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Abstract: - The operating temperature of photovoltaic (PV) modules has a direct effect on electrical 

performance and short-term efficiency under real outdoor conditions. During periods of strong solar irradiance, 

PV modules are exposed to considerable thermal stress, which increases operating temperature and can reduce 

power production. In this study, the thermal behavior of a photovoltaic system under high-temperature 

operating conditions was analyzed using a set of empirical and semi-empirical thermal models. The analysis 

included the classical Ross/NOCT model, a wind-corrected NOCT formulation, an irradiance-adjusted NOCT 

approach, and the Faiman thermal model. In addition, a semi-empirical Thermal Performance Deviation Model 

(TPDM) was developed to investigate the combined influence of irradiance and thermal excess on PV thermal-

performance behavior. The results showed pronounced daily thermal cycling and significant temperature rise 

during peak irradiance periods, with modeled operating temperatures exceeding 60°C under the most thermally 

stressed conditions. The estimated short-term thermal efficiency loss reached 10.83%, while more than 1100 

operating hours exhibited efficiency losses above 3% and 552 hours exceeded 5% thermal efficiency loss. The 

proposed TPDM formulation achieved the best overall statistical performance, with an R2 value of 0.857 and an 

RMSE of 0.724, indicating reasonable agreement under variable outdoor operating conditions. The analysis 

additionally demonstrated the important role of wind-driven convective cooling in reducing thermal stress 

during outdoor PV operation, highlighting the importance of thermal stress analysis under high-temperature 

conditions. 
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1 Introduction 
With the rapid development of PV technology and 

the continuous increase of global installed capacity, 

it is becoming increasingly important to understand 

the thermal behavior of PV systems under real 

outdoor operating conditions [1], [2], [3]. 

Photovoltaic modules are designed to convert solar 

irradiance into electricity, but only a small fraction 

of the absorbed solar energy is transformed into 

usable electrical energy, while the rest is 

transformed into heat in the PV material and the 

surrounding structure [4]. Therefore, PV modules 

often operate at temperatures significantly higher 

than the ambient temperature, especially when solar 

irradiance is high and convective cooling is limited 

[5]. The thermal response of photovoltaic systems is 

governed by complex heat-transfer mechanisms, 

including solar absorption, thermal conduction, 

convection, and radiative heat exchange with the 

surrounding environment [6], [7].  The PV operating 

temperature depends on a number of interdependent 

factors in outdoor conditions such as irradiance 

intensity, ambient temperature, wind speed, 

mounting configuration, airflow conditions, and 

thermal inertia. The overall interaction of these 

parameters determines the transient thermal 

response of the PV module [8], [9]. High irradiance 

conditions can subject photovoltaic modules to 

considerable thermal loading, leading to high 

operating temperatures and significant daily thermal 

cycling. Temperature is an important factor 

influencing photovoltaic conversion efficiency 

because of the temperature dependence of electrical 

characteristics of semiconductor materials [4]. 

Increasing the cell temperature results in a reduction 

in the band-gap energy of semiconductor materials, 

which in turn results in reductions in open-circuit 

voltage and overall electrical efficiency [4], [10]. 

Consequently, elevated operating temperatures 

generally reduce PV power output and modify the 
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electrical operating characteristics of the module 

[4], [5], [10], [11], [12].  In practical outdoor 

applications, thermal effects are therefore among the 

most important physical factors influencing PV 

system performance and operational stability [6], 

[7], [12]. In addition to short-term efficiency 

reduction, prolonged exposure to elevated operating 

temperatures may contribute to thermal stress 

conditions within photovoltaic systems [13]. 

Repeated daily thermal cycling can generate 

mechanical and thermo-electrical stress due to the 

continuous expansion and contraction of module 

materials, solder joints, and encapsulation layers 

[14]. Although long-term degradation mechanisms 

depend on multiple environmental and material 

factors, thermal loading remains an important factor 

influencing the operational behavior and reliability 

of PV systems [15]. Direct measurement of solar-

cell operating temperature under real outdoor 

conditions is often difficult because temperature 

sensors are commonly installed on the rear surface 

of the module, inside inverter systems, or within 

auxiliary monitoring equipment [8], [9], [16]. 

Consequently, numerous empirical and semi-

empirical thermal models have been developed to 

estimate PV operating temperature using 

meteorological and operational variables such as 

solar irradiance, ambient temperature, and wind 

speed [5], [8], [9], [17]  Among the most widely 

used approaches are the classical Ross/NOCT model 

[11], wind-corrected and empirical thermal 

formulations [8], [17], [18],  irradiance-adjusted and 

temperature-dependent thermal approaches [19], 

and the Faiman thermal model [5]. These models 

are widely employed in photovoltaic performance 

analysis and system simulation studies because they 

provide simplified yet physically interpretable 

representations of module thermal response [6], [7]. 

