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Abstract 

Bifacial solar modules can absorb and convert solar irradiance to current on both their front side and 

back side. Several elements affects the bifacial yield, especially the ground albedo around the system 

or the installation configuration. 

In this document, investigations carried out at EDF R&D facilities regarding the use of bifacial 

modules in large scale PV farm are presented. Tests on the outdoor facilities were conducted to 

validate and improve a bifacial stand model developed under a Dymola/Modelica environement. 

Furthermore, a global optimization method was implemented to determine the optimal configuration 

of a large bifacial plant with modules facing south. 

Investigations showed the importance of a new albedo model to accurately evaluate the irradiance 

received on the rear side. The new model shows a relative error on the rear irradiance under 5% when 

compared with experimental data. 

Techno-economical optimization of a bifacial plant was conducted at different locations and for 

different ground albedo. The results shows that the gain on the specific production can vary between 

7.2 and 14.2% for a bifacial plant when compared with a monofacial plant. Bifacial plants are 

expected to become more profitable than monofacial plants in some of the cases tested when their 

module cost will reach 68 c€/Wp.  

Abstrakt 

Bi-ansikts solmoduler kan absorbera och omvandla solstrålningen till en ström på både sin framsida 

och baksida. Flera faktorer påverkar bi-ansikts avkastning, särskilt marken albedo runt systemet eller 

konfigurations installationen.  

I detta dokument, utredningar genomförs vid EDF FoU-anläggningar när det gäller användning av bi-

ansikts moduler i storskalig PV gård presenteras. Tester på utomhusanläggningar genomfördes för att 

validera och förbättra en bi-ansikts modell som utvecklats med en Dymola / Modelica miljö. Vidare 
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en global optimering metod genomfördes för att bestämma den optimala konfigurationen för en stor 

bi-ansikts anläggning med moduler mot söder. 

Undersökningar visade vikten av en ny albedo modell för att korrekt utvärdera irradiansen på 

baksidan. Den nya modellen visar ett relativt fel på den bakre irradiansen enligt 5% jämfört med 

experimentella data. 

Techno-ekonomisk optimering av en bifacial anläggningen utfördes på olika platser och olika mark 

albedo. Resultaten visar att förstärkningen på den specifika produktionen kan variera mellan 7,2 och 

14,2% för en bi-ansikts anläggningen jämfört med en mono-ansikts anläggningen. Bi-ansikts 

anläggningar väntas bli mer lönsamma än mono-ansikts anläggningar i några av fallen testades när 

deras modul kostnaden kommer att sjunka till 68 c€/Wp. 

 

Résumé 

Les modules photovoltaïques bifaces ont la particularité d’absorber la lumière et de produire de 

l’énergie par leurs deux faces. De nombreux facteurs influent sur le productible biface, en particulier 

l’albédo du sol environnant le système ou la configuration de l’installation. 

Dans ce document sont présentées les recherches menées au sein de la R&D d’EDF sur l’utilisation 

de la technologie biface à l’échelle de centrales au sol. Des essais ont été menés en laboratoire 

extérieur afin de valider et d’améliorer un modèle numérique de stand biface développé sous 

Dymola/Modelica. De plus, une méthode d’optimisation globale a été implémentée pour déterminer 

la configuration optimale d’une centrale photovoltaïque biface dans une configuration Nord-Sud. 

Les recherches ont montré l’importance d’un nouveau modèle d’albédo permettant de caractériser 

avec précision l’éclairement reçu en face arrière d’un stand biface. Ce nouveau modèle a permis 

d’atteindre une erreur relative moyenne sur les éclairements arrières reçus inférieure à 5%. 

Une optimisation technico-économique a été conduite pour une centrale biface en différents lieux et 

pour différentes valeurs d’albédo. Les résultats montrent que le gain sur la production spécifique par 

rapport à une centrale monoface peut varier entre 7,2 et 14,2%  selon le cas étudié. Une centrale 

biface pourrait devenir plus rentable qu’une centrale monoface dans certains cas à partir d’un coût de 

module de 68 c€/Wc.  
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document.  
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1. Introduction 

 

Solar panels are usually made with monofacial solar cells, meaning that they can only capture light on 

one side. On the other hand, bifacial panels are made from double-sided cells which can absorb 

light’s energy from both of their sides. Most photovoltaic cells are actually intrinsically bifacial, but 

the rear contacts used and the back sheet prevent the light from reaching the cells from the rear side. 

Bifacial PV modules have been on the market for some time, but with limited usage. However, it has 

been shown that the gain in terms of yield for a bifacial module in comparison to a monofacial 

module can be as high as 54% by capturing the indirect light from the rear. [1]The very last years 

have shown a new and particularly strong interest for this technology. The solar industry is now 

carrying out investigations to estimate the potential of bifacial modules, particularly for solar plants. 

