
The Impact of Wind Speed and Direction on 
Performance Assessment of Photovoltaic 
Modules for Different Climatic Conditions 
Mueez Ul-Haq Muhammad Aleem Faryad Muhammad Talha Sajjad 

Student Member ASHRAE 

Sabtain Abbas Zia Ul Rehman Tahir, PhD Muhammad Asim, PhD 

ABSTRACT 

The increasing climate change concern necessitated renewable and sustainable energy resources as an alternative to fossil 

fuels. Energy from solar photovoltaic (PV) is cheapest among all renewable sources in terms of cost and time to start a project. 

The performance assessment of PV projects is mainly based on solar radiation and temperature. Current performance 

assessments do not account for wind direction, panel geometry and panel orientation in their models so it is important to 

include the effect of these parameters in the performance assessment. This study aims to perform assessment of PV modules by 

suggesting an improved methodology incorporating environmental and geometric parameters affecting the output. Six 

parameters (three environmental and three geometrical) are coupled with four different heat transfer models for estimating 

performance parameters of PV modules under varying conditions. The performance is evaluated in terms of the module 

performance ratio. The results showed that wind direction and panel orientation play an important role in determining the 

module surface temperature, and hence affect the performance of the module. Sensitivity analysis of the models indicated that 

in addition to the tilt angle and wind speed, the performance of module is also dependent on the incoming wind direction. The 

performance of PV module predicted by accounting for these parameters is also shown to be dependent on the model used for 

modelling the heat transfer characteristics. These results suggest that the performance assessment of solar technologies should 

be done by considering climatic and geometric parameters for a more realistic assessment.  

INTRODUCTION 

Due to the increasing risk of global warming and adverse climate effects of fossil fuels (Wigley 1991), renewable energy 

sources are gaining more and more attention nowadays. Lesser emissions and cleaner production (Liang, Yu, and Wang 2019) 

make renewable energy a suitable alternative to fossil fuels. Among the different types of renewable energy sources solar 

energy (Shaikh 2017) is among the most promising ones, as sun shines everywhere in the world. Solar panels are only 

responsible for emissions during their manufacturing phase (Muteri et al. 2020), and throughout the operational phase the 

panels have negligible emissions. Several photovoltaic (PV) module technologies (monocrystalline, polycrystalline, amorphous 

and heterogeneous) are available for conversion of solar energy into electricity (Mesquita et al. 2019). Every module technology 

offers distinct features when it comes to capture efficiency and panel performance.  

As different technologies of PV modules are available so a comparison should be made between then to study which 

technology is better. V. Perraki and P. Kounavis (Perraki and Kounavis 2016) made a comparison between crystalline and 

Copper Indium diSelenide (CIS) indicating that crystalline technologies are better but are also more sensitive to the environment 

conditions while CIS even though it has lower efficiency was less sensitive to the environment conditions which makes it 

more 
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reliable. Similarly, the impact of temperature on the output of the panel energy is described by many researchers earlier. 

The rated power and efficiency of the PV panels reported commercially are measured at Standard Test Conditions (STC), 

and the actual performance of panels is different than the rated parameters (Dash and Gupta 2015).  Ameli et al. conducted an 

experimental study to investigate this effect for the environmental conditions of Malaysia (Amelia et al. 2016). They observed 

that with the module temperature varied with the increase in ambient temperature. For instance, at ambient temperature of 40 

°C (104 °F) the module temperature was about 62 °C (143.6 °F) which, in turn, reduces the efficiency to 9 % compared to the 

rated value of 14 %. The efficiency of the panels is limited owing to the increase in module temperature as it captures energy 

from the sun rays. The variation of operating conditions of the panels cause deviation from rated power in the output. Therefore, 

environmental conditions like temperature, wind, humidity, dust, etc. play an important role in the output power.  

The effect of wind and humidity was also observed by Rahman et al. (Rahman, Hasanuzzaman, and Rahim 2015) along 

with temperature. Without any cooling, the solar cell temperature increased to 56 °C (132.8 °F) at an irradiation level of 1000 

W/m2 (316.99 Btu/hr/ft2). This resulted in a decrease in output power to 20.47 W (69.8 Btu/hr), and a decrease in electrical 

efficiency to 3.13%. It was observed that for every 1 °C (1.8 °F) increase in the solar cell temperature, there was a decrease in 

output power of approximately 0.37 W (1.26 Btu/hr) and a decrease in electrical efficiency of 0.06 %. On the other hand, an 

increase in relative humidity by 20 % caused a decrease in output power of about 3.16 W (10.78 Btu/hr). And the output power 

reduced by 7.70 W (26.27 Btu/hr) due to dust settling on the surface of the solar module. In addition to the wind speed the 

angle of the panel also affects the impact of the wind as the tilted panel will have different interaction with the panel compared 

to a flat plate. Hu et al. (Hu et al. 2022)  experimentally showed that with the increase of the tilt angle the module temperature 

was reduced because the heat transfer coefficient was increased, from 0° to 90° the temperature of the panel decreased from 97 

°C (206.7 °F)  to 79 °C (174 °F) resulting in greater efficiency.  

