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Abstract –Accurate solar energy irradiation data are essential for the design, optimization, and 

performance evaluation of photovoltaic systems. Given the frequent scarcity of high-resolution 

ground-measured data, reliable estimation techniques are critical. This study validates and 

compares the empirical models of Perrin de Brichambaut and Capderou for predicting global 

solar irradiation on an inclined plane, using a case study at the OUED-NECHOU Photovoltaic 

Center in Ghardaïa, Algeria. The analysis utilizes high-resolution experimental measurements 

recorded at 4-minute intervals under clear-sky conditions on the 15th of four representative 

months in 2023 (January, May, July, and October). Furthermore, the influence of meteorological 

variables, such as relative humidity and wind speed, on irradiation variability is assessed. Model 

reliability is evaluated through a robust statistical framework, including Mea n Bias Error (MBE), 

Root Mean Square Error (RMSE), Mean Absolute Percentage Error (MAPE), and Correlation 

Coefficient (CC), supplemented by temporal absolute error (AE) analysis. The results indicate that 

while both models provide acceptable estimations of global solar energy irradiance, the Perrin de 

Brichambaut model consistently demonstrates superior performance compared to the Capderou 

model. This is confirmed by high correlation coefficients (CC) ranging from 0.89 to 0.96 and 

lower RMSE values (4.77 to 7.02 W/m²), highlighting the model's suitability for enhancing 

photovoltaic system planning in Saharan climates. 
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I. Introduction 
 

The rapid global transition toward sustainable energy 

systems has positioned solar energy as a cornerstone of 

the modern power sector. Given the urgent need to 

mitigate climate change and reduce reliance on fossil 

fuels, the effective utilization of solar resources has 

become a global priority. Accurate solar irradiation data 

are fundamental to this effort; they are essential for the 

site selection, design, system sizing, optimization, and 

real-time performance assessment of photovoltaic (PV) 

 

 

and solar thermal installations. Furthermore, precise solar 

modeling is indispensable for broader climatological 

research, environmental impact assessments, and the 

planning of resilient energy infrastructures. Despite this 

critical importance, the availability of long-term, high-

quality measured solar radiation data remains 

significantly restricted in many parts of the world. This 

data scarcity is primarily attributed to the high capital 

and operational costs of precision radiometric 
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instrumentation, the complexity of maintaining 

sophisticated equipment in remote environments, and the 

historically sparse distribution of ground-based 

measurement stations [1]. Consequently, the 

development and rigorous validation of reliable solar 

radiation estimation models which rely on readily 

available meteorological parameters—have emerged as a 

central research focus within the solar energy discipline. 

To overcome the inherent limitations of sparse 

measurement networks, researchers have developed an 

extensive spectrum of empirical, semi-empirical, and 

data-driven models tailored to diverse climatic 

conditions. In regions characterized by limited solar data, 

sunshine-duration-based empirical models have been 

frequently applied to estimate monthly mean daily global 

solar radiation, demonstrating robust predictive 

capability [2]. Comparative studies across varied 

climates have further refined these efforts; for example, 

investigations into diffuse solar radiation modeling have 

consistently indicated that multi-variable approaches 

generally outperform single-variable methods, with 

model performance being heavily dictated by local 

atmospheric and climatic characteristics [3]. Moreover, 

comprehensive reviews evaluating hundreds of empirical 

and machine-learning-based techniques highlight a 

consistent trade-off: while advanced data-driven models 

frequently achieve superior predictive accuracy, they 

often demand significantly higher computational 

resources and extensive historical datasets compared to 

simpler, classical empirical frameworks [4]. 

In the specific context of Algeria, which possesses one of 

the highest solar potentials globally, several studies have 

focused on validating and comparing various solar 

radiation models under local Saharan climatic conditions. 

Previous academic work comparing the Capderou, Perrin 

de Brichambaut, and Hottel models using measured data 

from various Algerian sites identified the Perrin de 

Brichambaut and Capderou models as particularly well-

suited for providing accurate estimates in this specific 

arid context [5]. Other studies focused on clear-sky 

radiation across diverse Algerian locations have further 

validated the performance of distinct empirical 

approaches, such as the Atwater–Ball and Bird–Hulstrom 

models, reinforcing the variability of model accuracy 

based on site-specific atmospheric parameters [6], [7]. 