The PV thermal response under different climatic 

and operational conditions has been investigated in 

previous studies, including energy-balance thermal 

modeling, NOCT-based formulations, wind-driven 

convective cooling effects, and temperature-related 

efficiency variation [5], [8], [9], [10], [18], [19], 

[20], [21], [22]. More recent investigations have 

additionally examined thermal stress conditions, 

environmental influences, and transient outdoor 

operating effects on PV performance [23], [24]. 

Despite the large number of available thermal 

formulations, significant uncertainty still exists in 

representing transient outdoor operating conditions 

during periods of elevated irradiance and strong 

thermal loading. Simplified empirical approaches 

cannot always fully capture the combined influence 

of irradiance variability, thermal excess, and wind-

driven convective cooling under real operating 

conditions [25], [26]. Consequently, comparative 

thermal analysis and physically interpretable semi-

empirical approaches remain important for 

evaluating PV thermal-performance behavior and 

temperature-related efficiency variation. In this 

study, the thermal dynamics of a photovoltaic 

system operating under high-temperature outdoor 

conditions were investigated using several empirical 

and semi-empirical thermal formulations. The 

analysis included the Ross/NOCT model, wind-

corrected and irradiance-adjusted NOCT 

approaches, and the Faiman thermal model. In 

addition, a semi-empirical Thermal Performance 

Deviation Model (TPDM) was developed to 

investigate the combined influence of irradiance and 

thermal excess on PV thermal-performance 

behavior. Particular emphasis was placed on 

operating-temperature variations, thermal cycling, 

thermal stress conditions, and temperature-related 

efficiency losses under high-temperature operating 

conditions. The proposed methodology provides a 

physically interpretable and computationally 

efficient framework for evaluating photovoltaic 

thermal behavior under high-temperature outdoor 

operating conditions. 

 

 

2 Methodology  
 

2.1 Study Framework 
This study investigates the thermal behavior and 

temperature-related efficiency variation of a 

photovoltaic (PV) system operating under outdoor 

high-temperature conditions. The analysis was 

performed using hourly climatic and operational 

datasets covering the period October 2024 to 

September 2025. The climatic variables were 

obtained from the European Centre for Medium-

Range Weather Forecasts ERA5-Land reanalysis 

database [27]. The extracted parameters included: 

ambient air temperature, surface solar radiation, and 

horizontal wind components.  In parallel, measured 

operational data from a real photovoltaic installation 

located in Tirana, Albania, were used for model 

evaluation and performance analysis. The PV 

system has an installed capacity of 208.82 kWp and 

operates under real outdoor conditions 

representative of Mediterranean urban 

environments. The climatic and operational datasets 

were synchronized at hourly temporal resolution 

prior to thermal analysis. Missing values and non-

physical observations were removed during 

preprocessing. The overall methodological 
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workflow of the study is illustrated in Figure 1, 

including climatic and operational data collection, 

thermal modeling, thermal stress analysis, PV 

performance evaluation, and statistical validation of 

the investigated thermal formulations. 

 

 
Fig. 1: Methodological workflow of the thermal and 

performance of the PV system  
Source: created by the authors 

 

In Table 1, the main electrical and thermal 

characteristics of the photovoltaic module used in 

the study are presented. 

 

Table 1. Technical Specifications of the 

Photovoltaic Module Used in the Study 

Parameter Value 

Module Model IBEX 132MHC-EIGER 

Technology N-type Mono TOPCon 

Rated Power (W) 525 

Efficiency (%) 22.11 

Vmpp (V) 39.53 

Impp (A) 13.28 

Voc (V) 47.22 

Isc (A) 14.21 

Temp. Coeff. Pmax (%/°C) −0.30 

Operating Temperature −40°C to +85°C 

Dimensions (mm) 2094 × 1134 × 35 

Weight (kg) 25.5 

Source: Manufacturer datasheet of the IBEX 132MHC-EIGER 

photovoltaic module. 

 

These parameters were used as the basis for the 

thermal performance analysis and temperature-

related evaluation of the PV system under outdoor 

operating conditions. 

 

2.2 Climatic Data Processing Study  
ERA5-Land climatic variables were processed at 

hourly temporal resolution. Surface solar radiation 

values provided by ERA5-Land are expressed as 

accumulated hourly energy (J/m2). These values 

were converted into irradiance using 

𝐺 =
𝑆𝑆𝑅

3600
                                        (1) 

where G (W/m2) represents hourly solar irradiance, 

SSR (J/m2) is the accumulated hourly surface solar 

radiation. Wind speed was calculated from the 

ERA5 horizontal wind vector components: 

𝑊 = √𝑢2 + 𝑣2                                 (2) 

where u and v are the horizontal wind components, 

W (m/s) is the resulting wind speed magnitude. The 

processed climatic dataset was subsequently merged 

with the measured PV operational data to create a 

unified hourly thermal-performance database. 

