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Abstract 

The accurate modeling of diffuse irradiance is essential for evaluating the rear/front ratio (R/F) in bifacial 

photovoltaic (PV) systems. This study investigates the performance of different diffuse separation and 

transposition models for front and rear irradiance estimation using field data collected in Recife, Brazil (8°S, 

34°W). Two separation models (Erbs and Starke3) and two transposition models (Isotropic and HDKR) were 

tested in their four possible combinations. Results show that the Starke3 model consistently outperforms Erbs 

in estimating both global (GTI) and rear (RTI) tilted irradiances. When combined with the HDKR model, 

Starke3 achieved the lowest normalized mean absolute error for the rear tilted irradiance (13.8% for RTI) and 

the best agreement with observed R/F ratios. The HDKR model improved R/F estimations by reducing nRMSE 

from 24.2% to 19.9%. The study demonstrates that accurate diffuse modeling, especially under medium to 

high clearness index conditions, is crucial to properly quantify rear irradiance and consequently the bifacial 

gains. Neglecting anisotropy or horizon brightening can increase the R/F estimation errors, significantly 

affecting the bifacial gain estimation error in 40%. 
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1. Introduction 

Bifacial photovoltaic (PV) modules account for approximately 90% of current global PV module sales, a share 

that is expected to remain stable over the next 10 years (VDMA, 2024). The bifacial modules’ ability to capture 

solar irradiance on both the front and rear surfaces increases energy production potential compared to the 

traditional front-only collecting modules. The annual yield gains can increase up to 10%, even for fixed-tilt 

ground-mounted systems ,with a typical natural ground cover albedo of 0.25 (Sun et al., 2018). 

Reliable estimation of bifacial PV performance depends heavily on accurate modelling of the diffuse irradiance 

reaching both sides of a tilted surface. While ray tracing tools such as RADIANCE (Ward, 1994) provide 

detailed simulations, the computationally intensive nature of these tools limits their use in typical applications, 

making diffuse irradiance factor-based methods more practical for modeling bifacial systems (Marion et al., 

2017). However, these approaches rely on the accurate transposition of diffuse irradiance from horizontal to 

tilted surfaces, and in the absence of direct/diffuse measurements, they also rely directly on global horizontal 

(GHI) decomposition models. 

The complexity of bifacial PV modeling has been investigated in recent literature, with particular emphasis on 



 
the challenges associated with rear surface irradiance estimation. Deline et al. (2024) demonstrated that tilted 

diffuse factor-based approaches can achieve reasonable accuracy for bifacial systems performance assessment 

when the inputs are global and diffuse horizontal measurements, but may present significant variability under 

specific conditions such as snowy events. Similarly, Asgharzadeh et al. (2019) implemented global and diffuse 

measurements to compare the performance of 2D and 3D view factors, the authors highlighted that 2D view 

factors are sufficiently accurate to estimate annual energy for any well-characterized bifacial PV system. 

Recent advances in decomposition modeling, such as those presented by Starke et al. (2021), have introduced 

enhanced meteorological sensitivity that could potentially improve bifacial performance predictions when 

diffuse measurements are not available. However, the specific impact of different decomposition and 

transposition model combinations on rear/front ratio estimation or on bifacial gain remains insufficiently 

explored, particularly regarding their relative performance under varying atmospheric conditions. 

In this context, the present study investigates the influence of two global horizontal irradiance decomposition 

models (Erbs and Starke3) and two diffuse transposition models (Isotropic and HDKR) on the estimation of 

tilted irradiance components, including both reflected and sky dome diffuse irradiance. The analysis aims to 

assess their impact on the rear/front irradiance ratio for bifacial PV systems. 

2. Diffuse modelling 

To estimate the global or rear tilted irradiances is fundamental to have all horizontal components. When direct 

normal irradiance (DNI) and diffuse horizontal irradiance (DHI) measurements are not available, which is a 

common situation worldwide, GHI separation models must be implemented to separate global horizontal 

irradiance into its direct and diffuse components (Starke et al., 2018).  

One of the most widely used empirical models is the Erbs model (Erbs et al., 1982). In the present paper it is 

used as a baseline for estimating the diffuse fraction (kd) and consequently the DHI and DNI. The Erbs model 

is a simple and univariate model based on the clearness index (kt) (see eq. 1).  

The Starke3 model (Starke et al., 2021) represents a significant advancement in high resolution diffuse fraction 

modeling by incorporating multiple meteorological and temporal variables. This model introduced several 

improvements over previous approaches, like the BRL model (Ridley et al, 2010) or STARKE2 (Starke et al., 

2018). 

