temperature. The exergy 
thermal of a PV module can be calculated using Equation (5) [24,29]. 

Extherm¼ðhconv þ hradÞ� APV ðTamb � TPVÞ �

�

1 �
Tamb

TPV

�

(5)  

where, the hconv is the convective heat loss or transfer co-efficient which is given by the relation, (hconv ¼ 2:8þ 3Ws); hrad is radiative 
heat loss or transfer co-efficient given by the relation, hrad ¼ εσ ðTsky þ TPVÞ ðT2

sky þ T2
PVÞ; TPV is the module temperature given in K. 

The PV module temperature would vary from location to location and medium to medium; and Tsky is the sky’s effective temperature 
given by the relation, Tsky ¼ Tamb � 6. 

The exergy loss in a PV module is given by Equation (6). In a PV module, the incoming solar radiations majorly transform into two 
categories of energy one is the electrical energy (which is the output), and the other is thermal energy (which is the loss). Depending 
upon the local weather conditions, the two forms of energy will be varying. However, most significantly considered loss is the thermal 

Table 1 
A summary of the GMPV, FPV, and SPV benefits.  

Type of PV installation Benefits 

Ground-mounted photovoltaics  - Distributed energy generation  
- Water pumping application 

Floating photovoltaics  - Energy generation for communities staying nearby water bodies  
- Island electrification  
- Reduces the evaporation  
- Acts as water cover  
- Can be used for energy storage 

Submerged photovoltaics  - Underwater robotics  
- Used for water desalination  
- Used for microalgae growth  
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loss, and exergy is associated with considering those thermal losses while quantifying the overall energy output of a PV module [24, 
29]. 

Exloss ¼Exin � Exout (6) 

The exergy efficiency of a PV module is defined as the ratio of exergy output to the exergy input, as shown in Equation (7) [24,29]. 

Exeff ¼

�
Exout

Exin

�

� 100 (7)  

4. Experimental study and data collection 

To perform the exergy analysis of a thin-film PV module, the layout of the experimental setup shown in Fig. 2 is developed. The 
main aim of this study is to understand the exergy behavior of the PV module in three different installation methods; hence three 
different experimental setups were developed and are highlighted in Fig. 2. A newly procured a-Si thin-film PV modules (three in 
number) and various other electronic instruments that were used to monitor the PV performance indicators were used. The manu-
facturer datasheet of the procured a-Si thin-film PV module is given in Table 2. 

A water tub with approximately 16 cm depth is considered, and it is fully filled with water creating a medium for water-based PV 
installations. Later, the space in the water tub is divided into two half’s, making it a suitable one for equipping two PV modules. In the 
first half of the space, one PV module is installed in fixed floating mode, and in the other half, another PV module is installed in 
submerged mode (here the PV module is immersed to a depth of 12 cm). The third PV module is installed on the ground surface in a 
conventional manner. The entire setup is installed at the outdoor premises of the Centre for Renewable Energy and Power System 
Research Laboratory, Anurag University, Hyderabad, India (latitude: 17.4201� N, and longitude: 78.6562� E). In all the three 
installation methods (GMPV, FPV, and SPV), the PV module is placed at zero-degree tilt where the plane of the PV array facing the open 
sky. 

Once the experimental setup is built, we have connected the main instruments (voltmeter, ammeter, and rheostat) as per the 
equivalent circuit model of a PV module. Along with this, various other instruments were also used for the experimental study (e.g., 
solar power meter, temperature sensors, and anemometer) that measures the weather data in all three installations. The detailed 
technical specifications, along with the instrument functionality, are given in Table 3. 