 

2.3  Solar Cell Temperature Modeling 

To evaluate the influence of climatic conditions on 

PV thermal behavior, several empirical and semi-

empirical solar-cell temperature formulations were 

investigated, including the classical Ross/NOCT 

model, wind-corrected and irradiance-adjusted 

NOCT approaches, and the Faiman thermal model 

[5], [8], [9], [10], [11], [17]. 

 

2.3.1  Standard NOCT / Ross Model 

The first approach was based on the classical 

Ross/NOCT formulation, which estimates solar cell 

temperature as a function of ambient temperature 

and incident irradiance [11]: 

𝑇𝑐 =  𝑇𝑎 + (
𝑁𝑂𝐶𝑇 –  20

800
) 𝐺              (3) 

 

Tc is solar-cell temperature (°C), Ta is ambient 

temperature (°C), NOCT is the nominal operating 

cell temperature (°C), G is solar irradiance. This 

model assumes steady-state thermal behavior and 

represents one of the most commonly used 

simplified PV temperature estimation methods. 

 

The Ross coefficient: 

𝑘 =
𝑁𝑂𝐶𝑇 −  20

800
                       (4) 

was used to quantify the irradiance-dependent 

thermal gain. 

 

2.3.2  Wind-Corrected NOCT Model 

Because wind significantly affects convective 

cooling of PV modules, a modified NOCT 

formulation was introduced by including a wind-

dependent correction term: 

𝑇𝑐 =  𝑇𝑎 + (
𝑁𝑂𝐶𝑇 −  20

800
) ·

𝐺

1 +  𝑘𝑤𝑊
        (5) 

where: Kw is the empirical wind cooling coefficient, 

and W is the wind speed.  This formulation allows 

the estimated cell temperature to decrease under 

stronger wind conditions, representing enhanced 

convective heat transfer  [5], [8]. 
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2.3.3  Irradiance-Adjusted NOCT Model 

A third formulation was introduced to investigate 

the sensitivity of thermal behavior under elevated 

irradiance conditions: 

𝑇𝑐 =  𝑇𝑎 + (
𝑁𝑂𝐶𝑇 − 20

800
) ·  𝐺 ·  (1 − 𝑒

−
𝐺

𝐺0)      (6) 

 

G0 is the irradiance scaling parameter.  

 

This approach increases the thermal 

contribution of high-irradiance periods and provides 

a nonlinear, irradiance-dependent thermal response 

[19]. 

 

2.3.4  Faiman Thermal Model 

To incorporate irradiance heating together with 

wind-driven convective cooling more explicitly, the 

Faiman thermal model was also implemented [5]: 

𝑇𝑐 =  𝑇𝑎 +
𝐺

𝑈0 + 𝑈1𝑊
                           (7) 

where U0  and U1  are empirical thermal loss 

coefficients.  The coefficients  U0 =25 and U1=6.84 

were adopted according to commonly reported 

literature values [5,] [9]. Compared with NOCT-

based approaches, the Faiman model generally 

provides a more realistic representation of wind-

related thermal cooling effects. 

 

2.3.5  Theoretical Heat Transfer Framework 

The operating temperature of a photovoltaic module 

results from the continuous interaction between 

absorbed solar radiation, heat storage within the 

module, convective and radiative heat exchange 

with the surrounding environment, and electrical 

energy conversion. Although the Ross and Faiman 

models represent simplified empirical formulations, 

they are fundamentally derived from the general 

energy conservation principle governing heat 

transfer in photovoltaic systems. To provide a 

rigorous mathematical basis for the proposed 

Thermal Performance Deviation Model (TPDM), 

the transient heat transfer equation is introduced as 

the underlying physical framework. According to 

the first law of thermodynamics, the local transient 

heat balance within a photovoltaic module can be 

expressed as:  
𝜌𝑐𝑝𝜕𝑇

𝜕𝑡
=  𝛻 · (𝑘𝛻𝑇) +  𝑞𝑎𝑏𝑠 −  𝑞𝑐𝑜𝑛𝑣 −  𝑞𝑟𝑎𝑑 −

 𝑞𝑒𝑙𝑒𝑐    
(8) 

where T is the local module temperature (°C), ρ is 

the material density (kg m−3), cp is the specific heat 

capacity (J kg-1 K-1), and k is the thermal 

conductivity (W m−1 K-1). The source term qabs 

represents the absorbed solar energy, whereas qconv, 

qrad, and qelec denote the heat losses associated 

with convection, long-wave thermal radiation, and 

electrical power generation, respectively. 