𝑘𝑑
𝑬𝑹𝑩𝑺 = {

1 − 0.09𝑘𝑡                                                                                                                  𝑘𝑡 ≤ 0.22

0.9511 − 1.1605𝑘𝑡 + 4.388𝑘𝑡
2 − 16.638𝑘𝑡

3 + 12.336𝑘𝑡
4                      0.22 < 𝑘𝑡 ≤ 0.8

0.177                                                                                                                            𝑘𝑡 > 0.8

 (eq. 1) 

 

𝑘𝑑
𝑺𝑻𝑨𝑹𝑲𝑬𝟑 = {

1

[1+exp(𝛽8+𝛽9𝑘𝑡+𝛽10𝐻𝑆𝐴+𝛽11𝛼+𝛽12𝐾𝑡+𝛽13𝜓+𝛽14
𝐶𝑆𝐼

277,78
+𝛽15𝑘𝑡,ℎ)]

    , 𝐾𝐶𝑆𝐼 < 1,05

1

[1+exp(𝛽0+ 𝛽1𝑘𝑡+𝛽2𝐻𝑆𝐴+𝛽3𝛼+𝛽4𝐾𝑡+𝛽5𝜓+𝛽6
𝐶𝑆𝐼

277,78
+𝛽7𝑘𝑡,ℎ)]

,      𝐾𝐶𝑆𝐼 ≥ 1,05 𝑒 𝑘𝑡 > 0,75
       (eq. 2) 

 

where kt = GHI/G0h represents the clearness index, with G0h being the extraterrestrial horizontal irradiance. 

The variability index (ψ) captures the temporal variability of solar irradiance, providing better estimates during 

intermittent cloud conditions. The hourly clearness index (kt,h) describes low-frequency variations, like a 

variability index but with lower variations. Other parameters like the solar elevation angle (α), apparent solar 

time (AST), daily clearness index (Kt) and the clear sky irradiance (CSI) obtained based on the simplified Solis 

model (Ineichen, 2008) are also used to improve the model's responsiveness to short-term atmospheric 

changes, notably the cloud enhancement events. The coefficients (β) presented in eq. 2 are derived from Starke 

et al. (2021), where the model is calibrated for different climates, in the present paper the coefficients of the 

Tropical climate were selected. 



 
Once horizontal irradiance components are available, the global tilted irradiance (GTI) and the rear tilted 

irradiance (RTI) can be estimated by the sum of the direct and diffuse irradiance incident on the inclined plane. 

The diffuse irradiance over each plane is composed of the irradiance that comes from sky-dome, excluding 

directions of the Sun’s disk, and the irradiance that is reflected by the ground. These both contribute to diffuse 

irradiance on each side of the module through the way they are seen by each surface. The transposition of 

direct irradiance is straightforward and obtained through geometric conversion, considering the angle of 

incidence between the solar beam and each surface (front, AIfront and rear, AIrear). The transposition of diffuse 

irradiance is considerably more complex due to the anisotropic nature of sky radiance distribution. The 

reflected component is typically treated with simplified approaches given its relatively lower contribution to 

the total irradiance budget and is represented as the product of the reflected horizontal irradiance (RTI, 

calculated as GHI times the albedo) and a simple Ground View Factor (GVF). In contrast, sky-dome diffuse 

irradiance has been modelled with more complex expressions multiplying DHI, for instance, treating some of 

the circumsolar diffuse as direct and including horizon sky-dome brightening. By conveniently defining a 

Tilted Diffuse Ratio (TDR) modelling the the sky dome diffuse irradiance, all the transposition models 

considered in this study can be written as follows:  

𝐺𝑇𝐼 = 𝐷𝑁𝐼 𝑐𝑜𝑠(𝐴𝐼𝑓𝑟𝑜𝑛𝑡) + 𝐷𝐻𝐼 ∗ 𝑇𝐷𝑅𝑓𝑟𝑜𝑛𝑡 + 𝑅𝐻𝐼 ∗ 𝐺𝑉𝐹𝑓𝑟𝑜𝑛𝑡   (eq. 3) 

 

𝑅𝑇𝐼 = 𝐷𝑁𝐼 𝑐𝑜𝑠(𝐴𝐼𝑟𝑒𝑎𝑟) + 𝐷𝐻𝐼 ∗ 𝑇𝐷𝑅𝑟𝑒𝑎𝑟 + 𝑅𝐻𝐼 ∗ 𝐺𝑉𝐹𝑟𝑒𝑎𝑟         (eq. 4) 