This type of modules can represent a way of improving the energy production density of a solar farm, 

which is of major interest when available land is limited. 

The objective of this thesis is to build the tools that are necessary to set the design parameters of a 

bifacial solar plant in order to optimize its production, given a certain location and available area. 

This work is performed in partnership with EDF R&D – the research and development department of 

EDF, a French energy producer. A simulation model has been developed by EDF under a 

Dymola/Modelica environment to simulate the irradiance received by the bifacial modules and their 

power production. This model enables us to test different parameters and their influence on the yearly 

energy production. However, this model needs to be further validated and possibly modified and 

optimized.  

The first part of this report is describing the current knowledge on the bifacial technology and the 

attempts made to model it. In the second part, a physical model which was implemented under a 

Dymola environment is proposed. The third part details the validation steps conducted on the first 

version of this model. Improvements of the model are proposed in the fourth part. Finally, a global 

optimization method is applied to a bifacial plant based on the previous modifications. 
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2. Context 

Over the last few years, the production cost of electricity originating from photovoltaic modules has 

been continuously going down. Generation costs could have declined by another 50% by 2020 in 

comparison with 2010 prices. [2]The LCOE (Levelized Cost of Electricity) for PV power plants has 

already reached parity with other power generation technologies and is even below the average end-

customer price for electricity in some countries, such as Germany. [3]For these reasons – combined 

with the fact that the market is subsidized - an increasing number of energy companies are investing 

in photovoltaic technologies. To improve their competitiveness, these companies are trying to 

increase the specific production (which is the expected production for a given installed capacity, 

expressed in Wh/Wp) of the modules. A way to achieve this goal is to use the back side of a module 

to get more energy for a same area, thanks to bifacial technology. 

 

2.1.  Bifacial cell and module design 

For the rear contact of a monofacial solar cell an aluminum paste is usually used, covering mostof the 

rear side of the wafer surface in a homogeneous manner. As a result, no light can enter from this side. 

The aim of a bifacial cell is to collect light from the front and from the rear sides of the solar cell. For 

this reason no aluminum paste must cover the rear side of the device, but an “H” grid pattern is used 

in a similar configuration as for the front side. [4] 

Figure 1 presents the schematic structure of both monofacial and bifacial cells. 

 

Figure 1:  Schematic comparison of monofacial and bifacial solar cells. [4] 

When it comes to making a bifacial module, monofacial cells are replaced by bifacial cells and the 

backsheet is replaced by a glass plate.  

 

2.2. Potential of bifacial modules 

Solar modules are affected by three types of irradiances (cf.Figure 2): 

- The direct light from the sun 

- The diffuse light coming from all directions of the sky (scattered by air molecules, clouds and 

other particles in the atmosphere) 
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- The reflected light from the ground 

-  

Figure 2: types of irradiance reaching a solar module 

Bifacial modules in a classical configuration (facing South) will benefit more from the reflected light, 

thanks to their rear side facing the ground. To assess the potential of such a configuration, a 

bibliographic research has been carried out, gathering results from studies done by several companies 

and institutions. [5] It shows a bifacial gain for a single module which varies from 8% to 32% 

depending particularly on the ground albedo. Figure 3 shows the gains obtained at EDF R&D outdoor 

test facilities for an isolated module and a bifacial string. 

 

Figure 3: Comparison of bifacial vs. mono-facial gains for a single module (left) or a string configuration (right), 

albedo=0.37 

 

These results show that it is possible to increase the production of a solar plant without using a larger 

ground area thanks to bifacial technology. However, these gains cannot be generalized to a whole 

plant, because of shading effects which will reduce the rear irradiance and the global production. The 

bifacial gain at the scale of a power plant is of prime interest for the solar industry but is hard to 

estimate in real conditions. Thus, an accurate model of the bifacial PV plant is required, and an 

optimized design of the plant would be researched on this model.  

A model is currently under development at EDF R&D. In order to validate it, the results of the 

numerical simulations must be compared to real condition measurements at a module-scale. The 

characteristics of the tested module must be known with the maximum precision in order to have a 

relevant comparison. 
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3. Review of current knowledge and researches on bifacial PV, 

simulation models and demonstration sites 

 

3.1. Characterization of bifacial cells/modules 

 

A good understanding and prediction of the annual yield of PV modules requires an accurate 

characterization of these modules.  

The basic principle of photovoltaic effect can be described as following: the photons from the light 

will be absorbed by the crystal's atoms and will set free electron hole pairs. The electrons will drift 

toward the positive pole, and the positively charged holes will drift toward the cathode. 