The absorbed solar heat flux can be expressed as: 
𝑞𝑎𝑏𝑠 =  𝛼𝐺                                             (9) 

where G is the incident solar irradiance (W m-2), and 

α is the effective absorptivity of the photovoltaic 

module. Convective heat exchange between the 

module surface and the surrounding air follows 

Newton's cooling law: 
𝑞𝑐𝑜𝑛𝑣 =  ℎ(𝑇𝑐 − 𝑇𝑎)                        (10) 

where h is the convective heat transfer coefficient 

(W m-2 K-1), Tc is the cell temperature, and Ta is the 

ambient air temperature. Radiative heat exchange 

can be expressed by the Stefan–Boltzmann 

equation: 

𝑞𝑟𝑎𝑑 =  𝜀𝜎(𝑇𝑐
4 − 𝑇𝑠𝑘𝑦

4 )                 (11) 

 

where ε is the surface emissivity and σ is the 

Stefan–Boltzmann constant. The electrical power 

extracted from the photovoltaic module represents 

the fraction of absorbed solar energy converted into 

useful electricity, 
𝑞𝑒𝑙𝑒𝑐 =  𝜂𝐺                                 (12) 

where η denotes the conversion efficiency. 
𝑞𝑎𝑏𝑠 = 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑟𝑎𝑑 + 𝑞𝑒𝑙𝑒𝑐                (13)       

which constitutes the physical basis of simplified 

engineering temperature models such as those 

proposed by Ross and Faiman. The steady-state 

energy balance presented in Equation (13) 

constitutes the physical basis of simplified 

engineering models used for photovoltaic thermal 

analysis. The Ross and Faiman models can be 

interpreted as reduced-order formulations obtained 

from the general heat-transfer balance through 

appropriate assumptions regarding convective and 

radiative heat exchange. Building upon this physical 

foundation, the proposed Thermal Performance 

Deviation Model (TPDM) does not attempt to solve 

the transient heat-transfer equation directly. Instead, 

it establishes an empirical relationship between 

photovoltaic specific yield, incident solar 

irradiation, and thermally induced efficiency 

degradation, thereby preserving the essential 

physical behavior while providing a 

computationally efficient model suitable for daily 

performance assessment. The overall theoretical 

framework may be summarized as follows: the 

general transient heat-transfer equation is simplified 

into a steady-state energy balance, which forms the 

basis of the Ross and Faiman models and ultimately 

supports the proposed TPDM. Unlike these classical 

formulations, which primarily estimate module 

temperature, the proposed TPDM directly relates 

photovoltaic specific yield to the combined 
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influence of solar irradiation and thermally induced 

performance degradation. Consequently, the TPDM 

should be regarded as an engineering-level 

empirical model physically supported by the general 

heat-transfer framework rather than as a 

replacement for the governing transient thermal 

equation. Overall, this formulation establishes a 

clear theoretical connection between fundamental 

heat-transfer principles and the proposed statistical 

model, thereby enhancing its physical 

interpretability and mathematical consistency. 

 

2.4  Thermal Loss Estimation 
Temperature-induced PV efficiency degradation 

was estimated using the manufacturer-provided 

temperature coefficient. Thermal losses were 

calculated only when cell temperature exceeded 

Standard Test Conditions 25oC: 
𝜂 =  𝜂𝑟𝑒𝑓[1 +  𝛾(𝑇𝑐 −  25)]          (14) 

where η is the operating efficiency, ηref is the 

reference efficiency under standard test conditions,  

γ is the temperature coefficient, Tc is the estimated 

cell temperature  

 

This formulation quantifies the percentage 

reduction in PV performance caused by elevated 

operating temperatures [14], [18]. The 

corresponding thermal efficiency loss was 

calculated as: 
𝐿𝑜𝑠𝑠𝑡ℎ𝑒𝑟𝑚𝑎𝑙(%) =  |𝛾(𝑇𝑐 −  25)| ×  100      (15) 

 
The analysis focuses on short-term temperature-

related efficiency variation and does not represent 

permanent material degradation processes. 

 

2.5  Thermal Stress Classification 
To characterize operational thermal conditions, 

hourly solar cell temperatures were grouped into 

four thermal regimes: stable operation, moderate 

thermal stress,  high thermal stress, extreme thermal 

stress [13], [18]. The classification thresholds were 

defined according to cell temperature ranges 

representative of increasing thermal exposure 

severity. This thermal regime analysis was used to 

quantify: the annual duration of thermal stress, 

seasonal variations, and extreme operating 

conditions. 

 

2.6  Thermal Stress Energy Index (TSEI) 
To move beyond simple temperature-based analysis, 

a Thermal Stress Energy Index (TSEI) was 

introduced. The proposed index combines thermal 

excess, irradiance intensity, and exposure duration.  

The index was defined as: 

𝑇𝑆𝐸𝐼 =  𝛴 𝐺 ·  (𝑇𝑐 −  25)+             (16) 

where (Tc−25)+ represents positive thermal excess 

above standard operating conditions. The proposed 

index provides an irradiance-weighted 

representation of cumulative thermal exposure and 

identifies periods associated with the highest 

thermally induced operational stress. 

