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 ABSTRACT  

 
In recent years, there has been a marked increase in interest in renewable energy sources, largely 

driven by environmental issues. Among these sources, solar energy has gained prominence as a 

key area of research. Advances in the efficiency of photovoltaic (PV) panels have significantly 

enhanced their appeal relative to other solar technologies. However, rising surface temperatures 

negatively impact the performance of PV panels, hindering the expected improvements in energy 

capture associated with the use of solar reflectors. This study investigates the year-round 

performance of cooling PV panels enhanced by reflective mirrors to assess the efficiency of solar 

reflector integration. This study examines the year-round efficiency of cooling PV panels 

augmented by reflective mirrors to evaluate the success of solar reflector integration. The 

objective of this investigation is to evaluate the efficiencies of a traditional PV panel, a CPV 

(cooled photovoltaic panel), and a CCPV (concentrated cooled photovoltaic panel) by directly 

comparing their performance and assessing their individual efficiencies. The investigation of 

output energy and exergy was conducted in the environmental conditions of 10th of Ramadan 

City, Egypt, during both the winter and summer seasons of 2023. The current study performs a 

comprehensive 4E analysis, encompassing energy, exergy, environmental, and economic 

analysis with life cycle assessment, in order to investigate the effects of incorporating reflecting 

mirrors and evaporative cooling pads on the efficiency of PV systems. The results show that CPV 

panels increase energy generation by approximately 5.62% and 6.34% during the winter and 

summer months, respectively. In contrast, CCPV panels enhance energy output by higher 

percentages of around 9.07% and 8.65% in the winter and summer seasons, respectively. This is 

despite the fact that the CPV configuration exhibits higher exergy values than the CCPV. The 

findings suggest that incorporating heat loss utilization is critical for maximizing the benefits of 

the CCPV system configuration. 
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تحليل أداء الطاقة ودراسة العوامل البيئية و الاقتصادية المؤثرة على إنتاجية الكهرباء من الألواح الشمسية والألواح  

   الشمسية المركزة 
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 الملخص

في السنوات الأخيرة، كان هناك ارتفاع كبير في الاهتمام بمصادر الطاقة المتجددة، ويرجع ذلك في المقام الأول إلى المخاوف  

البيئية. ومن بين هذه المصادر، برزت الطاقة الشمسية كموضوع هام للبحث. أدى التحسن في فعالية الألواح الكهروضوئية إلى 
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زيادة كبيرة في تفضيلها مقارنة بتقنيات الطاقة الشمسية الأخرى. الهدف من هذا البحث هو تقييم كفاءات الألواح الكهروضوئية  

)الألواح الكهروضوئية المركزة المبردة( من خلال مقارنة أدائها    CCPV)الألواح الكهروضوئية المبردة(، و  CPVالتقليدية، و

بشكل مباشر وتقييم كفاءاتها الفردية. تم تحليل نتائج الطاقة المنتجة والطاقة المتاحة في الظروف البيئية لمدينة العاشر من رمضان،  

، يشمل تحليل الطاقة المنتجة (4E)حليلاً شاملاً  . وتقوم الدراسة الحالية  باجراء ت2023مصر، خلال فصلي الشتاء والصيف لعام  

والاقتصادي البيئي  والتحليل  المتاحة  كفاءة    والطاقة  على  بالتبخير  التبريد  العاكسة ومنصات  المرايا  دمج  آثار  دراسة  أجل  من 

% خلال 6.34% و5.62الأنظمة الكهروضوئية. أظهرت النتائج أن الألواح الكهروضوئية المبردة تزيد من توليد الطاقة بحوالي 

زة والمبردة على تعزيز إنتاج الطاقة بنسب أعلى أشهر الشتاء والصيف، على التوالي. في المقابل، تعمل الألواح الشمسية المرك

الكهروضوئية 8.65% و9.07تبلغ حوالي   الرغم من حقيقة أن الألواح  التوالي. هذا على  الشتاء والصيف على  في فصلي   %

ر بالغ . تشير النتائج إلى أن دمج استخدام فقدان الحرارة أمCCPV( أعلى من  exergyأظهرت قيم طاقة متاحة )   (CPV)المبردة

 . CCPVالأهمية لتحقيق الاستفادة القصوى من أنظمة 

تحليل أداء أنظمة الطاقة الكهروضوئية، تحسين كفاءة الأواح الكهروضوئية، الأواح الكهروضوئية المركزة،  الكلمات المفتاحية :  

الطاقة   تحليل  بالتبخير،  التبريد  الكهروضوئية،  الأواح  للألواح تبريد  الشامل  التحليل  الكهروضوئية،  للألواح  المتاحة  واللطاقة 

 (. 4Eالكهروضوئية )