 

Diffuse transposition models can be classified into two main categories: isotropic models, which assume 

uniform sky radiance distribution, and anisotropic models, which account for the non-uniform distribution of 

diffuse radiation across the sky dome. The isotropic model of Liu and Jordan (1961) represents the simplest 

approach, assuming uniform sky brightness and therefore a simple Sky View Factor (SVF) is enough to model 

the sky dome diffuse irradiance contribution. The TDR for front and rear are then represented by eq. 5 and 6. 

𝑇𝐷𝑅𝑓𝑟𝑜𝑛𝑡 = 𝑆𝑉𝐹𝑓𝑟𝑜𝑛𝑡,𝑖𝑠𝑜 =
1+cos 𝛽

2
      (eq. 5) 

 

𝑇𝐷𝑅𝑟𝑒𝑎𝑟 = 𝑆𝑉𝐹𝑟𝑒𝑎𝑟,𝑖𝑠𝑜 =
1−cos 𝛽

2
             (eq. 6) 

 

The model proposed by Reindl et al. (1990) extends previous diffuse irradiance formulations by adding a 

horizon brightening term to better represent sky conditions. It builds on the work of Hay and Davies (1980), 

who introduced the anisotropy index to differentiate isotropic sky dome diffuse radiation from the 

circumsolar diffuse radiation. Earlier, Temps and Coulson (1977) and Klucher (1979) had refined the 

isotropic assumption by including horizon brightness and developing an all-sky modulating function. The 

combined contributions of these studies form what is widely known as the HDKR model (Duffie and 

Beckman, 2013). The eq. 7 represents the TDR of the HDKR model and eq. 6 is an adaptation of this model 

to the rear side. 

 

𝑇𝐷𝑅𝑓𝑟𝑜𝑛𝑡,𝐻𝐷𝐾𝑅 = [𝐹𝐻𝐷𝑅𝑏,𝑓𝑟𝑜𝑛𝑡 + (1 − 𝐹𝐻𝐷) (
1−cos 𝛽

2
) (1 + 𝑓 sin3 (

𝛽

2
))]  (eq. 7) 

 

𝑇𝐷𝑅𝑟𝑒𝑎𝑟,𝐻𝐷𝐾𝑅 = [𝐹𝐻𝐷𝑅𝑏,𝑟𝑒𝑎𝑟 + (1 − 𝐹𝐻𝐷) (
1+cos 𝛽

2
) (1 + 𝑓 sin3 (

180−𝛽

2
))]        (eq. 8) 

 

where Rb is the geometric factor for the front (Rb,front) and rear side (Rb,rear), FHD is the anisotropy index of Hay 

and Davies calculated by DNI/DNIext, where DNIext is the extraterrestrial direct normal irradiance and f is the 



 

modulation factor of Reindl represented as √𝐷𝑁𝐼 cos 𝜃𝑧 /𝐺𝐻𝐼). 

For the reflected component the assumption of uniform reflected radiance distribution is applied with a global 

albedo value modeling the ground reflectance. The view factor to estimate tilted irradiance (both front and 

back) can be adjusted by a distribution function of elevation (Durusoy et al., 2020) as the PV module 

experiences different irradiance levels at different highs (top and bottom of the module). For this study, as the 

RTI and GTI measurements are recorded by sensors on the same level, these more complex functions are not 

applied. The ground view factor for both front and rear are calculated by eq. 9. 

 

𝐺𝑉𝐹𝑓𝑟𝑜𝑛𝑡 =
1−cos 𝛽

2
    ;    𝐺𝑉𝐹𝑟𝑒𝑎𝑟 =

1+cos 𝛽

2
     (eq. 9) 

 

3. Data and Methodology 

The experimental data were collected at the Center for Renewable Energy (CER-UFPE) in Recife, Brazil 

(8.055°S, 34.955°W, 4 m elevation), characterized by a Tropical Monsoon climate (Köppen–Geiger: Am). 

Global and reflected horizontal irradiances were measured using an EKO MS-60 albedometer (305–2800 nm, 

Class B according to the ISO 9060:2018 standard), while tilted front and rear irradiance data were obtained 

from two Li-Cor Li-200R pyranometers (400–1100 nm), calibrated with a Kipp & Zonen CMP22 secondary 

standard. All sensors were mounted 2 meters above ground level (see Fig. 1). 