Recombination will then take place in the external circuit. Consequently a current will flow. [6] The 

PV cell has thus a certain operating curve, which is depending on the irradiance received. Standard 

Test Conditions (STC) are normalized and correspond to an irradiance of 1000 W/m² and a 

temperature of 25°C. 

 

Figure 4: Example of IV curve 

Quantum efficiency is the ratio of the number of carriers collected by the solar cell to the number of 

photons of a given energy incident on the solar cell. Current-voltage (I-V) ratings and internal 

spectral quantum efficiencies (IQEs) are the main characteristics of a fabricated module and are the 

most interesting ones. Characterizing bifacial modules is more challenging because of the possible 

contribution of the rear irradiance to the measurements. These external contributions can affect the 

estimation of the performance of the panel. 

There is currently no standard characterization method for bifacial PV, nor standard equipment for the 

tests. The usual way of reporting bifacial PV is by covering the back side of the panel with a black 

sheet, measuring the electrical parameters when illuminating the front side, then doing the same for 

the other side. The ratio of the two efficiencies or the two maximum power point (operating point 

where the power is maximal) gives a factor of bifaciality. This bifaciality factor is then indicated 

along with the characteristics of the front side. [7] The problem is that there is no further information 

on the rear side performances and the choice of the covering sheet/chuck can also distort the results. 

The chuck affects the measurements because of the light passing through the cell that is then partially 

reflected on the chuck (cf. Figure 5). [8] [9] 
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Figure 5: Influence of the chuck 

One of the first things to do would be to give a statement on chuck surface reflectivity to define the 

measurement conditions when calibrating a bifacial cell. That would allow a better lab inter-

comparability. According to Hohl-Ebinger et al., the lowest additional measurement uncertainties are 

achieved with low reflectivity of the chuck. [10] 

Fakhfouri et al. propose to do a reflection-compensated IV assessment in laboratory with a black 

sheet/chuck (the need for the definition of a reference reflective surface is pointed out), which would 

give a reference module/cell. This reference module should then be used to calibrate the irradiance for 

standard test conditions for bifacial modules and ensure inter-laboratory comparability. [8] 

 

At present, manufacturers calculate the bifacial efficiency or power with a linear addition of front and 

rear side efficiencies for a given rear side irradiance. However, the non-linear behavior of PV 

modules with irradiance should be taken into account. Singh et al. propose the following approach. 

The PV module is considered as two one-diode models in parallel, and bifacial short-circuit current, 

bifacial open-circuit voltage, bifacial fill factor (FF) and bifacial efficiency are defined as following: 

- Bifacial short-circuit current: 

{ 1 } 

 

Where x is the irradiance ratio, and RIsc the gain in short-circuit current relative to mono-facial front-

side only illumination, respectively defined as following: 

 

{ 2 } 

Where Gf is the irradiance on the front side of the solar cell, and Gr is the irradiance on the rear side 

of the solar cell. 

- Bifacial open-circuit voltage: 

 

{ 3 } 

- Bifacial fill factor: 
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{ 4 } 

 

Where pFF is the pseudo FF of the module considering no series resistance loss, which can be 

calculated using the front and rear I-V parameters measured under STC (standard test conditions: 

1000W/m² and 25°C) as described in equation { 5 }. 

 

 

 

 

The resulting bifacial power and bifacial efficiency are: 

 

{ 6 } 

 

{ 7 } 

 

To obtain the new “bifacial gain” and “bifacial efficiency”, a single-side measurement for the front 

and the rear is needed. This model gives a predicted output power within 1% of the measured power 

for a set of 5 different irradiance conditions. To obtain these results, the non-illuminated side of the 

module must be covered with an extremely low reflectance black-cover. [7] [11] 

 

Duran et al. propose an alternative and quick classification of bifacial solar cells by using 

simultaneous front and rear illumination. Front side is flashed at 1 sun, while rear side is flashed at 0, 

25 and 30% of the front value. Measurements of the different current densities are linked with the 

ratio of performance of the front and rear side. However, it is noted that it would be difficult to extend 

this study for a STC measurement of bifacial cells. [12] 

The majority of these studies agree on the use of a low reflectance cover with known characteristics 

to ensure inter-lab comparability, standardized measurements of each side and the need for new 

indicators to characterize the performance of bifacial modules. 

This characterization problem of bifacial modules is highly linked to the building of a numerical 

model. The characteristics of the modules need to be measured to be implemented in the model. 

Those are currently extracted from two flash tests (one for the front side, one for the rear side), which 

means that the correlation between the two sides is not taken into account. When illuminating the 

front side, the back side has a small influence on the generated current in the panel, and this influence 

does not appear in the parameters of the module. This could lead to a few differences between the 

simulation and the experimental results. 