Various environmental factors are responsible for impacting the performance of PV modules. This analysis aims to 

investigate the impact of panel geometry and orientation, magnitude and direction of wind and incoming solar radiations on 

the heat transfer characteristics of the panel, by employing five different models available in literature. The calculation of heat 

transfer coefficient by multiple models makes it able to perform a comparative assessment of the five selected models in terms 

of module performance ratio. The orientation of PV panels with respect to the sun's path and prevailing wind patterns can 

significantly influence their efficiency and overall energy production. The angle at which the panels are inclined can affect the 

amount of solar radiation received, the cooling effect of wind, and the potential for dust accumulation. By examining different 

models and their corresponding findings, a comprehensive understanding of the relationship between panel orientation and 

performance can be gained. This analysis acknowledges the interconnectedness of various environmental factors and their 

impact on PV panel performance. By studying the effects of panel orientation on parameters like ambient temperature, 

irradiance, wind speed, and wind direction, valuable insights can be gained to optimize the placement and installation of PV 

systems. Ultimately, this research contributes to the advancement of renewable energy technologies and facilitates the 

development of more efficient and productive PV systems. 

METHODOLOGY 

The output of a PV module is proportional to the available solar irradiance and conversion efficiency, which in turn, is 

dependent on module temperature. In this study, the influence of wind speed, length of PV module, tilt angle of PV module, 

incoming wind direction, ambient temperature and irradiance, on the PV module performance was investigated by using five 

different heat transfer models. The rated efficiency of the PV module is defined at standard conditions (STC) of ambient 

temperature (25 °C, 77 °F), atmospheric pressure (1 atm, 14.69 psi), air mass ratio (1.50) and irradiance (1000 W/m2, 316.9 

Btu/hr/ft2). The on-field conditions are different; therefore, the module temperature is different than the STC and consequently 

the efficiency of the module observes a linearly decreasing trend as governed by equations (Tahir et al. 2022).  

𝑇𝑠 = 𝑇𝑎𝑚𝑏 +
(𝑇𝑛𝑜𝑐𝑡 − 𝑇𝑆𝑇𝐶)

800
× 𝐺𝐻𝐼 ×

ℎ𝑛𝑜𝑐𝑡

ℎ
× (1 −

𝜂

𝜏𝛼
 ) (1) 

𝜂 =  𝜂𝑆𝑇𝐶(1 − 𝛽(𝑇𝑠 − 𝑇𝑆𝑇𝐶)) (2) 
The performance ratio of the PV module scales the operating efficiency against the rated efficiency at STC. Therefore, it 

provides a means to assess whether a module performs better or worse than the rated conditions. The performance ratio is 
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mathematically expressed as: 

𝑃𝑅 =
𝜂

𝜂𝑆𝑇𝐶

= 1 − 𝛽(𝑇𝑠 − 𝑇𝑆𝑇𝐶) (3) 

In literature, several factors and mathematical models are reported for determining heat transfer characteristics of PV 

modules (ℎ𝑁𝑂𝐶𝑇/ℎ). The parameters considered in these models include solar irradiance, ambient temperature, wind speed &

direction and PV module characteristics. Based on their usage, these models were classified into four categories: (i) models 

that are independent of the orientation and mainly depend on the wind speed (Shakerin 1987); (ii) models dependent only on 

the azimuth angle and independent of tilt angle (Elminshawy et al. 2021); (iii) models depending only on the tilt angle 

(Mahboub et al. 2011); and (iv) models involving both tilt and azimuth angles (S.-Y. Wu et al. 2021) (Y.-Y. Wu, Wu, and Xiao 

2017). 