Before conducting the experimental study, all the electronic instruments were calibrated to ensure the accuracy in the data 
collection process. Once the calibration is done, the experiments on a PV module installed in three different installation modes are 
conducted simultaneously from morning to evening as per the local time. While the experimentation is going on, the data is collected 
for every 5 min interval. The collected data include solar radiation, wind speed, ambient temperature, cell temperature, current, 
voltage. Based on the installation method, the ambient temperatures for the PV module in FPV mode and SPV mode are different from 
the GMPV. Hence, the ambient temperature considering water as a medium is obtained. In a similar way, the module temperatures, for 
the PV module in FPV and SPV installation methods are also measured. The obtained raw data is organized and then converted into 
hourly values. Later, based on the methodology presented in section 3, the exergy analysis for the PV module in GMPV, FPV, and SPV 
installation methods is carried out. 

5. Results and discussion 

The obtained data is analyzed, and results are presented in the below sections. Based on the monitored data, it is very clear that the 
PV module has varying power outputs for the three different installation methods (GMPV, FPV, and SPV). The major reason for this is 
the variation in local weather parameters. The detailed behavior in local weather parameters for GMPV, FPV, and SPV installation 
methods are discussed in section 5.1, and the varied exergy performance for GMPV, FPV, and SPV is discussed in section 5.2. 

Fig. 2. Experimental setup of a photovoltaic module in ground mount, floating and submerged installation methods.  
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Table 2 
Manufacturer datasheet of the PV module used for experimentation.  

Component/Parameter Specification 

Mode of installation Fixed-mount 
Installation methods as per the experimentation Ground mount installation 

Floating PV installation 
Submerged PV installation 

Type of PV technology Amorphous silicon (a-Si) 
PV module electrical parameter Open circuit voltage: 21.9 V 

Short circuit current: 0.32 A 
Maximum power: 10 W 
Maximum voltage: 12 V 

PV module mechanical parameter Module dimension: 21.5 cm * 19.1 cm 
Module area: 0.024 m2  

Table 3 
Specifications of the instruments used during the experimentation.  

Instrument Specification Functionality 

Handheld digital solar power meter Measuring range: 2000 W/m2; 
Resolution: 0.1 W/m2; 
Accuracy: �10 W/m2 or � 5% whichever is greater in sunlight; 
Temperature included error: �0.38 W/m2/�C deviation from 25 �C; 
Operating environment: 0 �C to 50 �C and below 80% relative humidity; 
Power supply: 9 V battery. 

Used to measure solar radiation 

LM 35 temperature sensor Operating range: � 55 �C to þ150 �C; 
Operating voltages: 4 V–30 V. 

Used to measure air temperature 

DS18B20 digital thermometer Measuring range: � 55 �C to þ125 �C (� 67 �F to þ257 �F) 
�0.5 �C Accuracy from � 10 �C to þ85 �C 

Used to measure water temperature 

Type T thermocouple Measuring range: � 250 �C–350 �C (� 482 �F to þ662 �F) Used to measure the PV module temperature 
Digital anemometer Model: AM-4201 

Power supply: 9 V DC 
Air velocity measurement range: 0.4 m/s to 30 m/s 

Used to measure wind speed 

Ammeter Type: DC 
Range: 0–2 A 

Used to measure current 

Voltmeter Type: DC 
Range: 0–30 V 

Used to measure voltage 

Rheostat 300 Ohms/2 A Used as an electrical resistive load  

Fig. 3. a). Global radiation incident on a photovoltaic module in GMPV, FPV, and SPV installation methods [Note: the incident solar radiation on 
the GMPV and FPV are observed to be the more or less same, however, to differentiate a separate legend is provided]; b). Wind speed. 

N.M. Kumar et al.                                                                                                                                                                                                     



Case Studies in Thermal Engineering 21 (2020) 100686

7

5.1. Assessment of weather parameter 

While analyzing the exergy performance of a PV module, the primary priority is given for monitoring the local weather parameters 
such as solar radiation, wind speed, and temperature. The location weather conditions play a crucial role in the exergy assessment of 
PV module as it is having direct interactions with the surrounding environment. The site where the experiment is conducted receives a 
considerably good amount of solar radiation. 