3.2. Simulation and models of bifacial modules 

 

{ 5 } 
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Several attempts have been made to establish a model of a bifacial module. From an electrical point 

of view, a model based on a two diodes model is commonly used, with each cell represented by two 

monofacial cells in parallel. This model is slightly more accurate than a one diode model, especially 

in low irradiance conditions. Two two-diodes models are mounted in parallel to represent the bifacial 

technology and the influence of each side on the other. [1] [13] [5] 

 

Figure 6: Two two-diodes model 

 

From an optical point of view, the essential part of the model is the irradiance collected by the module 

from its front and its back side. Whereas the model of the irradiance received by the front side is 

generally known and accepted (direct and diffuse irradiation with losses due to the tilting of the 

surface), the irradiance received by the rear side is much more complex to represent. The total solar 

irradiance received by the PV module is composed of three components: the direct-beam radiation, 

the diffuse radiation and the reflected radiation. The back side is mainly affected by the two last ones. 

Johnson et al. describe these irradiances in the case of a vertical installation as following: [13] 

Diffuse irradiance, where C is the sky diffuse factor: 

{ 8 } 

0.5 represents the view factor of the module to the sky when the module is vertical and there are no 

obstacles around. In the general case, these factors are 
1−cos(𝑡𝑖𝑙𝑡)

2
and 

1+cos(𝑡𝑖𝑙𝑡)

2
. 

Reflected irradiance, where ρ is the ground reflectance coefficient. 

 

{ 9 } 

 

These are rough estimates, and Johnson et al. don’t take into account phenomena such as self-

shadowing. The simple models that are used assume that reflected and diffuse radiations are of equal 

intensity from all directions. 

However, when comparing the results of their simulations to the measurements performed on one 

sunny day, Johnson et al. find out that the two curves are in close agreement in a south-facing 

configuration. In an East-West configuration, problems of shading affect the results. Johnson et al. 

conclude that future work should include a more accurate quantification of reflected and diffuse light, 

and an analysis of the effect of shading. [13] 

 

Some researches propose to model a bifacial module by two monofacial modules back-to-back, using 

simulation parameters based on standard PV design tools. This solution allows to use the already 
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developed software commonly used for the design of standard PV installations. Nussbaumer et al. 

chose this method in their study of the compared advantages of vertical bifacial (East-West 

orientation) to the classical South facing bifacial.  

Their simulations prove that standard tools cannot be used to predict the yield of bifacial modules 

(differences between the model and the measurements are about 35%), and point out the need for 

further investigations in this area. Tests also show that new orientations can result in additional 

energy harvest (+8% for an East-West configuration in comparison to a South-facing 30° bifacial 

module in Switzerland). [14] 

 

More accurate models of bifacial modules require a better model of the rear side irradiance. Power 

output due to the back side is strongly dependent on the different irradiances coming from the 

different surfaces, particularly the shading of the ground. One suggested solution is to consider two 

surfaces – the surface shadowed by the module and the surface not affected by the shading – as two 

different sources of reflecting light. This is the solution investigated by EDF and Yusufoglu et al. [15] 

 

Both models are based on the view factors theory. In radiative heat transfer, a view factor VF(A→B ) 

is the proportion of the radiation leaving surface A that strikes surface B. View factors of the 

shadowed ground and the illuminated ground are calculated. These view factors multiplied by the 

albedo and respectively, by the diffuse horizontal irradiance and the direct horizontal irradiance give 

the irradiance on the back of the module: 

𝐸𝐴𝑙𝑏𝑒𝑑𝑜,𝑟𝑒𝑎𝑟 = 𝛼 ∗ 𝐺𝐻𝐼 ∗ 𝑉𝐹𝑚𝑜𝑑𝑢𝑙𝑒→𝑅𝑛𝑠 + 𝛼 ∗ 𝐷𝐻𝐼 ∗ 𝑉𝐹𝑚𝑜𝑑𝑢𝑙𝑒→𝑅𝑠 

Where α is the albedo of the ground, GHI is the global horizontal irradiance, DHI is the diffuse 

horizontal irradiance, Rns is the non-shadowed surface, Rs is the shadowed surface. 

 

Yusufoglu et al. underline that each solar cell has a different distance to the shadowed surface and to 

the illuminated surface as well as different view factors to these regions, meaning that individual 

view factors from these two surfaces to each cell must be calculated. [15]  

Yusufoglu also scales down the DHI across the shadowed surface, because the module area is an 

obstacle preventing some part of the sky diffuse irradiance from reaching the shadowed region. This 

blocking ratio is more important for low installations or large strings. In this case, to get a better 

spatial distribution of rear irradiance, the shadowed surface is additionally divided into six equally 

sized regions and their individual blocking ratios, as well as view factors to each cell, are calculated. 