 

         

Fig. 1: Weather station with horizontal albedometer and tilted sensors at 30°. 

 

The methodology begins with the acquisition and quality control of solarimetric data. Standard filters from 

Rodríguez-Muñoz et al. (2024) and Baseline Surface Radiation Network (BSRN) (McArthur, L., 2005) were 

applied, along with an additional filter to exclude shading effects from a nearby experimental tower. All filters 

were applied to the global tilted and horizontal irradiance in the two directions (front and back). The filters 

from BSRN related to the diffuse component were applied in this work as an upper limit for the rear irradiance 

components (RTI and RHI) as these components are highly influenced by the reflection on the ground and may 

have values below the BSRN threshold. 

The filters related to Albedo were applied based on Rodríguez-Muñoz et al. (2024), but the statistical filter of 

albedo envelope was adapted from a 3𝜎 threshold toa more conservative value of 2𝜎, motivated from Petribu 

et al. (2017) when removing outliers for the diffuse fraction. 

As a summary, the filters applied on the quality control procedure are: 



 
• Physical Limits:  0 W/m² < GTI, GHI, RHI, RTI < 2000 W/m²  

• BSRN Limits:  0 W/m² < GTI, GHI < Sc p (cos θz)a    ∴   Sc= 1361.1 W/m² , p = 1.5, a = 1.2 

           0 W/m² < RHI, RTI < Sc p (cos θz)a    ∴   Sc= 1361.1 W/m² , p = 0.95, a = 1.2 

• kt limits:   0 < kt < 1.4 

• Solar elevation: θz < 83° 

• Albedo limits:  0 ≤ ρg ≤ 1 

• Albedo Envelope:  | ρg − ρ̅g | ≤ 2𝜎, 

• Shading removal: γ ∉ [γA, γB] and α ≥ αA|B  

 

The last filter, related to shading removal, was based on geometric solar diagram analysis. The shading-affected 

data were excluded by retaining only periods when the solar azimuth (γ) lay outside the obstacle azimuth 

interval ([γA, γB]) and the solar elevation (α) exceeded the shading angle defined by αshadow  = arctan(h / 

√(x² + y²)), where h is the height of the structure and the x and y are the distances of point A or B to the sensor. 

This method was also validated using an azimuth–solar elevation plot, where anomalous albedo values 

indicated the shading events calculated (see Fig. 2). 

 

 

Fig. 2: Removal of shadow caused by experimental tower of a pumping system in the quality assurance procedure. 

 

After data filtering, 64.9% of the diurnal measurements from 2025-02-07 to 2025-10-07 were retained. The 

global horizontal irradiance was decomposed into diffuse horizontal irradiance (DHI) and direct normal 

irradiance (DNI) using the Erbs and Starke3 models and the closure equation GHI = DHI + DNI cos(θz). These 

components, together with the measured reflected horizontal irradiance (RHI), were used to transpose the 

irradiance to the tilted plane using both the isotropic and HDKR models, adapted to estimate the rear and front 

irradiance.  

Several metrics were used to assess the performance of the rear/front irradiances and their ratio for each model 

combination, including MBE, MAE and RMSE, their normalized values by the measurements mean, and the 

ratio of simulated to measured standard deviation (STDr). 

After evaluating all irradiances and the rear-to-front ratio estimations, the bifacial gain simulated by each 

model combination was computed and compared to the measured scenario. The bifacial gain considered here 

is the percentage improvement captured by both sides with respect to a theoretical monofacial PV module 

which captures only GTI. The total irradiance incident on a theoretical bifacial PV module is computed by eq. 

10.  

 



 
𝐺𝑡𝑜𝑡𝑎𝑙 = 𝐺𝑇𝐼 +  𝜑 𝑅𝑇𝐼             (eq. 10) 

Where 𝜑 is the bifaciality factor and Gtotal is the total incident irradiance. Typical values for the bifaciality 

factor are around 0.74 for p-type (PERC) and 0.81 for n-type modules TOPCon (Jang et al. 2023). More 

conservative values like 0.7 are commonly adopted in the literature (Ledesma et al., 2020). In the present work 

we adopted a bifaciality factor of 0.7. 