Regarding the complex task of inclined surface 

modeling, the application of the semi-empirical Perrin de 

Brichambaut model has confirmed its utility in 

estimating irradiance across multiple Algerian regions, 

providing key insights into the strong solar potential of 

Saharan landscapes [8]. n the specific context of inclined 

surface modeling, the application of various semi-

empirical models has been extensively analyzed to better 

understand the irradiance patterns on tilted PV systems 

[9]. Furthermore, recent advancements have introduced 

high-resolution, 5-minute time-step methods for 

estimating tilted solar irradiation using only horizontal 

measurement data, often integrating the Perrin de 

Brichambaut and Liu–Jordan models with dynamic sky 

condition factors to surpass the performance of both 

conventional empirical and neural network-based 

approaches [10]. 

Furthermore, numerous studies have explored diverse 

methodologies to refine the estimation of solar radiation 

components, particularly diffuse and direct radiation, 

across varying atmospheric conditions [11-13]. Other 

research has focused on the comparative analysis of these 

semi-empirical models, often utilizing specific equations 

tailored to optimize the accuracy of predicted solar 

irradiance in regions where direct measurements are 

sparse [14-16]. To ensure the robustness of these 

findings, researchers have consistently employed 

rigorous statistical evaluation frameworks such as Mean 

Bias Error (MBE), Root Mean Square Error (RMSE), 

Mean Absolute Percentage Error (MAPE), and 

Correlation Coefficient (CC) to validate the predictive 

precision of solar models against ground-based 

measurements [17-22]. 

.Recent research underscores that the effective 

integration of multi-source renewable systems is essential 

for overcoming the unique environmental hurdles posed 

by desert landscapes, such as thermal instability and high 

levels of atmospheric dust [23]. Furthermore, the 

evolution of the 'food-energy-water' nexus demonstrates 

that precise solar irradiance prediction is a fundamental 

requirement for sustainable resource management in 

these water-stressed, sun-rich regions [24]. Coupled with 

these systemic approaches, recent methodological 

innovations—ranging from integrating sophisticated 

machine learning architectures [25] and high-

performance satellite-based services [26] to deep learning 

spectral analysis [27] and advanced principal component 

analysis [28] have paved the way for higher precision in 

forecasting solar energy outputs. 

Therefore, the primary objective of this study is to bridge 

the gap between traditional modeling and modern, data-

driven photovoltaic applications. This paper presents a 

novel comparative validation of the Perrin de 

Brichambaut and Capderou models for predicting global 

solar energy irradiation on a 30°-inclined plane in 

Ghardaïa, Algeria. The novelty of this research lies in its 

use of high-resolution experimental measurements 

recorded at 4-minute intervals, providing a granular 

assessment of model performance across seasonal 
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variations in a challenging Saharan environment. By 

employing a robust statistical framework including Mean 

Bias Error (MBE), Root Mean Square Error (RMSE), 

Mean Absolute Percentage Error (MAPE), Correlation 

Coefficient (CC), and temporal absolute error (AE) 

analysis this study provides a high-fidelity benchmark 

that enhances the reliability of solar energy system 

planning and optimization in data-scarce arid regions. 

 

II. Methodology 
 

To ensure the reliability and practical applicability of the 

solar radiation estimation models, it is essential to 

contextualize the experimental environment and the 

criteria used for model selection. The following points 

detail the technical and geographical characteristics of the 

study site and the rationale behind the chosen empirical 

approach: 

 Site Location: The experimental data were collected 

at the Oued-Nechou Photovoltaic Center in 

Ghardaïa, Algeria (Latitude: 32.48°N, Longitude: 

3.67°E). 

 Climatic Context: This site is characterized by an 

arid Saharan climate, featuring high solar potential 

and significant seasonal temperature variations. 

 Measurement Infrastructure: The station uses high-

precision pyranometers mounted at a 30°-inclined 

surface, which aligns with the optimal tilt angle for 

photovoltaic applications in this latitude. 