[15] 

In both cases, the models take into account resulting differences of irradiances on the back of the 

module. These non-uniformities are critical to evaluate the losses due to mismatch effects since low 

illuminated areas of the back of the module limit the power gain.  

 

In the EDF model, simulations are conducted for an entire module (though it is possible to do it for 

each cell, increasing the computing time). This enables to simulate large stands consisting of several 

modules which all received different irradiances. A mesh is used to calculate the view factors of the 

two surfaces. [16] Each flux is related to a corresponding transmission factor, representing the effects 

of the incidence angle and the dirt on the total irradiance that is actually received by the solar cell. [1] 

 

{ 10 } 

 

http://en.wikipedia.org/wiki/Radiative_heat_transfer
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3.3. Optimization of bifacial installations 

These few models have been described to picture the effects of a bifacial installation. The simulation 

results can help in optimizing the configuration parameters of a bifacial power plant. Some 

conclusions issued from different studies are presented below. 

Kreinin et al. have also developed a model simulating the back irradiance of the panel. [17] Although 

they do not explain how their model is built, the numerical simulation fits – with a maximum 

divergence of 8% - to the experimental data. It shows that the irradiance uniformity is improved by 

increasing the elevation of the module, with a 600% variation (between min and max irradiance) of 

the irradiance values for the lower elevation at 8cm against a 10% variation with 58 cm elevation. 

It is also noted that in Jerusalem where the experiments were conducted, energy gain is higher during 

summer time than during winter as the shadow of the modules on the roof surface depends on the 

seasonal position of the sun. More direct sunlight is hitting the ground in summer and therefore 

reflected on the back of the modules. When diffuse sunlight dominates (in winter), the influence of 

the shading on the ground is less important. [17] 

 

Elevation of the module is a key factor, along with the tilt angle, in determining the power production 

of the module. According to Yusufoglu et al., the inhomogeneous irradiance distribution at the rear of 

the module influences the choice of the best tilt angle for bifacial modules. The optimum tilt angle 

that maximizes the annual energy yield of the module is dependent on the latitude, the albedo and the 

elevation of the module. [15] 

 

The value of the optimum tilt angle decreases with the module elevation until a certain limit, 

depending on the other parameters. The effect of self-shading is less severe with high elevation, and a 

smaller tilt angle allows to take a better advantage of the reflective irradiance.  

Yusufoglu et al. also show that optimum tilt angles are smaller for higher albedo (with the exception 

of the lowest modules). This is due to the more uniform irradiance if the module has a smaller tilt 

angle, which increases the electrical performance. [15] However, according to previous EDF 

simulations, the optimum tilt angle increases with the albedo. [5] [1] In this former model, non-

uniformity of the back irradiance is taken into account but is not converted to the corresponding 

energy production losses. This could explain the difference, further investigations are needed. 

Differences could also be due to the fact that EDF look at a stand scale and not just at a module scale 

which can affect the result. 

The module elevation must be fixed to maximize the energy yield. This value increases with elevation 

until it reaches a saturation limit. The increase is due to the reduction of the self-shading until a 

certain point when the view factor from the module to the reflective surface starts to decrease, 

causing less reflected radiations to reach the back. [15] Yusufoglu et al. show that this optimum also 

depends on the location (about 50 cm in Cairo and 1 m in Oslo). In Paris, experiments have shown no 

significant improvement for elevations higher than 40 cm. The measurements were conducted with an 

albedo of 0.37 and this result is consistent with Yusufoglu et al.’s simulations. [5] 

 

The size of the reflective surface has an influence on the annual energy yield. According to Yusufoglu 

et al., the energy gain with a larger reflective area can vary from 1.1% to 2.2% (depending on the 

albedo), by changing the ratio reflective surface area / module area from 10 to 100. 
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The albedo dependency of bifacial PV yield were also investigated by EDF and was the subject of a 

publication in 2014 [1]. The conclusions were that optimum tilt angle was higher for a bifacial 

module than for a monofacial (in 3 different locations) and that it also increases with the albedo 

(about +4° from an albedo of 0.2 to an albedo of 0.7). 