 

4. Results 

4.1. Horizontal and Tilted Rear/Front Ratio Measurements 

Fig. 3 shows the dispersion plot and the average of the rear/front ratio in the horizontal and tilted planes. The 

horizontal rear/front ratio is in fact the global ground albedo. The sky dome diffuse irradiance captured by the 

backward tilted sensor leads to an increase in the average tilted rear/front ratio from 18.8% (horizontal) to 

28.0% (tilted). For this reason, modelling the diffuse irradiance from the horizontal to the tilted plane is 

essential to ensure correct irradiance modelling in bifacial PV systems. 

 

Fig. 3: Comparison of horizontal albedo and tilted rear/front ratio measurements. 

 

4.2. Modelling Irradiance from Horizontal to Tilted Plane 

Table 1 shows the performance results for the estimates of GTI (global tilted irradiance in front) and RTI 

(global tilted irradiance in the rear) for each model combination, with the best values for each metric 

highlighted in bold.  

 

Tab. 1: Comparison of the GTI and RTI components obtained from the different radiation models. 

 Sep. Transp. MAE (nMAE) MBE (nMBE) RMSE (nRMSE) STDr 

GTI 
(Mean: 

465.9 

W/m²)  

Erbs 
Isotropic 

22.7W/m² (4.8%) 3.8W/m² (0.8%) 36.8W/m² (7.9%) 1.01 

Starke3 21.1W/m² (4.5%) 0.2W/m² (0.0%) 35.3W/m² (7.5%) 1.00 

Erbs 
HDKR 

26.7W/m² (5.7%) 9.2W/m² (2.0%) 40.7W/m² (8.7%) 1.02 

Starke3 22.9W/m² (4.9%) 5.9W/m² (1.3%) 37.1W/m² (7.9%) 1.01 

RTI 
Erbs 

Isotropic 
23.2W/m² (18.8%) -23.2W/m² (-18.7%) 30.1W/m² (24.2%) 0.77 

Starke3 19.7W/m² (15.9%) -19.6W/m² (-15.8%) 26.2W/m² (21.1%) 0.75 



 
(Mean: 

123.8 

W/m²) 

Erbs 

HDKR 

21.0W/m² (17.0%) -20.6W/m² (-16.6%) 29.7W/m² (23.9%) 0.82 

Starke3 17.1W/m² (13.8%) -16.1W/m² (-13%) 25.2W/m² (20.3%) 0.82 

 

The Starke3 separation model demonstrates superior performance in estimating both GTI and RTI components. 

When paired with the Isotropic transposition model, this combination yields the most accurate results for GTI, 

as evidenced by the lowest values of nMAE, nMBE, nRMSE and STDr. These metrics collectively suggest 

that the Starke3 model provides a reliable estimation of solar irradiance, which is expected due to the high 

capacity to describe the diffuse fraction under high variability moments (see Fig 4). 

In addition, RTI tends to be more difficult to estimate, with MAE errors in the same order of magnitude as GTI 

(around 17-26 W/m²), but a significantly higher normalized MAE. This happens due to a similar error 

magnitude (RTI nMAE of around 17~23W/m²) applied to a lower mean (RTI: 123.8 W/m²). In this sense, the 

RTI nMAE values can be up to 4.1 times higher than the GTI nMAE when adopting inaccurate model 

combinations, while they are around 3.06 times higher for the best performing combination. For the RTI 

estimations, the anisotropic model, specifically the HDKR model associated with Starke3 outperforms the Erbs 

associated with isotropic model by reducing the nMAE in 5% and providing simulated standard deviations 

closer to the measurements. 

 

 

Fig. 4: Starke3 and Erbs diffuse fraction (kd) under different sky conditions. 

 

The accuracy gain of Starke3 on modeling RTI is also explained by the high levels of kd for intermediate to 

high kt levels, in these moments while Erbs underestimate the kd, Starke3 present higher horizontal diffuse 

irradiance impacting positively in the RTI calculations. 

 
4.3 Comparison between Estimated and Measured Tilted Rear/Front Ratio 

Fig. 5 shows the nMBE for different values of clearness index (kt) and zenith angle.  

 



 

 

 

Fig. 5: Bias (nMBE) of the rear-to-front ratio for each range of kt and zenith angle values. 

 

The adoption of the HDKR transposition model significantly improves the accuracy of rear/front (R/F) ratio 

estimates compared to the traditional isotropic approach. When combined with the Erbs decomposition, the 

HDKR model reduces the nRMSE from 24.2% to 22.1% (an improvement of approximately 9%), while with 

the Starke3 decomposition, the error decreases from 22.5% to 19.9% (around 12% improvement). Overall, the 

difference between the worst (Erbs + isotropic) and best (Starke3 + HDKR) combinations reaches around 18% 

in relative improvement for the nRMSE metric.  