 Data Resolution: Global solar irradiance is recorded 

at a high temporal resolution of 4-minute intervals, 

facilitating a precise analysis of diurnal radiation 

profiles. 

 Scientific Justification for Models: The Perrin de 

Brichambaut and Capderou models were selected 

because they rely on fundamental meteorological 

parameters (such as ambient temperature and 

atmospheric pressure) that are easily monitored at 

the Oued-Nechou site. 

 Practical Framework: Using these models provides a 

practical, cost-effective, and robust framework for 

solar energy assessment, particularly in remote 

desert environments where complex instrumentation 

may be limited. 

 

 

II.1. Climatic, Geographical, and Meteorological 

Characterization of the Photovoltaic Power Plant 

Site  

 

The solar energy power plant is situated near OUED-

NECHOU (32°24′ N, 3°48′ E; 566 m above sea level), 

approximately 15 km north of Ghardaïa. The 10-hectare 

site has a Saharan climate with high temperatures, 

frequent sandstorms, and abundant sunlight; summer 

irradiance typically ranges from 900 to 1000 W/m². For 

performance monitoring and analysis, a meteorological 

station mounted on the top of the control room 

continuously logs solar and meteorological data at 4-

minute intervals, as shown in Figure 1 .  

 
 

Figure 1. Weather monitoring station used for solar and meteorological 

data acquisition at the OUED-NECHOU photovoltaic power plant, 

Ghardaïa  

 

II.2. Mathematical Formulation of the Empirical 

Models 

 

Due to a shortage of meteorological stations and 

equipment for monitoring solar radiation, theoretical and 

empirical models are commonly used to estimate solar 

radiation in places where observed data are not available. 

Numerous empirical and theoretical models , such as 

those developed by Capderou, Perrin de Brichambaut, 

and Liu-Jordan, Atwater and Ball, Bird and Hulstrom, 

and Sun,, have been developed to compute direct, 

diffuse, and global solar radiation under various climatic 

conditions to predict radiation on an inclined surface. 

In this study, the Perrin de brichambaut and Capderou 

empirical models are employed to estimate global solar 

irradiation on an inclined plane. Their predictions are 

validated using experimental measurements recorded by 

the meteorological station installed at the Oued-Nechou 

photovoltaic power plant. (currently operated by 

Sonelgaz Renewable Energy). 

The global solar irradiation incident on an inclined 

surface as  shown in Eq  (1),  is composed of three 

components: the direct beam component, the diffuse sky 

component, and the ground-reflected component, and can 

be expressed as follows: 

 

  GT = S + Dciel + Dsol                          (1)                                                 

 

GT  = Total inclined radiant energy [W/m
2
]. 
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S    = Direct radiation on an angled plan [W/m
2
] . 

Dciel = Diffuse radiation on an angled plan [W/m
2
]. 

Dsol  = Ground reflection radiation on an angled plan 

(albedo) [W/m
2
]. 

 

 

II.3. PERRIN DE BRICHAMBAUT Model  

 

The total of the direct, diffuse, and ground-reflected 

radiation components is the global solar radiation 

incident on an inclined plane as expressed in Eq. (2),[8], 

[11-13]. 

   GT=S+Dciel+Dsol                                    (2) 

 

II.4. CAPDEROU Model 

 

The global solar irradiation incident on an inclined 

surface is estimated using the Capderou model as follows 

Eq. (3). [14-15] 

    =           (    ((    
          

  

)
  

))          (3)                

 

III. Results  and Discussion  
 

The meteorological station at the Oued-Nechou solar 

energy plant in Ghardaïa, Algeria, provided the 

experimental data used in the present study. On 15 th  

(January , May , July , and October), 2023, 

measurements were taken every 4 minutes from sunrise 

to sunset. Estimates from the Perrin de Brichambaut and 

Capderou empirical models were compared with 

measured global solar irradiance under clear-sky 

simulated conditions. To assess each model's predictive 

ability and determine which one best fits the 

experimental observations, simulations were run in 

MATLAB R2020b. Figures  show the comparison 

results. 