All these parameters must be fixed to their optimum values to get the highest energy production. The 

simulations and tests described above were generally conducted on one single module. The next step 

is to evaluate the influence of a plant configuration, which is expected to lower the performance due 

to new shadowing effects, particularly on the rear side. These effects could be taken into account by 

using and adapting the model which converts differences of irradiance into power losses, developed 

by Liu for the front side. [18] No studies on large scale bifacial plants have been found. [5] Kreinin et 

al. have also conducted some measurements on a bifacial module included in a “field”. The modules 

were oriented at a fixed south-position, and tilted at 30°. Distances between rows (in S-N direction) 

and between separate modules (in E-W direction) were 150 and 20 cm, respectively. The elevation of 

the lowest module was 70 cm. Results give a bifacial gain between 5% and 15% in winter, and 15% 

to 20% in summer. [17] 

There is currently only one large scale bifacial PV plant – the Asahikawa Hokuto Solar Power Plant – 

which is described in the following part. 
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3.4. Demonstrative facilities 

 

3.4.1. Asahikawa Hokuto Solar Power Plant, Japan, November 2013 

The largest bifacial PV power plant up to now was built by Nishiyama Sakata Denki and represents 

1.25 MW, 5 320 solar panels (EarthON cells, manufactured by PVG solutions, rated output 254W), 

and a ground surface of 35 140 m².The tilt angle for the panels is 40° and strings are in a 4-stage 

arrangement, over 37 rows. The strings are spaced at 10m intervals (cf. Figure 8). There are few 

available data, the estimated annual production is 1.47 million kWh. [19] [20] 

 

Figure 7: Hokuto bifacial plant and its first months of production 

 

Figure 8: Spacing in Hokuto power plant 

The results of the first year of production of the Hokuto power plant were published in March 2015 

and can be found on Figure 9. The total production over one year is 1 736 963 kWh (1285 kWh/kW), 

which represents a 21.9% gain in comparison to a monofacial plant of the same size, according to the 

company. 
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Figure 9: Production in kWh for each month during one year at Hokuto power plant. In green, the front side production, in 

yellow, the back side production. The percentage is the production gain due to the back side. 

 

3.4.2. Asahikawa Kuranuma power plant, Japan, 250kW, September 2013 

It was also built by Nishiyama Sakata Denki, close to the previous plant. It uses the same panels, also 

tilted at 40° and in a 4-stage arrangement over a 6 000 m² area. Its production started approximately 

in September 2013. It has produced 358 077 kWh (1325 kWh/kW) over the last year, which is an 

18.5% gain in comparison to a monofacial configuration according to the company.  

Both of these plants are installed in an area subject to heavy snowfalls during winter, but the bifacial 

panels seem to be able to take advantage of the high reflectance of the snow to produce power with 

their rear side thanks to their high stand elevation (about 2m). The reflection on the back also 

contributes to rise the temperature of the module and accelerates the melting of the snow covering the 

front side. 

3.4.3. Aichi Airport-site Demonstrative Research Plant, Japan, 30 kW vertical, 

2005 [21] 

The bifacial PV array is composed of a total of 315 modules, 21 parallel subarrays of 15 serial 

modules. It was installed on the ground vertically facing southwest and northeast, on a single line. No 

phenomenon of shading was affecting the panels. 

Although their simulations are slightly different from the measurements from month to month, the 

overall results for the year are very much similar. The array produced about 1000 kWh/kWp which is 

about 90% of the production of a monofacial string facing South tilted at 30°. It is also noted that the 

total production over one year is almost independent of the azimuth angle for vertical installations. 

 

3.4.4. PVG solutions, Kitami field tests. [22] 

PVG is conducting tests on 3 kW bifacial strings over a long period (2012-2015), on different albedos 

(grass and scallop shells) in a region subject to heavy snowfall (Kitami). The two arrays consist of 

3x4 PST 254 EarthON60 modules. The modules are installed using the “ITOGUMI‘s TIS･S” 

mounting system (cf. Figure 10). 

Monthly data are available. Each day, the power generated by the arrays is compared to the power 

expected from a conventional monofacial array. From June 2013 to May 2014, the gain due to 
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bifacial modules has been evaluated at 13.5% for the grass ground and at 19% for the shell ground 

(cf. Figure 11) 

These are the same modules as the ones installed in Asahikawa. For the available data, comparing the 

production per kW installed gives a lower result for the large scale plant. However the two cities are 

located 150 km from each other, meaning that the difference is probably due to different weather 

conditions and no conclusion on the impact of plant configuration can be drawn. 

 

Figure 10: illustration of the mounting system 

 

Figure 11: Performance of the test arrays over one year 

 

3.4.5. bSolar, four commercial test sites, Germany, Israel 

The company is specialized in the fabrication of bifacial modules. It has a few small scale commercial 

installations, some of them in a plant configuration. Bifaciality gain varies from 11% to 22% 

depending on the test facility. [23] 

 

4. Modelling bifacial PV with Dymola 

 



23 

 

4.1. Electrical model 

As it has been shown in 3.2, several studies use the two two-diodes models in parallel to represent a 

bifacial cell. The same choice was made at EDF, although the limits of this model were kept in mind. 

The electrical diagram of the model is presented in Figure 12. Subscript f represents the front side, 

subscript b the back side.  