In Fig. 3(a), the patterns of varying solar radiation that a PV module receives in GMPV, FPV, and SPV installation methods are 
visually represented for the given local time. The solar radiation received by the PV module in the SPV installation method is found to 
be much lesser when compared to the other two installation methods, i.e., GMPV and FPV whereas the solar radiation that is incident 
on a PV module in GMPV and FPV installation methods is observed to be more or less the same. 

The in-plane solar radiation in GMPV and FPV installation methods is found to vary between 650 w/m2 to 982 w/m2. Likewise, in 
the case of the SPV installation method, the incident solar radiation is found to vary between 293.91 w/m2 to 895.24 w/m2. Only in the 
peak hours, i.e., between 12:30 p.m. to 2:30 p.m., the incident solar radiation in SPV installation is quite good; however, this is much 
lesser when compared to the amount of solar radiation reached on to PV module in GMPV and FPV. The significant difference between 
the GMPV, FPV, and SPV is the medium in which solar PV module is installed, among these three, only the SPV is immersed in water to 
a depth of 12 cm. This typically represents a 12 cm thick water layer from the ground surface to the depth at which the PV module is 
placed. This water layer acts as a barrier and limits the incoming solar radiation. In this experimental study, the 12 cm water layer 
approximately blocks 33% of incoming solar radiation in a given day. However, for the given local time from morning to evening 
hours, the percentage of incoming solar radiation on a PV module in the SPV method is reduced to greater levels, and it is in between 
7% to 63.3%. 

Wind speed is another important parameter to be considered while exergy assessment of a PV module. Wind speed plays a crucial 
role in evaluating the convective heat loss or transfer coefficient that is used to calculate the exergy thermal of a PV module. The 
average wind speeds for the given local time found to vary between 1.6 m/s to 4 m/s, and this represented in Fig. 3(b). 

Temperature is one most important performance indicators for a PV module. In the exergy assessment of the PV module, the in-
fluence of sky temperature, sun temperature, ambient temperature, and cell temperature is very critical, and these temperature pa-
rameters are used for calculating exergy input and the exergy thermal. The rise in PV cell temperatures results in higher thermal losses 
from a PV module to the surrounding environments. In the present study, various temperature parameters associated with the PV 
module in GMPV, FPV, and SPV installation methods for the given local time are monitored and presented in Fig. 4. (a), and (b). The 
sun temperature for the studied location is considered as 5778 K, whereas the sky temperature is calculated by subtracting 6 K from the 
observed ambient temperatures. The sky temperatures vary within the range of 299.43 K–301.9 K. The ambient temperature expe-
rienced by the PV module in the GMPV installation method for the given local time is found to vary in between 32.28 �C to 35.3 �C. In 
FPV and SPV installation methods, the PV module interactions are possible with the water. For example, in FPV, the PV module is made 
to float on the water body, where the wind shear on the water bodies has a slight influence on the ambient temperatures experienced by 
the PV module. Hence water surface temperature is considered while evaluating the exergy. Similarly, in the case of SPV, the PV 
module is immersed at a depth of 12 cm, hence the water temperature measured at 12 cm depth is used in evaluating the exergy. The 
water temperature at a depth of 12 cm is found to vary between 29.03 �C to 33 �C. 

Irrespective of the installation configuration, the solar PV module is sensitive to the temperature. The continuous exposure of the 
PV module to the open sky increases the cell temperature. The increase in the PV cell temperature reduces the power outputs. The 
reduced power due to temperature influence is in the form of thermal losses to the surrounding environments from the PV module. This 