1. INTRODUCTION 

The rise in global population and growing concerns about the environment have led to an 

increased popularity of the use of renewable energy sources. Among these sources, solar energy 

has garnered significant attention from researchers worldwide. Solar energy can be harnessed in 

two forms: electrical energy and thermal energy. The conversion of solar irradiance into electricity 

is achieved using photovoltaic (PV) cells. These cells directly convert the incident solar irradiance 

into electrical energy. The most efficient and sustainable systems are the PV modules, which 

efficiently convert a portion of the solar irradiance into electricity. However, it is important to note 

that a significant portion of the solar irradiation is converted into heat, which in turn raises the 

temperature of the cells and diminishes the overall performance of the PV module. Using reflective 

mirrors in PV systems increases the intensity of solar radiation reflected on the panels, resulting in 

a higher output power from the PV panels, but it also causes an increase in the panel temperature. 

Higher module temperatures reduce the efficiency of photovoltaic solar cells, resulting in a 

reduction in output power and lifetime. Thus, proper cooling is needed to improve the panel's 

performance. Several studies have investigated enhancing PV panel efficiency through the 

implementation of passive cooling techniques [1–8]. Zuhur et al. [9] developed a concentrated 

photovoltaic cooling system prototype. The prototype was tested during hot summer days, and the 

experiments showed that using a concentrator did not impact the thermal energy gain significantly, 

with a total thermal energy gain of around 30 W in the system. However, with the use of a 

concentrator, the exercise efficiency improved. Despite this, the panel's backside temperature 

increased, resulting in lower electrical performance than systems without a concentrator. Zhe et al. 

[10] studied the effect of a water-cooling system on PV panels. The temperature distribution of the 

PV panels, both without and with a water cooling system, has been predicted. The results revealed 

that the average temperature distribution of the PV panel without the water-cooling system is higher 

than that of the panel with the cooling system. Specifically, the average temperature of the PV panel 

without the cooling system was recorded at 50.68 °C. On the other hand, for the water cooling 

system, it was observed that the PV panel with an inlet water temperature of 20°C could reduce the 

panel's temperature by 15.63°C compared to the panel with an inlet water temperature of 45°C. 

Gomaa et al. [11] introduced and experimentally assessed two innovative and cost-effective cooling 

methods aimed at improving the efficiency of solar photovoltaic (PV) systems. The results 
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indicated an increase in daily energy yield of 10.2% for the backwater cooling system and 7% for 

the fins cooling system, in comparison to the non-cooling module. Hussien et al. [12] carried out 

an investigation on the cooling airflow characteristics and panel temperature distribution by 

utilizing computational fluid dynamics (CFD). The research included experimental measurements 

on three different configurations of PV panels, with the uncooled panel as the baseline case. Chan-

Dzib et al. [13] presented a novel passive cooling technique that employs a distinctive configuration 

of curled aluminum fins to address the previously identified challenges. To assess the thermal 

efficiency of solar panels, CFD simulations were utilized, examining various geometric parameters 

of the newly designed curled fins. This analysis led to the identification of the most effective fin 

design for practical applications. Hossain et al. [14] investigated the application of nanofluids to 

enhance the efficiency of hybrid photovoltaic-thermal (PV/T) solar collectors. Their research 

identified several geometric configurations employed in PV/T systems, including serpentine, 

rectangular, microchannel, and sheet and tube designs. The findings indicate that the incorporation 

of nanofluids leads to a marked improvement in overall performance, including thermal and 

electrical efficiency, heat transfer characteristics, and exergy. This paper provides a thorough 

review of the various dimensions associated with the use of nanofluids, addressing aspects such as 

energy efficiency, exergy efficiency, overall efficiency, heat transfer coefficients, daily yield, power 

generation, entropy production, exergy loss, and temperature reduction in hybrid PV/T collectors. 

Gomaa et al. [15] conducted a study on an innovative economic design of a cooling cross-finned 

channel box, which included both thin (3 mm) and thick (15 mm) configurations. Their research 

focused on examining how different levels of irradiation and varying flow rates of cooling water 

influenced the temperature of the cells and the temperature of the cooling water at the outlet. The 

results indicated that increasing the flow rate of the cooling fluid resulted in a lower average surface 

temperature distribution within the photovoltaic/thermal (PV/T) system, as well as a decrease in 

the outlet temperature of the cooling water for both the thin and thick box heat exchangers, with 

the most efficient performance occurring at a cooling fluid flow rate of 3 L/min. Karim et al. [16] 

conducted an experimental investigation into a hybrid Photovoltaic/Thermal (PV/T) solar system, 

which integrates a photovoltaic module with devices designed for heat extraction from either water 

or air. The study explored the simultaneous circulation of both air and water, incorporating 

alterations to the air channel. The initial modification involved the insertion of a Thin Flat Metallic 