Rsh refers to the shunt resistance: low shunt resistance provides to the light-generated current an 

alternate path and therefore induces power losses. It is generally due to manufacturing defects. 

Rs refers to the series resistance: high series resistance reduces the fill factor. The Fill Factor of a 

solar cell is the ratio of the solar cells actual power output (Vpmax x Ipmax) versus its 'dummy' 

power output (Voc x Isc). It is due to the contact resistance between the metal and the silicon, and the 

resistance of the front and rear contacts. 

 

Figure 12 : Electrical diagram of the bifacial cell model 

For each side, the current is given by the following equation, knowing the irradiance and different 

coefficients: 

  

 

 

 

The coefficients αT, cs, cr, Rs, Rsh are determined by the initial characterization of the modules. Each 

side is illuminated at different values of irradiance with the other side covered by a black sheet, and 

several I-V curves are plotted. The best values for the coefficients are chosen by the method of the 

least squares, i.e. the values which best fit the experimental curves (cf. Figure 13). 
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Figure 13 : Fitting experimental and theoretical I-V curves 

One of the limits of this method is that each side is considered independently for the moment. This is 

of course not exactly the case, as the current generated by one side is slightly dependent on the 

characteristics of the other side. The current tools need to be adapted – if it is feasible – to determine 

the parameters by taking into account I-V curves of the both sides at the same time.  

 

 

4.2. Irradiance model 

 

As described in the literature review, the light reaching a surface is made up of three elements: the 

beam, the diffuse and the albedo irradiation. The albedo irradiation is almost negligible for 

monofacial modules but is the main contributor to the irradiance received on the rear side of a bifacial 

module.  

 

{ 12 } 

As can be seen on the following figure, the irradiation received by the back of a bifacial module 

depends on its position within the PV installation (1), the shadow cast on the ground (2), the albedo 

(3) and the surrounding strings (4). 

 

rearalbedoreardiffusereardirectrear EEEE ,,, 
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Figure 14: Explanatory figure for the model developed at EDF R&D 

 

The solution chosen at EDF to calculate this rear irradiance is based on the principle of the view 

factors (designed by F in the equations). View factors represent the proportion of the ground (or the 

sky) which is “seen” by the rear of the modules, i.e. the proportion of the radiation which leaves the 

ground that strikes the module. 

The ground view factor has to be separated into two parts: the shaded part and the non-shaded part. 

As the shadow moves along with the position of the sun in the sky, the shaded ground view factor 

must be calculated throughout the day for each module. For these reasons, the modelling is complex. 

On the other hand, the sky view factors, the view factors from one module to the stand behind or the 

view factors to the whole ground are constant and only need to be calculated once. 

The different components of the back irradiance are given by the following equations: 

 

{ 13 } 

 

{ 14 } 

 

{ 15 } 

With α = albedo assumed constant 

GHI/DHI = Global/Diffuse Horizontal Irradiance, DNI = Direct Normal Irradiance 

GHI = DHI + DNI * cos (Solar Zenith Angle) 

irear is the incident angle on the rear side 

View factors are purely geometrical but there are no analytical expressions for some configurations. It 

is the case with two finite non parallel surfaces such as one module and the considered ground. It is 

necessary in this case to mesh one of the surfaces to be able to calculate the view factors. This 

method is based on the work of Bouia et al. [24]. 

 

 

The electrical model is based on two 2-diodes models in parallel. Parameters of the 2-diodes model 

are determined experimentally during the initial characterization of the module. 

areashadowedmoduleareashadowednonmodulerearalbedo FDHIFGHIE __,   

skymodulereardiffuse FDHIE ,

)cos(, rearreardirect iDNIE 
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The irradiance model is based on the view factor theory. View factors allow to find the reflected 

irradiances from the different parts of the ground and the sky. For some of them, a meshing is needed. 

5. Results based on the 2014 version of the model 

The physical models discussed above were integrated in a numeric model developed with Dymola, 

with the objective of being able to predict bifacial PV production. Dymola is a modeling and 

simulation environment based on the Modelica modeling language. The results presented in this part 

are based on the 2014 version of the bifacial model developed at EDF R&D. 

No major changes were made between the 2014 and 2015 version of the model, but a few 

improvements. The main conclusions of the following part are still valid. 

 

5.1. Seasonality of the back irradiance  

It is expected that the irradiance on the back of the panel evolves with the time of the year. Several 

simulations have been carried out with the current Dymola model to show the spatial and temporal 

evolution of the irradiance on the back. These simulations have been conducted on a 14x3 string (3 

rows of 14 modules) for a sunny day in Marseille each month (if possible the 1
st
 of the month). The 

ground albedo was fixed at 0.4, the elevation of the string was 0.35m, tilt angle at 30°, facing south. 