Fig. 4. a). Various temperature parameters (Note: STC-Standard Testing Condition); b). Cell temperatures.  
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has a negative effect on the overall PV performance, and the exergy performance assessment generally measures the overall effective 
performance by considering the PV module interactions with the surroundings. Hence, monitoring the cell temperature is very 
important. In this study, using the thermocouples, the cell temperatures for a PV module in GMPV, FPV, and SPV installation methods 
are monitored and represented in Fig. 4(b). The observed cell temperatures are 26–42% higher when compared to ambient temper-
atures in GMPV. Similarly, in FPV, the range of cell temperature increment is observed as 21–34%. Whereas in the case of SPV, the 
observed cell temperatures are 4–25% higher when compared to ambient temperatures. In GMPV installation method, the recorded PV 
cell temperatures range in between 44.19 �C to 50.90 �C for a given local time whereas the for the same monitored period the recorded 
PV cell temperatures for FPV and SPV are in the range of 41.33 �C–46.31 �C and 33.77 �C–42.34 �C respectively. The recorded 
maximum PV cell temperatures for GMPV, FPV, and SPV are 58.5 �C, 52.42 �C, and 49.09 �C and the minimum PV cell temperatures 
are 44.19 �C, 41.33 �C, and 33.77 �C respectively. It is observed that the water-based PV modules have shown lower cell temperatures, 
that around 6–12% reduction in the case FPV and 8–42% reduction in the case SPV. 

5.2. Exergy performance analysis 

The results for the exergy analysis are evaluated as per the methodology presented in section 3. In the exergy analysis, the exergy 
input, exergy output, exergy electrical, exergy thermal, exergy loss, and exergy efficiency are considered. The exergy input mainly 
depends on the incident solar radiation in the study location. Using Equation (2) the exergy input is calculated for the PV module in 
three installation methods and presented in Fig. 6(a). The daily available exergy input in the case of GMPV and FPV is around 695 W 
and is observed to be almost same in both installations whereas, in the case of SPV, the daily available exergy input is 469 W. Among 
the three installation methods, it is observed that the exergy input for SPV is 32.74% lesser when compared to GMPV and FPV. This is 
due to low solar radiation received by the SPV, and in addition, the recorded ambient temperatures are also lower. In all three methods, 
high solar radiation conditions recorded the maximum exergy inputs, and this can be utilized for some useful work. As per Equation (3) 
the exergy output is calculated by subtracting the exergy electrical to the exergy thermal. Fig. 6(b) shows the exergy output of the PV 
module in three installation methods. The daily available exergy outputs of a PV module in GMPV, FPV, and SPV installation methods 
are 21.16 W, 36.81 W, and 25.86 W, respectively. When compared to GMPV, the exergy output of FPV and SPV is high, and this is due 
to low exergy thermal. 

For understanding the variation in the exergy output PV module in three installation methods, exergy electrical and exergy thermal 
are evaluated by using Equations (4) and (5). In Fig. 5(a) the exergy thermal for GMPV, FPV, and SPV is showed. Among the three 
installation methods, it is observed that the exergy thermal for GMPV is 16 W, which is higher when compared to FPV (i.e., 10.22 W) 
and SPV (i.e., 6.38 W). The amount of energy that is gained by the PV module is lost to the surrounding environment in the for the heat 
that is very high for GMPV, and lesser for the water-based PV (FPV and SPV). In Fig. 5(b) the exergy electrical for GMPV, FPV, and SPV 
is presented. Among the three installation methods, the FPV installation recorded high exergy electrical, i.e., 47 W, whereas the GMPV 
and SPV recorded 37.22 W and 32.24 W, respectively. Exergy electrical is more attributed to the amount of electrical output from the 
PV module, which primarily depends on the incident solar radiation on to the PV module in each installation method and the area of 
the PV module. In this study, identical PV modules are installed in three different methods, and each module experiences the solar 
radiation intensities differently. Among the three methods, SPV has low exergy electrical due to low incoming solar radiation received 
by the PV module. Hence, as per the variation is exergy electrical and exergy thermal, the exergy outputs varied. 

In Fig. 6(c) the exergy loss for GMPV, FPV, and SPV is showed and Eq. (6) is used to evaluate. Among the three installation methods, 
it is observed that the exergy losses are more in GMPV when compared to FPV and SPV. The total thermal losses for the monitored 

Fig. 5. a). Exergy thermal; b). Exergy electrical.  
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duration in GMPV, FPV, and SPV are 674.28 W, 658 W, and 441.87 W, respectively. The variation in exergy losses of the PV module for 
the monitored period in each installation can be attributed to the variation exergy input and exergy output, which are dependent on the 
variations in the solar radiation, ambient temperature, and cell temperatures. Theoretically, the increase in cell temperatures in each 
installation leads to an increase in losses, and the same has been observed in experimental validation. The trend of the exergy loss is 
always followed by the variation in cell temperature. 