In this study, five different heat transfer models  (namely Duffie, Fuji-Imura, Wu2017, Wu2021 and Mahboub) used for 

performance assessment of PV module were compared. Among the selected heat transfer models Wu2021 considers the six 

aforementioned parameters, whereas the others simplify the modelling by considering the effects of some parameters to be 

negligible. The mathematical equations of heat transfer models used in this study, along with the influencing factors, are 

summarized in Table.1. It is to be noted that the Nusselt Number (Nu) is a non-dimensional parameter that relates the 

environmental conditions with the heat transfer characteristics as per equation 𝑁𝑢 =
ℎ𝐿

𝑘
. 

Table. 1. Heat Transfer Models and Influencing Factors 

Model Mathematical Expression Influencing Factors Reference 

Duffie ℎ = 5.7 + 3.8𝑣 
Wind speed. 

(Shakerin 1987) 

Fuji-Imura 𝑁𝑢 = 0.14 (𝐺𝑟𝑃𝑟
1
3 − 𝐺𝑟𝑃𝑟𝑐

1
3) + 0.56 ((𝐺𝑟𝑃𝑟𝑐𝑜𝑠 (𝜃) )

1
4) 

Ambient temperature, 

Length, Tilt. 
(Fujii and Imura 

1972) 

Wu2017 
𝑁𝑢 = (1 + 𝑐𝑜𝑠 𝜃 )𝑎(1 + 𝑠𝑖𝑛 𝜃 )𝑏(1 + 𝑐𝑜𝑠 𝜙 )𝑐(1 + 𝑠𝑖𝑛 𝜙 )𝑑(𝑒

+ 𝑓𝑅𝑒𝑔)

Wind speed, Length, 

Tilt, Wind Direction. 
(Y.-Y. Wu, Wu, 

and Xiao 2017) 

Wu2021 

𝑵𝒖 =  𝟐𝟕. 𝟎𝟓𝟏𝟖 (𝟏 + 𝒄𝒐𝒔 𝜽)−𝟏.𝟗𝟕𝟎𝟑𝟏(𝟏

+ 𝒔𝒊𝒏 𝝓)𝟎.𝟏𝟕𝟓𝟏𝑹𝒆𝟎.𝟐𝟓𝟎𝟗 (
𝒔

𝝈𝑻𝒂
𝟒

)
𝟎.𝟒𝟓𝟑𝟓

Wind speed, Length, 

Tilt, Wind Direction, 

Ambient 

temperature, 

Irradiance. 

(S.-Y. Wu et al. 

2021) 

Mahboub 𝑁𝑢 = (0.037𝑅𝑒0.8 − 871)𝑃𝑟
1

3 ×
(1+𝑎𝑚𝑏)((1+𝑚)−0.5)

1+𝑚𝑐
,  𝑚 =

𝜃

180−𝜃

Wind speed, Length, 

Tilt. 

(Mahboub et al. 

2011) 

From a number of PV module technologies and manufacturers available, a commonly used monocrystalline PV module 

of power rating 500 W (1706 Btu/hr) was used in this study. The parameters required for calculations such as Nominal 

Operating Cell Temperature (TNOCT), Drop Coefficient (β) and Module Dimensions were extracted from manufacturer 

datasheet, and mentioned in table 2.  

Table. 2. Technical Specifications of Selected PV Module for This Study 

Parameter Details 

Technology Monocrystalline  Silicon 

Power Rating 500 W 1706 Btu/hr 

Rated Efficiency (ɳ) 21.45% 

Drop Coefficient (β) -0.34%

TNOCT 48 °C (118.4 °F) 

Apv 2.19096 m2 (23.571 ft2) 

Length (L) 2.148 m (7.05 ft) 
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The parameters used for studying the variation in performance ratio of the PV module were ambient temperature, 

irradiance, incoming wind direction and speed, tilt angle, and module length. The effect of each parameter was studied 

independently by keeping rest of the parameters constant. The scope of each parameter was selected such that it satisfied the 

different climatic conditions that prevail in Pakistan as reported in literature (Tahir et al. 2022). The analysis was performed in 

MATLAB for following six cases:  

Case 1: Ambient temperature was varied from 0 °C to 50 °C (32 °F to 122 °F). 

Case 2: Global horizontal irradiance was varied from 100 W/m2 to 1000 W/m2 (31.69 Btu/hr/ft2 to 316.9 Btu/hr/ft2). 

Case 3: Wind speed was varied from 1 m/s to 13 m/s (3.28 ft/s to 42.64 ft/s). 

Case 4: Panel length was varied from 1 m to 3 m (3.28 ft to 9.84 ft). 

Case 5: Module tilt was varied from 0° to 60°. 

Case 6: Wind direction was varied from 0° to 180°. 