Sheet (TMS) within the air channel, while the second modification entailed the installation of 

Painted Black Ribbed surfaces at the base of the air channel. Bhakre et al. [17] conducted an 

environmental and economic analysis of the impact of photovoltaic (PV) cooling on CO2 

emissions. The significance of PV cooling technology and various cooling techniques for PV cells 

are thoroughly examined to provide a comprehensive understanding. The study delves into how 

cooling PV cells affects the environmental cost of reducing CO2 emissions by analyzing different 

scenarios involving various cooling techniques. The eco-economic analysis showed that using 

hybrid nano-PCM, hybrid PCM, and hybrid PCM-water together was better at lowering the 

environmental cost of CO2 emissions than using each technique alone. Tahir et al. [18] presented 

a comprehensive review of 4E analysis known as energy, exergoeconomic, and exergoenvironment 

analysis of thermal power plants, intermittent renewable energy, and integrated energy systems. 

Shoaei et al. [19] conducted an analysis of energy, exergy, environmental, and economic (4E 

analysis) for a concentrating photovoltaic thermal (CPVT) system. The results indicated that CPVT 

had about 63% of the total energy efficiency and 9% of the total exergy efficiency. In the worst-

case scenario, the system's CO2 emissions resulted in an annual cost of up to 20 cents. 
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According to the literature review above, there is insufficient clarity about the impact of 

evaporative cooling on the efficiency of both standard PV and concentrated PV panels for different 

climate conditions throughout the year. 

Therefore, the present work firstly investigates the relative performance and energy 

productivity of a standalone PV panel, a CPV (cooled PV panel), and a CCPV (concentrated cooled 

PV panel) in the environmental conditions of Tenth of Ramadan City, Egypt, across various 

seasonal conditions. Subsequently, a thorough 4E analysis in terms of energy, exergy, environment, 

and economic aspects was carried out to analyze the performance of both CPV and CCPV 

configurations during the summer and winter seasons. The assessment included a comparison of 

energy and exergy efficiencies, as well as an evaluation of generated CO2, taking into account the 

system's life-cycle assessment (LCA) and the cost associated with CO2 emissions. The present 

work aims to improve the efficiency of both photovoltaic and concentrated photovoltaic panels by 

implementing an affordable evaporative cooling method that requires minimal energy, whereas 

domestic water supply is available. Another important goal of this research is to develop a cost-

effective approach to improving the efficiency of photovoltaic systems in high-temperature 

conditions by assessing different photovoltaic configurations. 

2. EXPERIMENT SETUP 

Monocrystalline PV solar modules were employed in the study to assess the improvement 

in solar panel efficiency. Data from three different configurations were collected to determine this 

enhancement. The experiment was carried out on the rooftop of the mechanical engineering 

department building at the Higher Technological Institute in 10th of Ramadan city, Elsharkia, 

Egypt. The geographical coordinates of the location are 30°18’21.7” latitude and 31°45’19.8” 

longitude, with a moderate and consistent climate experienced throughout the summer and winter 

seasons of 2023. Egypt has an annual average global horizontal irradiance duration of 2264 hours. 

The optimal tilt angle for photovoltaic (PV) panels at this site ranges from 11.8° in the summer to 

41.8° in the winter. The experiments were carried out with a mean global horizontal irradiance of 

565.2 and 862.9 W/m2 during the winter and summer seasons, respectively. The experimentation 

was carried out over multiple individual days in the winter and summer of 2023, and the mean data 

has been recorded. Fig. 1 illustrates the basic schematic of the three tested experimental models. 

Before conducting the tests on PV modules, the uncertainty of the tested PV modules was 

obtained by evaluating the output power of the PV panels in the same environment (standalone). 

Results show that the maximum relative percentage errors for CPV and CCPV power, based on 

typology, are ± 0.52% and ± 0.43%, respectively. 

Before conducting the tests on PV modules, the uncertainty of the tested PV modules was 

obtained by evaluating the output power of the PV panels in the same environment (standalone). 

Results show that the maximum relative percentage errors for CPV and CCPV power, based on 

typology, are ± 0.52% and ± 0.43%, respectively. 
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Fig. 1.Simple schematic of the experimental model. 

2.1. Case study 1: Standalone PV Panel  

The experiment utilized a monocrystalline PV module measuring 670 x 540 x 25 mm, 

capable of producing up to 50 W under standard test conditions (STC) with a solar irradiance of 

1000 W/m2 and a temperature of 25°C. Positioned south-facing at an inclination angle of 29°, as 

recommended for optimal year-round tilt at this specific location [20], the module was oriented to 

capture the maximum available sunlight. 