 

III.1. Performance Analysis of Solar Irradiation Models 

 

The results presented in Figure 2 illustrate a precise 

tracking of the daily solar irradiance cycle on January 

15th, 2023. The Perrin de Brichambaut model 

demonstrates superior agreement with the experimental 

data at the peak irradiance (1030.02 W/m²), whereas the 

Capderou model exhibits a tendency to overestimate, 

peaking at 1189.7 W/m². The absolute error curves 

indicate that the variance in model accuracy is most 

pronounced during the morning hours (between 08:00 

and 11:00 TSV), reflecting the impact of local 

atmospheric conditions on estimation precision. 

Furthermore, the relationship between ambient 

temperature and solar irradiance highlights a thermal lag, 

with temperatures reaching a peak of 36.34°C in the mid-

afternoon. Overall, this analysis confirms the higher 

reliability of the Perrin de Brichambaut model for 

assessing photovoltaic system performance in Saharan 

climates during the winter season. 

 

 
 

Figure 2. Simulated and estimated global inclined solar radiation as a 

function of TSV  on January 15th , 2023 (winter day) 

 

 

III.2. Performance Evaluation of Solar Irradiation 

Models under Seasonal Variations 

 

The performance evaluation of the solar irradiation 

models, as depicted in Figure 3, reveals distinct 

differences in predictive accuracy under local climatic 

conditions. While the experimental peak irradiance 

reaches 928.67 W/m², the Capderou model tends to 

overestimate this value, peaking at 1110.8 W/m², 

whereas the Perrin de Brichambaut model offers a more 

conservative estimate of 868.96 W/m². The absolute error 

profiles (Abs-Err I and II) demonstrate increased 

uncertainty during the early morning and late afternoon, 

likely due to low-solar-angle effects in the arid 

environment. Furthermore, the ambient temperature 

trend, which peaks at 29.87°C, shows a characteristic 

thermal lag relative to the solar irradiance, a critical 

factor for assessing photovoltaic system efficiency. 

Ultimately, these deviations highlight the necessity of 

calibrating semi-empirical models against high-resolution 

ground measurements to optimize energy yield 

predictions for the Oued-Nechou site. 

 



 Abderraouf Bouramdane et al/ International Journal of Energetica (IJECA) Vol. 11, N°1, 2026, pp. 40-47 

                                                                                                                                                                                   Page 44 
 

 
 

Figure 3. Simulated and estimated global inclined solar radiation as a 

function of TSV  on May 15
th

 , 2023 (Spring day). 

 

III.3. Comparative evaluation of experimental and 

predicted global solar radiation and ambient 

temperature profiles. 

 

The performance analysis illustrated in Figure 4 

underscores the predictive behavior of the Perrin de 

Brichambaut and Capderou models during a 

representative day, where the experimental peak 

irradiance is recorded at 1050.9 W/m². Consistent with 

previous observations, the Capderou model exhibits a 

clear overestimation, reaching a peak of 1195.3 W/m², 

whereas the Perrin de Brichambaut model provides a 

closer approximation to the measured data with a peak of 

985.94 W/m². The absolute error profiles (Abs -Err I and 

II) confirm that model discrepancies intens ify during 

extreme solar angles, while the ambient temperature—

peaking significantly at 43.19°C—illustrates the severe 

thermal conditions characteristic of the Ghardaïa region. 

This sharp temperature elevation, coupled with the 

observed modeling variances, highlights the necessity for 

rigorous local calibration of semi-empirical models to 

accurately forecast photovoltaic performance in extreme 

Saharan climates. 

 
Figure 4. Simulated and estimated global inclined solar radiation as a 

function of TSV  on July 15th , 2023 (Summer day) 

III.4. Comparative evaluation of experimental and 

predicted global solar radiation and ambient 

temperature profiles. 

 

The performance analysis illustrated in Figure 5 provides 

further insight into the predictive reliability of the 

empirical models under varying conditions, where the 

experimental peak irradiance is observed at 893.30 

W/m². In alignment with previous findings, the Capderou 

model consistently overestimates the solar potential, 

reaching a peak of 1151.3 W/m², whereas the Perrin de 

Brichambaut model demonstrates better fidelity with a 

peak of 955.89 W/m². The absolute error profiles (Abs -

Err I and II) reveal significant fluctuations during the 

afternoon hours, suggesting that local atmospheric 

instability or rapid changes  in cloud cover impact the 

model performance at the Oued-Nechou site. 