Unless the parameter was the one being studied, the nominal values taken were as follows: ambient temperature 40 °C 

(104 °F); normal irradiance 800 W/m2 (253.76 Btu/hr/ft2); wind speed 1 m/s (3.28 ft/s); panel length 2.148 m (7.045 ft); tilt 

31° and wind direction 0° from module normal.  

RESULTS 

The following sections deal with the results that were obtained from the simulations. The impact of each parameter was 

studied independently and divided into six cases, as mentioned previously in methodology. The significance of each parameter, 

keeping other parameters constant, is presented in the dedicated case. 

Case 1: Ambient Temperature 

The impact of temperature is well established in literature covering the modelling of PV modules (Kaya, Şahin, and Alma 

2021). With an increase in ambient temperature, the current produced by PV cells rises while the potential difference generated 

is reduced. The overall effect is that the power output is reduced. This reduction is known to be linear over operational range 

and is accounted for in performance assessment (Skoplaki and Palyvos 2009). The implementation of this parameter is 

visualized in Figure 1(a). It is observed that FI and Mahboub model generate the same results as classical methods. The 

experimental results by Wu2021 show higher PR at lower temperatures but lesser efficiency at temperatures exceeding 45 

degrees. The computational results by Wu2017 show similar trend, but overall report a lower PR. This is attributed to the 

underlying assumption in the computational simulation that only the front surface is responsible for cooling effect (Y.-Y. Wu, 

Wu, and Xiao 2017). 

Case 2: Global Horizontal Irradiance  

The impact of GHI is also well-documented in existing literature, and is accounted for in classical method. With an 

increase in irradiance, the efficiency of PV module is reduced. This is because higher insolation causes a larger amount of 

radiation to be absorbed as heat by the module, which causes a rise in module temperature (Koehl et al. 2011). The effect of 

irradiance is modelled using a quasi-steady state heat balance of the module. From Figure 1(b), it is observable that the PR 

predicted by Wu2021 model is slightly higher than classical method. The estimated PR by FI and Mahboub models coincide 

with classical method. Although the results by Wu2017 follow the same trend, the estimated PR reported by the model is 

considerably less than other models. This is attributed to the underlying assumption in the computational simulation that only 

the front surface is responsible for cooling effect (Y.-Y. Wu, Wu, and Xiao 2017). 
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Figure 1 (a) Impact of Ambient Temperature on PR (b) Impact of Solar Irradiance on PR. 

Case 3: Wind Speed 

Wind flowing above the module surface is known to produce a cooling effect due to forced convection (Shakerin 1987). 

The effect of wind speed is accounted for using different techniques, which is shown in Figure 2(a). It is evident that FI model 

predicts slightly higher PR than classical method, which indicates that the convective heat transfer effect is slightly 

underestimated in classical method. The PR predicted by experimental and computational results show a similar trend, but in 

general predict lesser values than classical method.  

The results by Mahboub are in great agreement with what is predicted using classical methods, but deviate considerably 

at 2.7 m/s (8.8 ft/s). This is the wind speed at which the flow regime shifts from laminar to turbulent, and hence the heat transfer 

characteristics change as well. While this indicates that the classical methods is specifically designed for low windy regions, 

the results may be too optimistic: Wu2017 and Wu2021 models are based on computational and experimental results, 

respectively, and report lesser PR than classical method. Moreover, it is worth noting that the deviation point of 2.7 m/s (8.8 

ft/s) is characteristic to the module that is selected for this study, which has a length of 2.148 m (7.05 ft). Different modules 

and different installation method would indeed have different wind speed. The transition between laminar and turbulent flow 

regime occurs at Re > 5 × 105, as reported in literature (Lienhard 2020).  

Case 4: Module Geometry 

The impact of module geometry is found to be negligible in the case of all models, despite the influence of module length 

on Reynold’s number and flow properties. This is mostly attributed to the design assumption undertaken in a typical 

performance assessment i.e. the plant is operating at a quasi-steady state. Due to this assumption, the module temperature 

becomes a function of heat transfer ratios i.e. ratio of heat transferred at current temperature to heat transferred at a known 

NOCT (Kant et al. 2016). The effect of length is cancelled out as a result, as evident from Figure 2(b). Moreover, it is evident 

that Wu2021 estimates the highest PR, while Wu2017 estimates the lowest value.   
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Figure 2 (a) Impact of Incoming Wind Speed on PR (b) Impact of Module Length on PR. 