 

2.7  PV Performance Modeling 
A standard temperature-corrected PV performance 

model based on PVWatts-type formulations was 

first considered: 
𝑃 = 𝑃𝑟𝑒𝑓[1 + 𝛾(𝑇𝐶 − 25)]                 (17) 

where  P is PV output power, Pref is reference 

power under standard test conditions, γ is the 

temperature coefficient. To further investigate the 

combined influence of irradiance and thermal 

excess, a semi-empirical Thermal Performance 

Deviation Model (TPDM) was proposed. 
𝑌 =  𝑎𝐺 −  𝑏(𝑇𝑐 −  25)+  +  𝑑             (18) 

Y is the specific PV yield, a,b,d are fitted empirical 

coefficients [14, 20]. The TPDM was designed to 

provide a physically interpretable representation of 

the combined effects of solar irradiance gain and 

temperature-induced performance reduction. 

 

2.7.1 Sensitivity Analysis of the Proposed 

 Thermal Performance Deviation Model 

 (TPDM) 

To further strengthen the mathematical 

interpretation of the proposed Thermal Performance 

Deviation Model (TPDM), a formal sensitivity 

analysis was performed to evaluate the influence of 

the model input variables on the predicted 

photovoltaic specific yield. Sensitivity analysis is 

widely employed to assess the robustness of 

empirical and semi-empirical models by quantifying 

how variations in the input parameters affect the 

model response. In the present study, both analytical 

and numerical sensitivity analyses were carried out 

to determine the relative contribution of solar 

irradiation and thermal excess to the predicted 

photovoltaic performance. 

 

The proposed TPDM is expressed as 
𝑌 = 0.765278𝐺 − 0.007646(𝑇𝑐 − 25)+

+ 0.272612         
(19) 

where Y denotes the photovoltaic specific yield, G 

represents the incident solar irradiation, and (Tc

−25)+ is the thermal excess term accounting for 

temperatures above the Standard Test Conditions 

(STC).  

WSEAS TRANSACTIONS on POWER SYSTEMS 
DOI: 10.37394/232016.2026.21.28

Driada Mitrushi, Urim Buzra, 
Irma Berdufi, Valbona Muda, Joan Jani

E-ISSN: 2224-350X 369 Volume 21, 2026



The local analytical sensitivity of the model is 

obtained through the first-order partial derivatives 

with respect to each input variable 
𝜕𝑌

𝜕𝐺
=  0.765278                         (20) 

and 
𝜕𝑌

𝜕𝑇𝑒𝑥
=  −0.007646                      (21) 

 

These analytical derivatives indicate that the 

model response varies linearly with both 

explanatory variables. The positive derivative 

associated with solar irradiation confirms that 

increasing irradiance leads to higher photovoltaic 

energy production, whereas the negative derivative 

corresponding to the thermal excess reflects the 

reduction in conversion efficiency caused by 

elevated operating temperatures. Since the 

coefficients are constant, the analytical sensitivity 

remains independent of the operating point and 

directly represents the relative influence of each 

explanatory variable within the linear TPDM 

formulation. To facilitate comparison between 

variables having different physical units, normalized 

sensitivity coefficients were also evaluated 

according to: 

𝑆𝑥𝑖
= (

𝜕𝑌

𝜕𝑥𝑖
) · (

𝑥𝑖

𝑌
)                        (22) 

where xi is the corresponding input variable. 

 

In addition to the analytical sensitivity analysis, 

a numerical perturbation analysis was performed by 

independently varying each input parameter 

according to: 

𝑥𝑖
𝑝𝑒𝑟𝑡

= 𝑥𝑖 (1 + 𝛿)                      (23) 

where 
𝛿 = ±0.05, ±0.10, ±0.15               (24) 

 
For each perturbation level, the corresponding 

relative variation in the predicted photovoltaic 

specific yield was calculated as: 

𝛥𝑌(%) = (
𝑌𝑝 − 𝑌0

𝑌0

) × 100              (25) 

where Y0 represents the baseline model prediction 

and Yp denotes the predicted value obtained after 

perturbing the selected input variable. 

 

The numerical perturbation analysis provides an 

additional assessment of model robustness by 

quantifying the response of the TPDM to moderate 

variations in the explanatory variables. This 

complementary analysis verifies the stability of the 

proposed model and allows the relative importance 

of solar irradiation and thermal excess to be 

evaluated under realistic operating conditions. 

Overall, the sensitivity analysis confirms that solar 

irradiation is the dominant factor governing 

photovoltaic performance, whereas thermal excess 

provides a physically meaningful correction 

associated with temperature-induced efficiency 

losses. These results further enhance the robustness, 

mathematical transparency, and physical 

interpretability of the proposed TPDM. 

 

2.8  Statistical Evaluation and Validation 
The performance of the investigated models was 

evaluated using statistical error metrics including: 

1. Coefficient of determination (R2), 

𝑅2 =  1 −
𝛴(𝑦𝑖 − ŷ𝑖)

2

𝛴(𝑦𝑖 −  ȳ)2
                      (26) 

2. Mean absolute error (MAE),  

𝑀𝐴𝐸 =  (
1

𝑛
) 𝛴 |𝑦𝑖 − ŷ𝑖|                       (27) 

3. Root mean square error (RMSE).  

𝑅𝑀𝑆𝐸 =  √[(
1

𝑛
) 𝛴(𝑦𝑖 −  ŷ𝑖)

2]             (28) 

 

Residual analysis was additionally performed to 

evaluate the stability of the proposed TPDM 

formulation under varying thermal operating 

conditions. The statistical metrics (R², MAE, and 

RMSE) were calculated by comparing the modeled 

PV performance obtained from the investigated 

formulations with the measured inverter-based PV 

performance data. The validation therefore evaluates 

the capability of each formulation to reproduce the 

observed operational PV behavior under real 

outdoor conditions. 