2.2. Case study 2: Cooled PV Panel (CPV) 

A setup was designed to investigate the impact of water-based evaporative cooling on a PV 

panel's efficiency. The panel used in the experiment is identical to the reference one and is 

positioned at a 29° inclination angle, facing south, as shown in Fig. 2. An evaporative cooling pad 

is placed on the PV module's rear side, with a metal net 5 cm below the panel and the pad above it. 

The cooling pad is saturated with water using hoses with mounted nozzles distributed uniformly 

on them. A 200-liter well-insulated tank is installed at a height of 5 m to provide the cooling pad 

with sufficient coolant pressure without the need for a pump, with a flow rate of 1 l/min. 

2.3. Case study 3: Concentrated Cooled PV Panel (CCPV) 

A different configuration for the CPV was developed by incorporating a reflective mirror 

to focus sunlight onto the solar cells, aiming to enhance the efficiency of the setup. This 

configuration followed the same layout as the previous two models. The system's design prioritized 

cost-effectiveness, considering factors such as compact dimensions for portability, simple reflector 

adjustment, an inexpensive cooling system, and the use of readily available materials. The setup 

featured a singular mirror measuring 700 x 560 mm, which directed solar radiation towards the PV 
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module. The mirror was affixed to a pivot axis to allow for optimal alignment to capture the 

maximum solar irradiance. This modified model's experimental setup is shown in Fig. 3. 

 

Fig. 2.Typical case study 2 (CPV). 

 

Fig. 3.Typical case study 3 (CCPV). 

2.4. Measurements and Instruments 

The system was equipped with precisely calibrated tools for measuring solar radiation, 

output current, output voltage, temperature, and water flow rate. The Solar Power Meter (SM206) 

was utilized to measure the global solar irradiance in W/m2, typically within ± 10 W/m2 ± 5%. 

Additionally, the digital multimeters (Uni-T UT33D) were employed to measure the PV module's 

output DC current and voltage with an accuracy of ±2% and ±0.8%, respectively. In order to operate 

the PV modules at their maximum power point at STC, the load resistance RL was determined 

using Ohm’s law as follows: 

𝑅𝐿 =
𝑉𝑚𝑝𝑝

𝐼𝑚𝑝𝑝
= 6.5 Ω                                                                                                                                     Eq. 1 

Furthermore, the Vantage Pro2 weather station unit is used to display and document weather 

data, including solar radiation, temperature, humidity, and wind speed. The weather station is 

tasked with measuring the other factors to authenticate the data obtained from the instrument 

mentioned earlier, excluding moist air relative humidity and wind speed, as both had an accuracy 

of approximately ±3%. 

The maximum possible errors in power and other performance parameters were estimated 

by using the method proposed by [21]. The error estimation was based on the lowest output values 

and the accuracy of the measuring devices employed. This approach necessitates a careful 

identification of the uncertainties present in the different experimental measurements. The 

uncertainties associated with current (I), voltage (V), and global horizontal irradiance (GHI) are 

assessed at 2%, 0.8% and 5%, respectively. As a result, the uncertainty in power output, which is 

contingent upon the independent variables I and V, is computed to be 1.64%. In a similar manner, 
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the uncertainty in electrical efficiency, which is affected by the independent variables I, V, and GHI, 

is also found to be 1.64%. 

3. ENERGY ANALYSIS 

Energy efficiency is a fundamental factor in PV power analysis, representing the percentage 

of sunlight energy that can be transformed into electricity by photovoltaic cells. The efficiency is 

determined by dividing the electrical power generated by the cells by the energy rate of the incident 

light, then multiplying by 100 to express it as a percentage. 

𝜂 =
𝑃

𝐺 × 𝐴𝑃𝑉
× 100                                                                                                                                   Eq. 2 

where, G is the intensity of global horizontal irradiance, which represents the intensity of solar  

irradiance over a horizontal surface in (W/m2), APV is the PV module area in (m2) and the PV 

module output power P can be determined by applying  Equation 3: 

𝑃 = 𝑉 × 𝐼                                                                                                                                                     Eq. 3 

4. EXERGY ANALYSIS 

Energy efficiency is concerned with the quantity of energy converted from one form to 

another without regard to its quality. Whereas exergy efficiency provides a qualitative measure of 

how nearly actual output energy approaches the maximum possible available energy and identifies 

system thermodynamic losses .  The following analysis was performed only with cooled PV 

configurations. 

For a PV module the exergy balance equation can be formulated as follows [22-25]: 

𝐸𝑥𝑖𝑛 = 𝐸𝑥𝑜𝑢𝑡 + 𝐸𝑥𝑙𝑜𝑠𝑠 + 𝐼𝑟                                                                                                                    Eq. 4  

where, 𝐸𝑥𝑖𝑛 is the amount of exergy received by the PV module, 𝐸𝑥𝑜𝑢𝑡 represents the maximum 

useful energy utilized by the PV module undergoing a reversible process from the initial to the final 

state, 𝐸𝑥𝑙𝑜𝑠𝑠  is the exergy loss  and  𝐼𝑟  is the PV module exergy consumption due to 

irreversibilities. 