Case 5: Module Tilt 

Module tilt is a parameter that is unaccounted for in the classical methods (Aste, Del Pero, and Leonforte 2014) (Ahmed 

et al. 2021). The effect of this parameter is employed using newer models, as shown in Figure 3(a). While tilt angle plays a key 

role in free convection, this effect is cancelled out due to the quasi-steady approximation as discussed earlier. As a result, the 

PR predicted by FI model coincides with classical method. The experimental results obtained by Wu2021 indicate a rise in PR 

with increase in tilt, whereas the computational results obtained by Wu2017 indicate a decrease in PR with increasing tilt. 

Notably, the PR predicted by Wu2021 model coincides with classical method at 30 degree tilt. The results of Wu2021 suggest 

that the increased height of the module due to larger tilt cause a larger surface to be in contact with fast-moving layers of 

incoming wind, a result also confirmed by authors (Gökmen et al. 2016). Moreover, with an increase in tilt, there is more 

surface area available at the back side of the module, which contributes to heat transfer via free convective currents (Panda et 

al. 2023). This effect is not modelled in the computer simulation by Wu2017, which assumes the back surface of the module 

to be perfectly isolated and, therefore, incapable of transferring heat. As a result, this model predicts a decrease in PR.  

The analytical results by Mahboub combines the effect of both models, and draws a line at 30 degrees of tilt. The PR 

predicted by Mahboub is maximum at a tilt angle of 12.5 degrees, while it coincides with results of classical methods at 30 

degrees. Beyond 30 degree tilt, this model estimates a lower PR than classical methods. This also poses an optimization 

problem, where the optimum tilt angle of a module depends on not only the location, but also the wind that is flowing above 

the module surface (Gökmen et al. 2016). 

Case 6: Wind Direction 

The impact of the angle between the incoming wind direction and module’s normal direction is neither accounted for in 

classical method, nor it is accommodated in FI and Mahboub models (Gökmen et al. 2016). Wu2017 have studied the effect of 

wind direction using computational fluid mechanics (Y.-Y. Wu, Wu, and Xiao 2017), and Wu2021 have experimentally 

determined the effect (S.-Y. Wu et al. 2021). These results are shown in Figure 3(b). In case of Wu2021 results, it is observed 

that the PR is estimated to be maximum at an angle of 90 degrees i.e. when air is flowing from either left or right of module. 

This is explained by authors to be a result of both the front and back surface of the module being equally struck with incoming 

air, which increases the heat transfer rate. As a result, the model presents a symmetry about the module’s flank position 

regarding the effectiveness of wind in cooling effect. This result is also reported by other authors (Elminshawy et al. 2021). 

The PR predicted by Wu2017 shows a drop in efficiency until 25 degrees, where it begins to rise with increase in wind 

direction. The results match with non-azimuth based models at 78 degrees and with Wu2021 model at 90 degrees. The initial 

decrease followed by an increase is explained by authors to be a result of changing flow regimes from laminar to turbulent at 

localized regions. However, this decrease is also due to the fact that the back side of the module is assumed to be perfectly 

© 2023 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, 
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

Eighth International Conference on Energy Research and Development 243



insulated in the computer simulation conducted by the authors, which negates the possibility of heat transfer from the back side 

of the module as wind changes direction. In effect, this model underestimates the PR by not accounting for the cooling effect 

produced by wind blowing at the back side of the module. 

Figure 3 (a) Impact of Panel Tilt Angle on PR (b) Impact of Incoming Wind Direction on PR. 

CONCLUSION 

Performance assessment methods used today are not updated with the research that has expanded on the effect of wind 

direction and panel orientation. To incorporate these parameters, this study conducted a comparison of four new heat transfer 

models, in addition to the classical model, and assessed the effect of these parameters on the performance ratio of a 

monocrystalline module subject to climatic conditions prevailing in Pakistan. The following observations are made from the 

six cases: 

Case 1: The effect of ambient temperature followed similar trend in all models, and Wu2017 estimates a lower 

performance ratio. 

Case 2: The effect of irradiance in all models is in good agreement with classical model.  

Case 3: The effect of wind speed follows the same trend in all models. While Mahboub model suggests a higher power 

ratio at higher wind speeds owing to turbulent flow, the experimental and CFD results disagree with the inference. 

Case 4: The performance ratio is found to be independent of the panel length and, in effect, the portrait or landscape 

mounting. 

Case 5: Performance ratio varies with the module tilt angle. The effect is negligible in case of FI, weak in case of Mahboub, 

and is considerable in case of Wu2021 and Wu2017.  

Case 6: Performance ratio is a strong function of wind direction as per Wu2021 and Wu2017 models. Other models do 

not account for this parameter. 