 

 

3  Results and Discussion 
 

3.1 Thermal Behavior of the Photovoltaic 

 System 
The investigated thermal formulations showed 

pronounced seasonal and daily thermal variability 

during outdoor PV operation. Operating 

temperatures increased progressively from winter 

toward summer conditions, following the increase in 

solar-energy absorption and ambient thermal 

conditions. Figure 2 shows maximum modeled 

operating temperatures exceeded 60°C during 

summer operation, while winter conditions were 

characterized by substantially lower thermal 

loading. 
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Fig. 2:  Monthly variation of mean and maximum 

modeled PV operating temperature during the 

investigated period  
Source: created by the authors 

 

The highest thermal conditions were observed 

during the summer months (June–August), with 

maximum cell temperatures exceeding 60°C, while 

winter periods exhibited substantially lower 

operating temperatures. The results indicate that 

irradiance-driven heating represents the dominant 

mechanism controlling PV thermal response. Figure 

3 presents the temporal evolution of the modeled PV 

operating temperature during the investigated 

period. 
 

 
Fig. 3: Temporal evolution of mean and maximum 

modeled PV operating temperature during outdoor 

operation 
Source: created by the authors 

 

The thermal profiles show strong daily thermal 

cycling behavior, with rapid daytime heating 

followed by nighttime cooling toward thermal 

equilibrium conditions. Seasonal thermal 

accumulation becomes increasingly visible during 

summer operation. Figure 4 compares the 

Ross/NOCT and Faiman thermal formulations. 

Both models reproduce the overall thermal 

evolution of the PV system; however, the Faiman 

formulation generally predicts slightly lower 

operating temperatures due to the explicit inclusion 

of wind-driven convective cooling effects. The 

comparison of the investigated NOCT-based 

thermal formulations is shown in Figure 5. 

 

 
Fig. 4: Temporal comparison between the 

Ross/NOCT and Faiman thermal models during the 

investigated period 
Source: created by the authors 

 

 
Fig. 5: Temporal comparison of the investigated 

NOCT-based thermal formulations during the 

outdoor operating period 
Source: created by the authors 

 

 
Fig. 6: Relationship between solar irradiance and 

modeled PV operating temperature during outdoor 

operation 
Source: created by the authors 

 

The standard Ross/NOCT formulation generally 

predicts the highest operating temperatures, while 

the wind-corrected and irradiance-adjusted 

approaches produce smoother thermal behavior 

under varying atmospheric conditions. Figure 6 
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presents the relationship between irradiance and 

operating temperature. 

A strong positive relationship is observed 

between irradiance intensity and operating 

temperature. Elevated thermal conditions become 

increasingly frequent under intensified solar-energy 

absorption conditions. At low irradiance levels, 

operating temperatures remain relatively dispersed 

due to the stronger influence of ambient conditions 

and transient atmospheric variability. As irradiance 

increases, operating temperatures progressively rise, 

and thermal clustering becomes more pronounced. 

Under high-irradiance conditions approaching 800–

1000 W/m², modeled operating temperatures 

frequently exceed 50°C, indicating substantial 

thermal loading within the PV structure. Figure 7 

illustrates the influence of wind speed on PV 

operating temperature. 

 

 
Fig. 7: Relationship between wind speed and 

modeled PV operating temperature during outdoor 

operation 
Source: created by the authors 

 

Higher wind-speed conditions generally 

correspond to reduced operating temperatures due to 

enhanced convective heat transfer from the PV 

surface. The results confirm the important 

moderating role of atmospheric cooling during 

outdoor operation. Although elevated wind speed 

reduces thermal loading, irradiance intensity 

remains the primary source of heat accumulation 

within the photovoltaic structure. Figure 8 compares 

the thermal operating regimes predicted by the 

Ross/NOCT and Faiman formulations under varying 

irradiance and wind-speed conditions. 

Both formulations reproduce the general 

increase in operating temperature with increasing 

irradiance; however, the Faiman model exhibits 

slightly stronger sensitivity to wind-driven 

convective cooling effects. The differences become 

more visible during elevated thermal-loading 

conditions, where atmospheric heat-transfer 

processes play a greater role in regulating PV 

operating temperature. 

 

 
Fig. 8: Comparison between the Ross/NOCT and 

Faiman thermal formulations under varying 

irradiance and wind-speed conditions 
Source: created by the authors 

 

3.2  Comparison of Thermal Models 
Figure 9 presents the thermal operating behavior of 

the investigated NOCT-based formulations under 

varying irradiance and wind-speed conditions. 