Furthermore, the ambient temperature trend, peaking at 

37.23°C, exhibits a clear phase shift relative to the solar 

irradiance, which is a characteristic thermal response in 

Saharan climates. Collectively, these results reinforce the 

necessity of validating theoretical estimations with high-

resolution ground-based data to refine the design and 

long-term performance monitoring of photovoltaic power 

plants in arid regions. 

 

 
 
Figure 5.  Simulated and estimated global inclined solar radiation as a 

function of TSV  on October 15th , 2023 (Fall day) 

 

 

IV. Discussion 
 

IV.1. Statistical Evaluation of Model Performance 

 

To rigorously evaluate the accuracy of the solar radiation 

estimation models, four widely accepted statistical 

metrics were utilized: Mean Bias Error (MBE), Root 

Mean Square Error (RMSE), Mean Absolute Percentage 

Error (MAPE), and the Correlation Coefficient (CC) [5-
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6, 12, 17-22]. These metrics provide a comprehensive 

assessment of model predictive capability: 

 MBE (W/m²): Indicates the systematic bias of the 

model, where positive values signify overestimation 

and negative values indicate underestimation. 

 RMSE (W/m²): Quantifies the total variance 

between estimated and measured values; lower 

values signify higher predictive precision. 

 MAPE (%): Measures the relative magnitude of the 

error, providing an assessment of model accuracy 

independent of the irradiance scale. 

 CC: Represents the degree of concordance between 

calculated and observed datasets, where values 

closer to unity indicate superior model performance. 

The statistical analysis, summarized in Tables 1and 2, 

reveals that the Perrin de Brichambaut model 

consistently outperforms the Capderou model across all 

tested seasonal conditions. As illustrated in Figure 6, the 

error metrics for the Perrin model remain lower and more 

stable throughout the representative days of 2023. For 

instance, on January 15th, the Perrin de Brichambaut 

model achieved lower MBE (2.2534 vs. 4.2540 W/m²) 

and RMSE (6.7180 vs. 7.3220 W/m²), alongside a 

stronger correlation coefficient (0.9273 vs. 0.8592). 

While the Capderou model demonstrated competitive 

performance on May 15th with a lower MAPE (1.0244% 

vs. 1.6244%), the Perrin de Brichambaut model 

maintained superior overall stability, particularly in July 

and October, where it yielded significantly lower errors 

and higher correlation coefficients. 

This superior statistical performance across all seasonal 

test cases confirmed by both the tabular data and the 

visual trends in Figure 6 suggests that the underlying 

assumptions of the Perrin de Brichambaut model 

regarding diffuse radiation and atmospheric clarity are 

better suited to the specific climatic characteristics of the 

Oued-Nechou site compared to the Capderou model. 

These results reinforce the necessity of validating 

theoretical estimations against high-resolution ground-

based data, such as those presented in Figure 6, to 

optimize energy yield predictions for photovoltaic power 

plants in arid regions. 

  
Table 1. Statistical Performance Indicators of the Perrin de 

Brichambaut Model Over Four Representative Days in 2023  

          Days  MBE      RMSE MAPE CC 

15th January,2023 2.2534 6.718 0.8124 0.9273 

15th May   ,2023 1.6044 5.2191 1.6244 0.9134 

15th July , 2023 3.5890 4.7749 1.9123 0.9585 

15 th October, 2023 1.4965 7.0186 3.4326 0.8929 

 
 

Table 2. Statistical Performance Indicators of the Capderou Model Over 

Four Representative Days in 2023. 