From these inferences, it is concluded that the heat transfer model suggested by Wu2021 is a suitable upgrade to the 

classical method: the model integrates the effect of more environmental parameters while being in excellent agreement with 

existing results found from classical methods. Wu2017 considerably underestimates the performance ratio due to the 

assumptions undertaken in the computer simulation. The results by Mahboub are in good agreement with classical methods, 

but overestimate the performance ratio at high wind speeds, displays weak correspondence of module tilt with performance, 

and does not account for wind direction. Future research includes a re-assessment of solar resource in Pakistan using modern 

heat transfer model (Wu2021), optimization of module tilt and azimuth with respect to environmental parameters, and module 

arrangement in a solar power plant for maximum cooling effect from incoming wind. These advancements in performance 

assessment will enable policy makers to scale and size solar power plants more realistically and more effectively. 
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NOMENCLATURE 

PV = Photovoltaic 

T = Temperature 

β = Power drop coefficient 

h = Heat transfer coefficient 

PR = Performance ratio 

STC = Standard Testing Conditions 

GHI = Global Horizontal Irradiance 

η = Module efficiency 

τα = Combined transmissivity and absorptivity 

Re = Reynold’s number 

Pr = Prandtl’s number 

Nu = Nusselt’s number 

m = Tilt coefficient 

θ = Tilt angle 

φ = Wind direction relative to module normal 

s = irradiance 

FI = Fuji-Imura model 

A = Module area 

G = Normal irradiance 

AM = Air-mass ratio 

Subscripts 

NOCT = Nominal Operating Cell Temperature 

d = Design value 

S = Surface 

STC = Standard Testing Condition 

amb = Ambient Temperature 

ref = Reference 

© 2023 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, 
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

Eighth International Conference on Energy Research and Development 245



REFERENCES 

Ahmed, Naseer, Atif Naveed Khan, Naveed Ahmed, Adnan Aslam, Kashif Imran, Muhammad Bilal Sajid, and 
Adeel Waqas. 2021. "Techno-economic potential assessment of mega scale grid-connected PV power plant in 
five climate zones of Pakistan." Energy Conversion and Management 237: 114097. 
https://doi.org/https://doi.org/10.1016/j.enconman.2021.114097. 
https://www.sciencedirect.com/science/article/pii/S0196890421002739. 

Amelia, AR, YM Irwan, WZ Leow, M Irwanto, I Safwati, and M Zhafarina. 2016. "Investigation of the effect 
temperature on photovoltaic (PV) panel output performance." Int. J. Adv. Sci. Eng. Inf. Technol 6 (5): 682-688. 

Aste, Niccolò, Claudio Del Pero, and Fabrizio Leonforte. 2014. "PV technologies performance comparison in 

temperate climates." Solar Energy 109: 1-10. https://doi.org/https://doi.org/10.1016/j.solener.2014.08.015. https://
www.sciencedirect.com/science/article/pii/S0038092X14003922. 

Dash, PK, and NC Gupta. 2015. "Effect of temperature on power output from different commercially available 
photovoltaic modules." International Journal of Engineering Research and Applications 5 (1): 148-151. Elminshawy, 

Nabil A. S., Amr Osama, D. G. El-Damhogi, Erkan Oterkus, and A. M. I. Mohamed. 2021. 
"Simulation and experimental performance analysis of partially floating PV system in windy conditions." Solar 
Energy 230: 1106-1121. https://doi.org/https://doi.org/10.1016/j.solener.2021.11.020. 
https://www.sciencedirect.com/science/article/pii/S0038092X21009798. 

Fujii, Tetsu, and Hideaki Imura. 1972. "Natural-convection heat transfer from a plate with arbitrary inclination." 
International Journal of Heat and Mass Transfer 15 (4): 755-767. https://
doi.org/https://doi.org/10.1016/0017-9310(72)90118-4. https://
www.sciencedirect.com/science/article/pii/0017931072901184. 

Gökmen, Nuri, Weihao Hu, Peng Hou, Zhe Chen, Dezso Sera, and Sergiu Spataru. 2016. "Investigation of wind 
speed cooling effect on PV panels in windy locations." Renewable Energy 90: 283-290. https://
doi.org/https://doi.org/10.1016/j.renene.2016.01.017. 
https://www.sciencedirect.com/science/article/pii/S0960148116300179. 