The exergy input 𝐸𝑥𝑖𝑛  can be calculated from Equation 5 using R. Petela [26-27] 

mathematical model.  

𝐸𝑥𝑖𝑛 = 𝐴𝑃𝑉 × 𝐺 × [1 −
4

3
(

𝑇𝑎𝑚𝑏

𝑇𝑠𝑢𝑛
) +

1

3
(

𝑇𝑎𝑚𝑏

𝑇𝑠𝑢𝑛
)

4

]                                                                                Eq. 5 

where 𝑇𝑎𝑚𝑏  and 𝑇𝑠𝑢𝑛  are the ambient and sun temperatures in  °K, knowing that the sun 

temperature is about 5777 °K [22]. 

In addition to the electrical energy produced by the PV system, the PV modules also absorb 

thermal energy from solar radiation. This thermal energy is released from the surface of the PV 

panel to the environment, which can be viewed as a thermal loss. Therefore, the exergy output of 

the PV panel can be mathematically represented by Equation 6 [22–25]. 

𝐸𝑥𝑜𝑢𝑡 = 𝑃 − 𝐸𝑥𝑡ℎ𝑒𝑟𝑚                                                                                                                                Eq. 6 

where 𝐸𝑥𝑡ℎ𝑒𝑟𝑚 is the PV thermal loss and is calculated from Equation 7 [22-25]. 

𝐸𝑥𝑡ℎ𝑒𝑟𝑚 = 𝑄 × [1 −
𝑇𝑎𝑚𝑏

𝑇𝑚
]                                                                                                                      Eq. 7 

where 𝑇𝑚 is the panel average temperature. 

𝑄 = 𝑈 × 𝐴𝑃𝑉 × [𝑇𝑚 − 𝑇𝑎𝑚𝑏] + 𝑄𝑒𝑣                                                                                                       Eq. 8 

where 𝑈 is the overall heat transfer coefficient due to convection and radiation. 

𝑈 = ℎ𝐶 + ℎ𝑅                                                                                                                                               Eq. 9 
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The convection and radiation heat transfer coefficients are calculated from Equations 10 and 11 

[22]. 

ℎ𝐶 = 2.8 + 3 × 𝜈                                                                                                                                     Eq. 10 

ℎ𝑅 = 𝜀 × 𝜎 × (𝑇𝑠𝑘𝑦 + 𝑇𝑚) × (𝑇𝑠𝑘𝑦
2 + 𝑇𝑚

2)                                                                                     Eq. 11 

The effective sky temperature is calculated from Equation 12 [25]. 

𝑇𝑠𝑘𝑦 = 𝑇𝑎𝑚𝑏 − 6                                                                                                                                      Eq. 12 

The evaluation of the heat dissipation rate from the cooling pad in the cooled PV panels is 

a crucial factor in analyzing the efficiency of the evaporative cooling method and its impact on the 

power output of the PV modules. Therefore, the heat dissipation rate can be determined using 

Equation 13. 

𝑄𝑟𝑒𝑣 = 𝑚𝑒𝑣 × ∆𝐻                                                                                                                                    Eq. 13̇  

Where, the amount of evaporated water per hour in kg/hr can be calculated from steam tables at 

the panel average temperature using the following formula [29]: 

𝑚𝑒𝑣 = (25 + 19 × 𝜈) × 𝐴 × (𝜔𝑠 − 𝜔𝑎)                                                                                            Eq. 14 

Given that ν is the velocity of the air above the wetted cooling pad in m/s. The dry bulb temperature 

and relative humidity (RH) readings from the weather station, under Egyptian atmospheric 

pressure, utilized in conjunction with the standardized ASHRAE psychrometric chart to calculate 

the air humidity ratio (ωa), and saturated air humidity ratio (ωs). 

Hence, the exergy efficiency is calculated applying Equation 15. 

𝜂𝐸𝑥 =
𝐸𝑥𝑜𝑢𝑡

𝐸𝑥𝑖𝑛
× 100                                                                                                                                    Eq. 15 

5. ENVIRONMENTAL ANALYSIS 

This analysis may be considered an extension of the previous energy and exergy analysis. 

Hakan Caliskan [30] presented an energy and exergy environmental analysis based on the life-

cycle assessment method, a method that identifies the environmental impact of a process based on 

its life cycle from extraction to disposal. This LCA method is based on ISO 14040 through 14044 

standards. The amount of CO2 emissions in kg CO2/kWh is considered the environmental analysis 

parameter for this investigation. Different values related to CO2 emissions from the electricity 

generation source are presented in Table 1. 