           Days MBE RMSE MAPE CC 

15th January,2023 4.254 7.322 0.8791 0.8592 

15th May   ,2023 3.8521 5.9075 1.0244 0.9024 

15th July,2023 5.2188 5.9587 2.8802 0.8031 

15 th October, 2023 2.8403 8.9221 11.4945 0.8326 

 

 
 

Figure 6. Error Metrics: MBE and RMSE Comparison 

 

IV.2.  Physical Interpretation of Results 

 

To gain a comprehensive understanding of the model 

behavior, it is necessary to move beyond purely 

statistical indicators and examine the underlying physical 

phenomena governing the local Saharan climate. The 

performance of the evaluated empirical models is 

intrinsically tied to the atmospheric conditions of the 

Ghardaïa region, as detailed in the following points: 

 The differences in model performance across 

seasons are driven by the complex atmospheric 

dynamics inherent to the Saharan landscape. 

 The fluctuations in error metrics, specifically the 

increased RMSE observed during October, are likely 

linked to seasonal shifts in aerosol optical depth and 

the frequency of atmospheric dust events. 

 In arid climates, particulate matter significantly 

attenuates direct solar radiation and increases the 

diffuse radiation component, creating unique 

challenges for semi-empirical models. 

 The superior performance of the Perrin de 

Brichambaut model suggests that its internal 

algorithms are better equipped to account for 

variations in atmospheric clarity compared to the 

Capderou approach. 

 Scientific Conclusion: These results demonstrate 

that model precision is not just a mathematical 

outcome but is deeply linked to the physical 

interactions between solar radiation and the local 

Saharan atmosphere. 
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V. Conclusion 
 

This study evaluated the accuracy of the Perrin de 

Brichambaut and Capderou empirical models for 

estimating global solar radiation on a 30°-inclined 

surface at the Oued-Nechou Photovoltaic Center in 

Ghardaïa, Algeria. Utilizing high-resolution 

meteorological data recorded at 4-minute intervals 

throughout four representative days in 2023, the study 

provided a comprehensive seasonal performance 

analysis. 

The results indicate that while both models effectively 

reproduce the diurnal solar radiation profile, the Perrin de 

Brichambaut model consistently outperforms the 

Capderou model across all statistical metrics (MBE, 

RMSE, MAPE, and CC). Specifically, the Perrin de 

Brichambaut model demonstrated superior reliability, 

achieving a peak correlation coefficient of 0.9585 and an 

RMSE as low as 4.7749 W/m² during the summer period. 

Although the Capderou model provided competitive 

results under specific conditions, its overall predictive 

performance exhibited higher systematic bias and relative 

error. 

In conclusion, the Perrin de Brichambaut model is 

identified as the most accurate empirical tool for 

estimating global solar irradiation on inclined surfaces 

within the Saharan climatic context of the study area. 

These findings highlight the efficacy of using such semi-

empirical models as robust, practical tools for solar 

energy yield assessment, particularly in remote regions 

where ground-based monitoring infrastructure may be 

limited. Future work could focus on further calibrating 

these models to account for the specific impact of 

Saharan dust and aerosol optical depth on diffuse 

radiation components  

 

While this study establishes the reliability of the Perrin 

de Brichambaut model for the Oued-Nechou site, future 

research will aim to further refine the predictive precision 

of these models through the following directions: 

 Aerosol and Dust Impact Analysis: Given the arid 

Saharan climate, the frequent occurrence of 

sandstorms and high aerosol optical depth (AOD) 

significantly alters atmospheric transmittance. Future 

investigations will incorporate real-time AOD and 

local turbidity measurements to calibrate the diffuse 

radiation component of the model. 

 Long-term Temporal Validation: Extending the 

performance evaluation from representative days to 

a multi-year continuous dataset will allow for a more 

robust analysis of inter-annual climate variability 

and its influence on PV system degradation and 

energy yield. 

 Model Hybridization: Exploring hybrid approaches 

by coupling these semi-empirical models with 

machine learning algorithms—such as Artificial 

Neural Networks (ANN) or Support Vector 

Regression (SVR) could potentially mitigate the 

systematic biases identified in the Capderou model, 

leading to higher predictive accuracy. 

 Surface Albedo Dynamics: Future studies will also 

examine the seasonal variations in ground albedo at 

the site, which play a critical role in the accurate 

estimation of solar radiation on tilted surfaces. 
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