 

 
Fig. 9 Comparison of the investigated NOCT-based 

thermal formulations under varying irradiance and 

wind-speed conditions 
Source: created by the authors 

 

All formulations reproduce the general increase 

in operating temperature with increasing irradiance. 

However, the wind-corrected and irradiance-

adjusted approaches exhibit slightly different 

thermal distributions under elevated operating-

temperature conditions. The inclusion of additional 

thermal-response corrections moderately influences 

the predicted thermal operating regimes, particularly 

during periods associated with strong irradiance 

variability and changing convective cooling 

conditions. The statistical performance of the 

investigated thermal formulations is summarized in 

Table 2. 
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Table 2. Statistical performance of the investigated 

thermal-performance formulations 

Model R² MAE RMSE 

Standard NOCT / Ross 0.8549 0.5039 0.7304 

Wind-corrected NOCT 0.8547 0.5049 0.7309 

Irradiance-adjusted NOCT 0.8548 0.5041 0.7307 

Faiman 0.8545 0.5058 0.7315 

Proposed TPDM 0.8574 0.5002 0.7241 

Source: created by the authors 

 

The proposed TPDM formulation achieved the 

best overall statistical performance, with the highest 

coefficient of determination and the lowest RMSE 

value. The results indicate that the inclusion of the 

thermal-excess term improves the representation of 

outdoor PV thermal-performance behavior. Figure 

10 presents the correlation between the Ross/NOCT 

and Faiman thermal formulations. 

 

 
Fig. 10: Correlation between the Ross/NOCT and 

Faiman thermal formulations for the modeled PV 

operating temperature 
Source: created by the authors 

 

Figure 10 confirms the strong agreement 

between the two formulations, while the visible 

dispersion at higher temperatures reflects the 

increasing influence of convective cooling under 

thermally stressed conditions. Figure 11 compares 

the measured specific yield with the predicted 

values obtained using the standard formulation and 

the proposed TPDM model. 

The TPDM formulation shows slightly 

improved agreement with the measured operating 

values under varying outdoor conditions. The 

distribution of points around the ideal agreement 

line indicates that the proposed formulation captures 

the dominant thermal-performance behavior while 

maintaining stable predictive behavior under 

elevated thermal-loading conditions. Figure 12 

illustrates the difference between the Ross/NOCT 

and Faiman thermal formulations under varying 

irradiance and wind-speed conditions. 

 

 
Fig. 11: Comparison between the standard thermal-

performance formulation and the proposed TPDM 

relative to measured specific yield values 
Source: created by the authors 

 

 
Fig. 12: Difference between the Ross/NOCT and 

Faiman thermal formulations under varying 

irradiance and wind-speed conditions 
Source: created by the authors 

 

Under these circumstances, the explicit 

representation of convective cooling within the 

Faiman model produces lower predicted operating 

temperatures compared with the standard 

Ross/NOCT approach. The differences become 

progressively smaller under stronger airflow 

conditions, where convective heat dissipation 
becomes more effective. The residual behavior of 

the proposed TPDM formulation is shown in Figure 

13. 

The residuals remain predominantly centered 

around zero, indicating stable predictive behavior 

across different thermal operating regimes. Limited 

outliers are observed during rapidly varying outdoor 

conditions. 
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Fig. 13: Residual analysis of the proposed Thermal 

Performance Deviation Model (TPDM) 
Source: created by the authors 

 

3.3  Temperature-Related Efficiency Loss 
The increase in operating temperature produced 

measurable short-term reductions in PV electrical 

efficiency. The maximum estimated thermal 

efficiency loss reached 10.83%, while the mean 

annual thermal efficiency loss remained 0.87%. The 

system experienced more than 1100 operating hours 

with efficiency losses above 3% and over 552 hours 

with losses exceeding 5%, indicating the increasing 

importance of thermal effects during intensified 

operating conditions. Figure 14 illustrates the 

seasonal evolution of temperature-related thermal 

efficiency loss, including mean thermal efficiency 

loss, high-loss operating hours, and thermal-loss 

regime distribution. 

 

 
Fig. 14: Seasonal distribution of temperature-related 

thermal efficiency loss during the investigated 

operating period 
Source: created by the authors 

 

Thermal efficiency losses remained minimal 

during winter operation and progressively increased 

during spring and summer periods. The highest 

thermal-loss conditions occurred during June, July, 

and August. The monthly distribution of thermal 

efficiency-loss regimes is presented in Figure 15. 

Fig. 15: Monthly distribution of temperature-related 

thermal efficiency loss regimes during the 

investigated operating period 
Source: created by the authors 

 

Moderate and high thermal-loss regimes became 

increasingly frequent during summer operation, 

reflecting stronger thermal accumulation and 

elevated operating temperatures. High thermal-loss 

regimes above 5% became increasingly significant 

during peak summer operation, indicating 

intensified short-term thermal efficiency reduction 

under elevated irradiance conditions 

 

3.4  Thermal Stress Analysis 
The thermal stress analysis revealed a clear seasonal 

transition between stable and intensified thermal 

operating regimes. Figure 16 presents the 

distribution of thermal operating regimes based on 

modeled PV operating temperature. 