Using Equation (7), the exergy efficiency of the PV module can be calculated. In this study, the exergy efficiency of the PV module in 
installation methods is evaluated and presented in Fig. 6(d). The exergy efficiency of the PV module generally represents the quality 
index of energy, which is based on the thermodynamic principles. The exergy efficiency was determined to vary between 0.56% to 
6.52% for GMPV, 0.39%–9.8% for FPV, and 0.9%–8.7% for SPV for the analyzed duration. The average exergy efficiency is found to be 
3.11%, 5.35%, and 5.52% for a PV module in GMPV, FPV, and SPV installation methods, respectively. Overall, when the three 
installation methods are compared, the exergy efficiency of the SPV is 3.07% and 43.65% higher than the FPV and GMPV installation 
methods, respectively. It is understood, GMPV has low exergy efficiency, and this is due to the higher thermal losses, and the same can 
be verified in Fig. 5(a). The low exergy efficiency and high thermal losses in GMPV are observed to be influenced by the wind speeds, 
ambient and cell temperatures. In the case of FPV, the exergy efficiency is 41.86% higher than GMPV, and this is due to the low thermal 
losses for a PV module in FPV when compared to GMPV. Similarly, in the SPV installation method, the observed exergy efficiency 
43.65% higher when compared to GMPV, where the role of thermal loss and other parameters were found to be very crucial. From the 
thermodynamics and heat transfer point of view, the reduction in thermal loss led to an increase in exergy efficiency. From Figs. 5(a) 
and 6(d), it can be seen that exergy efficiency decreases with an increase in thermal losses. 

6. Conclusion 

The exergy analysis of the thin-film PV module in three different installation methods (GMPV, FPV, and SPV) was evaluated based 

Fig. 6. a). Exergy input; b). Exergy output; c). Exergy loss; d). Exergy efficiency.  
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on monitored data through the experimental study. A comprehensive analysis of various exergy assessment parameters has been 
carried. In addition, a thorough discussion is made on the variation of these exergy parameters in ground mount, floating, and sub-
merged PV installation methods. However, in brief, the main outcomes of this study are summarized as follows:  

� The monitored weather parameters such as solar radiation, ambient temperatures, and cell temperature are observed to vary for 
each installation method. Hence, accounting those parameters will help in providing a detailed understanding of the exergy 
performance of the PV module. The observed variations in the weather parameters are observed to influence the exergy electrical, 
exergy thermal quantification in GMPV, FPV, and SPV.  
� It is observed that the exergy input for SPV is 32.74% lesser when compared to GMPV and FPV, and this is due to the low incoming 

solar radiation and reduced ambient temperatures in the case of SPV. The exergy output of FPV and SPV is high when compared to 
GMPV, and this is due to low exergy thermal.  
� The exergy thermal observed for FPV and SPV is 36.12% and 60.12% lesser when compared to GMPV.  
� The exergy electrical observed for FPV installation is high among the considered installation methods. The exergy electrical for 

GMPV and SPV is 20.8% and 31.4% lesser when compared to the FPV installation method.  
� Among the three installation methods, it is observed that the exergy losses are more in GMPV when compared to other FPV and 

SPV. 
� The exergy efficiency of the PV module is observed to vary depending upon the thermal losses. It is understood, low exergy effi-

ciency is possible when higher thermal losses occur. The exergy efficiency of SPV is 3.07% and 43.65% higher than the FPV and 
GMPV installation methods, respectively. 

Overall, we recommend considering the FPV installation method and however, the selection process for the installation method 
should also consider other indicators such as environmental effects. Hence, this study can be further enhanced by adopting the multi- 
criteria decisions based on different parameters. 
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