Hu, Weiwei, Xingcai Li, Juan Wang, Zihang Tian, Bin Zhou, Jinpeng Wu, Runmin Li, Wencang Li, Ning Ma, 
Jixuan Kang, Yong Wang, Jialong Tian, and Jibin Dai. 2022. "Experimental research on the convective heat 
transfer coefficient of photovoltaic panel." Renewable Energy 185: 820-826. 
https://doi.org/https://doi.org/10.1016/j.renene.2021.12.090. 
https://www.sciencedirect.com/science/article/pii/S0960148121018176. 

Kant, Karunesh, A. Shukla, Atul Sharma, and Pascal Henry Biwole. 2016. "Heat transfer studies of photovoltaic 
panel coupled with phase change material." Solar Energy 140: 151-161. 
https://doi.org/https://doi.org/10.1016/j.solener.2016.11.006. 
https://www.sciencedirect.com/science/article/pii/S0038092X16305229. 

Kaya, Ferhat, Gökhan Şahin, and Mehmet Hakkı Alma. 2021. "Investigation effects of environmental and 
operating factors on PV panel efficiency using by multivariate linear regression." International Journal of Energy 
Research 45 (1): 554-567. https://doi.org/https://doi.org/10.1002/er.5717. 
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.5717. 

Koehl, Michael, Markus Heck, Stefan Wiesmeier, and Jochen Wirth. 2011. "Modeling of the nominal operating cell 
temperature based on outdoor weathering." Solar Energy Materials and Solar Cells 95 (7): 1638-1646. https://
doi.org/https://doi.org/10.1016/j.solmat.2011.01.020. 
https://www.sciencedirect.com/science/article/pii/S0927024811000304. 

Liang, Yuanyuan, Biying Yu, and Lu Wang. 2019. "Costs and benefits of renewable energy development in 
China's power industry." Renewable energy 131: 700-712. 

Lienhard, John H., V. 2020. "Heat Transfer in Flat-Plate Boundary Layers: A Correlation for Laminar, Transitional, 
and Turbulent Flow." Journal of Heat Transfer 142 (6). https://doi.org/10.1115/1.4046795. 

https://doi.org/10.1115/1.4046795. 
Mahboub, C., N. Moummi, A. Moummi, and S. Youcef-Ali. 2011. "Effect of the angle of attack on the wind 

convection coefficient." Solar Energy 85 (5): 776-780. 
https://doi.org/https://doi.org/10.1016/j.solener.2011.01.008. 
https://www.sciencedirect.com/science/article/pii/S0038092X1100020X. 

© 2023 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, 
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

Eighth International Conference on Energy Research and Development 246

https://doi.org/https:/doi.org/10.1016/j.enconman.2021.114097
https://www.sciencedirect.com/science/article/pii/S0196890421002739
https://doi.org/https:/doi.org/10.1016/j.solener.2014.08.015
https://www.sciencedirect.com/science/article/pii/S0038092X14003922
https://doi.org/https:/doi.org/10.1016/j.solener.2021.11.020
https://www.sciencedirect.com/science/article/pii/S0038092X21009798
https://doi.org/https:/doi.org/10.1016/0017-9310(72)90118-4
https://www.sciencedirect.com/science/article/pii/0017931072901184
https://doi.org/https:/doi.org/10.1016/j.renene.2016.01.017
https://www.sciencedirect.com/science/article/pii/S0960148116300179
https://doi.org/https:/doi.org/10.1016/j.renene.2021.12.090
https://www.sciencedirect.com/science/article/pii/S0960148121018176
https://doi.org/https:/doi.org/10.1016/j.solener.2016.11.006
https://www.sciencedirect.com/science/article/pii/S0038092X16305229
https://doi.org/https:/doi.org/10.1002/er.5717
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.5717
https://doi.org/https:/doi.org/10.1016/j.solmat.2011.01.020
https://www.sciencedirect.com/science/article/pii/S0927024811000304
https://doi.org/10.1115/1.4046795
https://doi.org/10.1115/1.4046795
https://doi.org/https:/doi.org/10.1016/j.solener.2011.01.008
https://www.sciencedirect.com/science/article/pii/S0038092X1100020X


Mesquita, Daniel de B, João Lucas de S Silva, Hugo S Moreira, Michelle Kitayama, and Marcelo G Villalva. 2019. 
"A review and analysis of technologies applied in PV modules." 2019 IEEE PES Innovative Smart Grid 

Technologies Conference­Latin America (ISGT Latin America). 
Muteri, Vincenzo, Maurizio Cellura, Domenico Curto, Vincenzo Franzitta, Sonia Longo, Marina Mistretta, and 

Maria Laura Parisi. 2020. "Review on life cycle assessment of solar photovoltaic panels." Energies 13 (1): 252. 