 

 
Fig. 16: Distribution of thermal operating regimes 

based on modeled PV operating temperature 
Source: created by the authors 

 

Stable operating conditions below 25°C 

dominated most of the annual operating period, 

while moderate and high thermal stress conditions 

became more frequent during summer operation. 

Extreme thermal stress conditions above 55°C 

occurred only during limited operating intervals. 

The monthly distribution of thermal stress regimes 

is shown in Figure 17. 
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Fig. 17: Monthly distribution of thermal stress 

regimes during the investigated operating period 
Source: created by the authors 

 

High and extreme thermal stress conditions 

were concentrated primarily during June, July, and 

August, corresponding to periods of intensified 

thermal loading and reduced cooling effectiveness. 

Figure 18 illustrates the thermal operating regime 

map of the PV system. 

 

Fig. 18: Thermal operating regime map showing the 

relationship between solar irradiance, ambient 

temperature, and modeled PV operating temperature 
Source: created by the authors 

 

Elevated operating temperatures are primarily 

associated with simultaneous high-irradiance and 

high-ambient-temperature conditions, confirming 

the coupled influence of atmospheric and radiative 

thermal drivers. The results additionally indicate 

that irradiance intensity remains the dominant 

thermal driver, while ambient temperature acts as a 

secondary amplifying factor during high-

temperature operating conditions 

 

3.5  Operational Temperature Measurements 
Figure 19 presents operational temperature 

measurements obtained from the inverter 

monitoring system during representative high-

temperature operating periods.  

 
Fig. 19: Operational temperature measurements 

recorded by the inverter monitoring system during 

outdoor operation 
Source: created by the authors 

 

The measurements show pronounced daily 

thermal cycling behavior and operating 

temperatures exceeding 60°C during peak daytime 

conditions. Although the measurements do not 

directly represent solar-cell temperature, they 

provide important operational evidence of 

substantial thermal loading within the PV system 

during outdoor operation. 

 

 

4 Conclusion 
This study investigated the thermal behavior and 

temperature-related efficiency variation of a 

photovoltaic system operating under high-

temperature outdoor conditions using several 

empirical and semi-empirical thermal formulations. 

The analysis included the classical Ross/NOCT 

approach, wind-corrected and irradiance-adjusted 

NOCT formulations, the Faiman thermal model, and 

a proposed semi-empirical Thermal Performance 

Deviation Model (TPDM). The results demonstrated 

pronounced seasonal and daily thermal variability 

during outdoor PV operation. Modeled operating 

temperatures exceeded 60°C during the most 

thermally stressed summer conditions, while winter 

operation remained characterized by substantially 

lower thermal loading. The analysis additionally 

showed a strong relationship between irradiance 

intensity and operating temperature, confirming that 

solar-energy absorption represents the dominant 

thermal driver of PV operating behavior. Wind-

driven convective cooling was also found to play an 

important moderating role by reducing excessive 

thermal accumulation during outdoor operation. 

Temperature-related efficiency loss increased 

significantly during summer conditions, with the 

maximum estimated thermal efficiency loss 

reaching 10.83%. More than 1100 operating hours 

exhibited efficiency losses above 3%, while 552 

operating hours exceeded 5% thermal efficiency 

loss. Thermal stress regime analysis further showed 
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that high and extreme thermal-loading conditions 

were concentrated primarily during June, July, and 

August. Among the investigated formulations, the 

proposed TPDM achieved the best overall statistical 

performance, with an R2 value of 0.857 and an 

RMSE of 0.724. Although simplified empirical 

thermal formulations cannot fully reproduce all 

transient atmospheric effects under real outdoor 

conditions, the results indicate that the inclusion of 

thermal excess improves the representation of PV 

thermal-performance behavior. 

The study additionally highlights the importance 

of transient heat-transfer mechanisms in 

determining outdoor PV operating conditions. The 

interaction between irradiance-driven heat 

accumulation and atmospheric convective cooling 

governs the observed thermal response and short-

term efficiency variation under real operating 

conditions. Operational temperature measurements 

obtained from the inverter monitoring system 

further confirmed the presence of substantial 

thermal loading during high-temperature operation. 

Overall, the presented analysis provides a 

physically interpretable framework for evaluating 

PV thermal behavior, thermal stress conditions, and 

temperature-related efficiency variation under real 

outdoor operating environments. The present 

analysis is based on modeled operating temperatures 

and operational thermal measurements rather than 

direct solar-cell temperature measurements. Future 

work may include infrared thermography or direct 

backside module temperature sensing in order to 

further improve the characterization of transient 

thermal behavior under real operating conditions. 
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