Table 1. Estimated CO2 emissions for electricity generation sources [30]. 

System CO2 emission value 

(kg CO2/kWh)  

Hydro 0.010-0.013 

Wind 0.009-0.010 

Solar thermal 0.013 

Nuclear 0.066 

Biomass 0.015-0.041 

Solar PV 0.032 

Oil -- 

Coal 0.778 

Biogas 0.960-1.050 

Natural gas 0.443 

Geothermal 0.038 

Fuel cell 0.664 
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In the present analysis, the equivalent CO2 emissions for solar PV systems are assumed to 

be 0.032 kg CO2/kWh, as estimated by Sovacool [31]. The present work investigates the 

environmental impact of the tested PV modules using energy and exergy environmental. 

5.1. Energy-Environmental Analysis 

For energy-environmental analysis, the amount of released CO2 emissions in kg CO2/time, 𝜒𝐶𝑂2
, 

is expressed in Equation 16 [32]. 

𝜒𝐶𝑂2
= 𝑌𝐶𝑂2

× 𝑃 × 𝑡𝑤                                                                                                                             Eq. 16 

where 𝑌𝐶𝑂2
 is the CO2 emissions for solar PV modules obtained from LCA and 𝑡𝑤is the system 

working time. 

5.2. Exergy-Environmental Analysis 

While, for exergy-environmental analysis, the amount of released CO2 emissions in kg CO2/time, 

𝜒𝑒𝑥,𝐶𝑂2
, may be obtained from Equation 17 [32]. 

𝜒𝑒𝑥,𝐶𝑂2
= 𝑌𝐶𝑂2

× 𝐸𝑥𝑜𝑢𝑡 × 𝑡𝑤                                                                                                                Eq. 17 

6. ENVIRO-ECONOMIC ANALYSIS 

The cost of carbon dioxide emissions may be considered a critical parameter in the analysis. 

This parameter, which relates to energy, environment, and economics, is connected to the earlier 

environmental analysis and is determined by the quantity of CO2 emissions released, as shown in 

Equations 18 and 19 [29]. 

6.1. Energy-Enviro-Economic Analysis 

The energy-enviro-economic parameter is calculated from Equation 18. 

𝐶𝐶𝑂2
= 𝜒𝐶𝑂2

× 𝐶                                                                                                                                       Eq. 18 

where 𝐶 is the social cost of CO2 emissions in $/ton. According to the US federal government’s 

Interagency Working Group (IWG), the estimated social cost of CO2, which is applied in the present 

work, is around 51 $/ton CO2 during the years from 2020 to 2025 [33]. 

6.2. Exergy-Enviro-Economic Analysis 

Whereas the exergy-enviro-economic parameter is expressed in Equation 19. 

𝐶𝑒𝑥,𝐶𝑂2
= 𝜒𝑒𝑥,𝐶𝑂2

× 𝐶                                                                                                                            Eq. 19 

The determination of the energy, exergy, environmental and economic parameters may be 

considered a distinct method to understand and analyze the performance of the tested PV modules 

in this study. 

7. RESULTS AND DISCUSSION   

The study was conducted over several days, encompassing both the winter and summer 

seasons of 2023. The experimental results were recorded, and the average results in the winter and 

summer were utilized in the subsequent analysis. 

Figs. 4 and 5 illustrate the relation between the output voltage and electric current of the 

tested PV throughout the day during the winter and summer seasons, respectively. These figures 

also illustrate a correlation between the variation in solar irradiance throughout the day and 

significant changes in the behavior of the PV-tested modules’ output electric current and voltage. 

Therefore, throughout all the experiments conducted, it was observed that the modified panels 

showed an increase in both voltage and electric current when compared to the standalone panel. 

The data presented in Fig. 4 illustrates the findings of winter studies, indicating an average rise of 

2.83% in CPV voltage and 3% in electric current. While the corresponding findings for CCPV are 

3.87% and 5%, respectively. As for the summer readings, as shown in Fig. 5, it indicates an average 



ENERGY, EXERGY, ENVIRONMENTAL  AND ECONOMIC (4E) ANALYSIS OF PV, CPV AND CCPV PANELS AT 

DIFFERENT CLIMATE CONDITIONS 

             202    JAUES, 20, 74, 2025 

rise of 2.85% and 3.39% in CPV voltage and electric current, respectively. While the corresponding 

readings for the CCPV in summer are 4.12%, 4.35%. Elevated temperatures of PV cells can lead 

to a decrease in the conversion efficiency of the PV modules. Without proper cooling, the 

temperature of the PV module rises, impacting the output voltage and current, as shown in Figs. 4 

and 5, ultimately resulting in a reduction of the output power of the PV module.  