These results demonstrate that accounting for anisotropy and horizon brightening effects in the HDKR 

formulation leads to more consistent predictions under medium to high kₜ conditions (see Fig. 5b and 5d). 

When combined with the multi-parameter Starke3 decomposition model, estimates show improved 

performance at high kt values, with nMBE approaching zero (green color), reflecting Starke3's superior ability 

for this problem compared to the simplified univariate Erbs model. 

When evaluated by the average rear-to-front ratio, the model combinations yield estimates ranging from 22.2% 

(worst case: Erbs + Isotropic) to 23.8% (best case: Starke3 + HDKR), representing a 1.6% improvement 

between approaches. However, when compared to the measured average of 28.0%, all model combinations 

underestimate with deviations ranging from 15% to 21%. This indicates that while the selection of appropriate 

decomposition models significantly impacts prediction accuracy, substantial improvements in the sky and 

ground diffuse irradiance modeling are still required to fully capture the rear irradiance. 

 
4.4 Bifacial Gain Estimation 

An alternative way to understand the impact of modelling rear/front irradiance for bifacial systems is modelling 

the bifacial gain of the PV modules. As described in section 3, the bifacial gain is calculated for each model 

combination and measurement considering a theoretical conservative bifaciality factor of 0.7. Based on the 

total irradiance incident on the tilted plane of a PV module, Fig. 6 shows the difference between the measured 

bifacial gain of a theoretical bifacial PV module and the model combinations.  



 

 

Fig. 6: Bifacial gain of each scenario (Measured and Simulated by different decomposition and transposition models). The 

theoretical bifacial gain is calculated based on the GTI and RTI for each specific scenario and a bifaciality factor of 0.7.  

The bifacial gain analysis reinforces the underestimation observed in the rear/front ratio assessment. The 

measured bifacial gain of 18.6% significantly exceeds all model simulations, which range from 15.1% (Erbs 

+ Isotropic) to 16.1% (Starke3 + HDKR), representing absolute deviations of 2.5 to 3.5 percentage points. 

Neglecting the anisotropic and horizon brightness irradiance components simulated by the Starke3 + HDKR 

model and adopting the simplest approach (Erbs and Isotropic) increases the bifacial gain estimation error by 

approximately 40%. 

When compared to literature the theoretical bifacial gain obtained in this study (18.6%) is in line with those 

reported in other geographical locations. Johnson and Manikandan (2023) mapped bifacial system potential 

across India, a region with latitudes near the intertropical zone (between 8°N and 37°N), observing annual 

bifacial gains ranging between 2.5% and 22%.  

5. Conclusions 

This study demonstrated the high importance of diffuse irradiance modeling in the accurate estimation of 

rear/front ratios for bifacial photovoltaic systems. The comparative analysis of GHI decomposition models 

(Erbs and Starke3) and transposition models (Isotropic and HDKR) revealed significant differences in 

performance that directly impact bifacial system assessment. 

The key findings indicate that the combination of the Starke3 decomposition model with the HDKR 

transposition model provides superior accuracy in estimating the rear irradiance component, reducing nRMSE 

by approximately 18% compared to the conventional Erbs + Isotropic approach. This enhanced performance 

of the Starke3 model stands for the incorporation of multiple meteorological variables, including the variability 

index and hourly clearness index, which better capture the temporal dynamics of atmospheric conditions. These 

characteristics optimize the irradiance modelling particularly under medium to high clearness index conditions. 

The research confirms that diffuse irradiance captured by tilted surfaces plays a fundamental role in 

determining the rear-to-front ratio and consequently the bifacial gain with implications extending beyond 

simple geometric considerations. The anisotropic nature of sky radiance distribution, as captured by the HDKR 

model, proves essential for accurate rear irradiance estimation and consequently, rear-to-front ratio and bifacial 

gain estimation. Furthermore, the study highlights the limitations of simplified isotropic approaches when 

applied to bifacial systems, where the accurate characterization of TDRs becomes critical for reliable 

performance predictions.  

Future research should focus on evaluating the impact of different ground and sky modelling and albedo 

modelling across different geographical locations and climatic conditions. Additionally, the implementation 

and validation of alternative tilted diffuse models for bifacial modules, including explicit treatment of module 

shading effects on ground-reflected irradiance, represents an important direction for improving prediction 



 
accuracy. 
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