Panda, Sampurna, Babita Panda, Chitralekha Jena, Lipika Nanda, and Arjyadhara Pradhan. 2023. "Investigating 
the similarities and differences between front and back surface cooling for PV panels." Materials Today: 
Proceedings 74: 358­363. https://doi.org/https://doi.org/10.1016/j.matpr.2022.08.424. 
https://www.sciencedirect.com/science/article/pii/S2214785322056127. 

Perraki, V., and P. Kounavis. 2016. "Effect of temperature and radiation on the parameters of photovoltaic 
modules." Journal of Renewable and Sustainable Energy 8 (1): 013102. 

https://doi.org/10.1063/1.4939561. https://aip.scitation.org/doi/abs/10.1063/1.4939561. 
Rahman, M. M., M. Hasanuzzaman, and N. A. Rahim. 2015. "Effects of various parameters on PV­module power 

and efficiency." Energy Conversion and Management 103: 348­358. https://
doi.org/https://doi.org/10.1016/j.enconman.2015.06.067. https://
www.sciencedirect.com/science/article/pii/S0196890415006159. 

Shaikh, Mohd Rizwan Sirajuddin. 2017. "A review paper on electricity generation from solar energy." Shakerin, S. 
1987. "Wind­Related Heat Transfer Coefficient for Flat­Plate Solar Collectors." Journal of Solar 

Energy Engineering 109 (2): 108­110. https://doi.org/10.1115/1.3268186. 
https://doi.org/10.1115/1.3268186. 
Skoplaki, E., and J. A. Palyvos. 2009. "On the temperature dependence of photovoltaic module electrical 

performance: A review of efficiency/power correlations." Solar Energy 83 (5): 614­624. 
https://doi.org/https://doi.org/10.1016/j.solener.2008.10.008. 
https://www.sciencedirect.com/science/article/pii/S0038092X08002788. 

Tahir, Zia R., Ammara Kanwal, Muhammad Asim, M. Bilal, Muhammad Abdullah, Sabeena Saleem, M. A. 
Mujtaba, Ibham Veza, Mohamed Mousa, and M. A. Kalam. 2022. "Effect of Temperature and Wind Speed on 
Efficiency of Five Photovoltaic Module Technologies for Different Climatic Zones." Sustainability 14 
(23): 15810. https://www.mdpi.com/2071­1050/14/23/15810. 

Wigley, Tom ML. 1991. "Could reducing fossil­fuel emissions cause global warming?" Nature 349 (6309): 503­
506. 

Wu, Shuang­Ying, Hai­Tao Guo, Lan Xiao, and Zhi­Li Chen. 2021. "Experimental investigation on thermal 
characteristics and output performance of PV panel under linear light source and windy conditions." 
Sustainable Energy Technologies and Assessments 43: 100918. 
https://doi.org/https://doi.org/10.1016/j.seta.2020.100918. 
https://www.sciencedirect.com/science/article/pii/S221313882031345X. 

Wu, Ying­Ying, Shuang­Ying Wu, and Lan Xiao. 2017. "Numerical study on convection heat transfer from inclined 
PV panel under windy environment." Solar Energy 149: 1­12. 
https://doi.org/https://doi.org/10.1016/j.solener.2017.03.084. 
https://www.sciencedirect.com/science/article/pii/S0038092X17302761. 

© 2023 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, 
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

Eighth International Conference on Energy Research and Development 247

https://doi.org/https:/doi.org/10.1016/j.matpr.2022.08.424
https://www.sciencedirect.com/science/article/pii/S2214785322056127
https://doi.org/10.1063/1.4939561
https://aip.scitation.org/doi/abs/10.1063/1.4939561
https://doi.org/https:/doi.org/10.1016/j.enconman.2015.06.067
https://www.sciencedirect.com/science/article/pii/S0196890415006159
https://doi.org/10.1115/1.3268186
https://doi.org/10.1115/1.3268186
https://doi.org/https:/doi.org/10.1016/j.solener.2008.10.008
https://www.sciencedirect.com/science/article/pii/S0038092X08002788
https://www.mdpi.com/2071-1050/14/23/15810
https://doi.org/https:/doi.org/10.1016/j.seta.2020.100918
https://www.sciencedirect.com/science/article/pii/S221313882031345X
https://doi.org/https:/doi.org/10.1016/j.solener.2017.03.084
https://www.sciencedirect.com/science/article/pii/S0038092X17302761