Figs. 4 and 5 also illustrate the impact of the reflecting mirrors in the CCPV configuration 

on PV panels' performance. CCPV configuration increases the amount of solar intensity on PV 

panels, and as the light intensity increases, the open circuit voltage, short-circuit current, and 

maximum output power of solar cells also increase. The prescribed figures also indicate that the 

CPV and CCPV configurations have a higher impact on the electric current and voltage in the 

summer compared to the winter. This phenomenon can be attributed to the disparity in solar 

irradiance and cooling effects between the summer and winter seasons. 

Before conducting the tests on PV modules, the uncertainty of the tested PV modules was 

obtained by evaluating the output power of the PV panels in the same environment (standalone). 

Results show that the maximum relative percentage errors for CPV and CCPV power, based on 

typology, are ± 0.52% and ± 0.43%, respectively. 

 
Fig. 4.The relation between panels output voltage and current versus daily time intervals during 

winter season. 

 
Fig. 5.The relation between panels output voltage and current versus daily time intervals during 

summer season. 
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Figs. 6 and 7 exhibit the results for the output energy and exergy from the tested PV modules 

throughout the day during the winter and summer seasons, respectively. As shown in Fig. 6, 

throughout the winter season, CPV panels yield energy values ranging from 14.96 to 48.12 Wh 

during the day. On the other hand, CCPV panels produce energy outputs varying from 15.44 to 

49.57 Wh. Fig. 6 also illustrates the CPV and CCPV exergy variation throughout the day during 

winter season, ranging from 13.59 to 44.49 W.hr and 12.69 to 36.97 Wh, respectively. In contrast, 

the results of the summer experiments, as depicted in Fig. 7, indicate increased energy and exergy 

output levels, varying from 26.09 to 55.47 Wh and 24.07 to 50.29 Wh, respectively, throughout the 

day, for the CPV configuration. On the other hand, the CCPV configuration exhibited output levels 

ranging from 26.62 to 56.67 Wh for output energy and 20.79 to 36.93 Wh for output exergy 

throughout the day. 

 
Fig. 6.Reference PV, CPV and CCPV output energy and exergy throughout  the day during winter 

season. 

 
Fig. 7.Reference PV, CPV and CCPV output energy and exergy throughout  the day during 

summer season. 
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Figs. 8 and 9 display the findings regarding the energy and exergy efficiencies of the 

investigated PV modules at various time intervals of the day in both the winter and summer seasons, 

respectively. In winter, the average energy efficiencies for the reference PV, CPV, and CCPV were 

found to be about 15.24, 16.14, and 16.62%, respectively. Where the corresponding findings for 

the exergy efficiencies are 13.56, 15.59 and 13.47%, respectively. On the other hand, Fig. 9 

illustrates the lower summer readings for both the energy and exergy efficiencies. the average 

energy efficiencies for the reference PV, CPV and CCPV were found  to be about 13.29, 14.14 and 

14.45%, respectively, in summer season. Fig. 9 also demonstrates lower values for the exergy 

efficiencies in summer season compared to winter season. The values for the average exergy 

efficiencies for summer season for reference PV, CPV and CCPV panels are 12.05, 13.82 and 

11.08%, respectively. 

Based on the energy analysis, the findings from the winter and summer seasons illustrate a 

more significant improvement in CCPV panel energy efficiency compared to CPV. A notable 

enhancement in CPV panel exergy efficiency was identified when compared to CCPV through 

exergy analysis. The values for the energy and exergy efficiencies are related to the corresponding 

results for the output energy and exergy, shown in Fig. 6 and 7. The variations in energy and exergy 

analyses suggest that the output energy and exergy values fluctuate while the amount of power 

received by the PV module stays constant. This could be interpreted as an indication of the changing 

energy and exergy values. The CCPV panel's findings on exergy efficiency validate prior 

recognition of the importance of capturing heat losses in the CCPV system in order to maximize 

the benefits derived from this particular configuration. 

 
Fig. 8.Reference PV, CPV and CCPV energy and exergy efficiencies throughout  the day during 

winter season. 
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Fig. 9.Reference PV, CPV and CCPV energy and exergy efficiencies throughout  the day during 

summer season. 

Figs. 10 (a) and (b) display the outcomes of the energy-environmental assessment during 

the winter and summer seasons, respectively, as previously discussed in this document. The amount 

of CO2 emissions released in grams, as determined by energy analysis, is correlated with the 

preceding energy assessment. Fig. 11 (a) and (b) illustrate the amount of CO2 emissions released 

in grams, based on exergy-environmental analysis, throughout the day during the winter and 

summer seasons. The findings suggest that CCPV demonstrates higher levels of released CO2 

emissions compared to CPV, as illustrated by the energy-environmental assessment. In contrast, 

the results suggest that CCPV shows lower levels of CO2 emissions when compared with CPV, as 

depicted by the exergy-environmental analysis. 

 
(a)                                                                                           (b) 

Fig. 10.The relation between the amount of released CO2 emissions (based on energy analysis) 

versus daily time intervals during winter and summer seasons. 
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(a)                                                                                           (b) 

Figs. 11.The relation between the amount of released CO2 emissions (based on exergy analysis) 

versus daily time intervals during winter and summer seasons. 

Fig. 12 (a) and (b) illustrate the results of the energy-enviro-economic analysis during the 

winter and summer seasons, respectively. The energy-enviro-economic parameter in $, as 

determined by energy-enviro-economic, is associated with the earlier energy and energy-

environmental assessments. On the other hand, Fig. 13 (a) and (b) show exergy-enviro-economic 

parameters in dollars throughout the day, during the winter and summer seasons. The findings 

reveal that CCPV has higher energy-environment-economic parameter values than CPV. In 

contrast, the results suggest that when compared to CPV, CCPV exhibits exergy-enviro-economic 

parameter values. 

 
(a)                                                                                           (b) 

Fig. 12.The relation between the energy-enviro-economic parameter versus daily time intervals 

during winter and summer seasons. 
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(a)                                                                                           (b) 

Fig. 13.The relation between the exergy-enviro-economic parameter versus daily time intervals 

during winter and summer seasons. 

 

CONCLUSIONS 

The present work conducts an in-depth examination encompassing energy, exergy, environmental, 

and economic aspects to explore the consequences of shifting from conventional photovoltaic 

systems to either CPV or CCPV. The study investigated the improved performance of CPV and 

CCPV configurations in comparison to conventional PV panels by integrating evaporative cooling 

pads into the modified configurations (CPV and CCPV) and utilizing reflective mirrors for the 

CCPV setup. The following conclusions can be drawn: 

a. During the winter season, there was an average increase of 2.83% in CPV voltage and 3% in 

electric current. In contrast, the results for CCPV showed a higher increase, with 3.87% in 

voltage and 5% in electric current. 

b. The summer data shows a typical increase of 2.85% in CPV voltage and 3.39% in electric 

current. In contrast, the corresponding CCPV measurements for summer show a rise of 4.12% 

and 4.35%, respectively. 

c. The integration of the evaporative cooling method into PV systems leads to a decrease in the 

temperature of the PV module, which affects the output voltage and current, ultimately resulting 

in an increase in the output power of the PV panels. 

d. Utilizing reflective mirrors enhances the solar irradiance incident on photovoltaic panels, 

leading to a rise in light intensity and subsequently boosting the power output. 

e. The CPV and CCPV configurations demonstrate a greater impact on the electric current and 

voltage in the summer season compared to the winter months. 

f. During the winter season, the CPV setup exhibits energy and exergy values between 14.96 to 

48.12 W.h and 13.59 to 44.49 W.h, respectively, throughout daylight hours, while the CCPV 

arrangement demonstrates elevated energy and exergy ranges from 15.44 to 49.57 W.h and 

12.69 to 36.97 W.h, respectively. 
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g. During the summer season, the CPV system demonstrates energy and exergy levels between 

26.09 to 55.47 W.h and 24.07 to 50.29 W.h, respectively, throughout the day. In contrast, the 

CCPV configuration exhibits higher energy and exergy values ranging from 26.62 to 56.67 W.h 

and 20.79 to 36.93 W.h, respectively. 

h. While CCPV yields greater output energy than CPV in winter and summer, the results reveal 

that CCPV has a lower output exergy than CPV. 

i. PV panels demonstrate lower exergy efficiencies during the summer months compared to the 

winter months. 

j. CPV panels increase output energy by around 5.62% and 6.34% in the winter and summer 

seasons, while CCPV panels boost energy by about 9.07% and 8.65% during the winter and 

summer seasons, respectively. 

k. The CCPV showed higher levels of CO2 emissions compared to CPV based on the energy-

environmental assessment. In contrast, the CCPV displayed lower CO2 emissions levels than 

CPV according to the exergy-environmental analysis. 

l. The present work indicates that CCPV shows superior energy-environmental-economic 

parameter values in comparison to CPV. Conversely, when compared with CPV, the findings 

imply that CCPV displays exergy-environmental-economic parameter values. 

m. It is crucial to integrate heat loss utilization into the CCPV system in order to optimize the 

advantages of the CCPV configuration, as highlighted through the conduction of exergy, 

exergy-environmental, and exergy-enviro-economic analyses. 

n. The current study suggests that hybrid photovoltaic/thermal solar systems  have the potential 

to be a cost-efficient method and an effective solution for maximizing the benefits of PV 

systems while also harnessing untapped thermal losses from such systems. 
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