Figure 15 shows the mean irradiance received by each module on the back for one day from three 

different seasons. For each season, the same pattern appears with more irradiance on the modules on 

the edges of the strings. The shadow caused by the string affects less these modules. Furthermore, the 

top row tends to receive more light than the others during summer time while the bottom row is the 

most floodlit during winter time.  

Figure 16 shows the evolution of the mean irradiance of each row. The rise of the top row’s irradiance 

between winter and summer is more important than the rise of the middle row’s irradiance, which in 

turn is higher than the rise of the bottom row’s irradiance. This can be explained by the sun’s 

elevation that increases with the coming of the summer. With a higher solar elevation, the shadow 

cast on the ground is shorter and affects less the highest rows than the lowest ones. 
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Figure 15: Seasonality of the rear irradiance  

 

 

Figure 16: Mean rear irradiance for each row on a characteristic day of each month 
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5.2. Validity of the model - irradiance 

The Dymola/Modelica based model has been developed over the last year. It takes into account 

reflective radiations from the ground and its environment on the back side of the modules, as well as 

diffuse and direct light. This model is modified and improved regularly and needs to be validated. 

Bifacial panels were installed in 2014 on the outside test facility at EDF R&D (referred to as 

PVZEN). Two bifacial modules were mounted on Papendorf (a system which monitors a single 

module and records the Maximum Power Point conditions - operating point where the power is 

maximal - every ten seconds) and a string of 8 modules was connected to an inverter. The string was 

placed at 6.17 m from the string in front and its elevation was 0.35 m (cf. Figure 17). The fifth 

module was disconnected and a pyranometer was fixed on the center of its back to get a measure of 

the irradiance on the back at this given point. The model can be validated if the simulation of the 

irradiance and the electric characteristics are consistent with the ones measured at PVZEN. 

 

Figure 17: Bifacial string at PVZEN 

A pyranometer was also installed in the same plane as the modules to record the irradiance on the 

front of the modules. The albedo of the ground is supposed constant and was measured at 0.37 for the 

concrete and 0.7 for the white membrane. Both of those grounds were tested during summer 2014. 

Simulations were carried out for the corresponding string of 8 modules on Dymola with the current 

model. The irradiance for the comparison is taken on the fifth module which corresponds to the one 

where the pyranometer was installed. Comparison of this irradiance with the simulation and the level 

of correlation are showed in Figure 18. As expected, the results are excellent for the front side as the 

model for the calculation of the irradiance in the plane of array (POA) is quite standard and depends 

less on the diffuse and reflected components than on the beam irradiance. The comparison was made 

on 45 days in July and August 2014, with a level of correlation higher than 0.99 and a mean error of 

1.3%. 
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Figure 18: Irradiance on the front (simulated and measured) from the 21.07.14 to the 27.07.14 

 

On the other hand, comparison on the back side gives some differences between simulation and 

measures. On a sunny day of July, the simulated irradiance follows consistently the measured 

irradiance (with a level of correlation higher than 0.95 for the 45 days monitored) but the model 

seems to overestimate it. The daily mean simulated irradiance is usually about 20% higher than the 

measured one, which appears clearly in Figure 19.  

This difference could be due to the mounting system which could reduce the irradiance received by 

the pyranometer. It also must be remembered that the model currently calculates the average of the 

irradiance received for an entire module. Obviously, the irradiance on the back is non uniform, and 

the irradiance received in the center can be different from the average value for the entire module, as 

explained in the seasonality part. This will be investigated in the next part by using a discrete model 

of a module, to compare more finely the irradiance. 

Two peaks also often appear in the simulation, one in the morning and one in the evening – for 

instance on the 25.07.14, circled in green in Figure 19. After verification, these brutal rises and falls 

happen when the sun azimuth gets to -90° or 90°, i.e. when the direct irradiation is no longer hitting 

the back side but the front, and vice versa. This could mean that the model does not handle properly 

the direct beam on the back side or the apparition of the shadow behind the stand. 
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Figure 19: Simulated and measured irradiance on the back side the 25.07.14 

 

Figure 20: Correlation of the measured and simulated irradiances on the back side 

A 45-day averaged comparison on data from summer 2014 shows that the back irradiance is 

overestimated by 20% with this version of the model. 

 

5.3. Validity of the model – electric characteristics 

 

One interesting final parameter is obviously the total production which will help to choose the best 

configuration. In order to get a good estimation of the expected production of a stand, accurate 

simulated electric characteristics are needed.  

In the test string, only 7 modules out of the 8 were connected to the inverter. The one with the 

pyranometer on the rear side was disconnected. To take this configuration into account, the model 

code has been temporarily modified to calculate the mean irradiance of the seven remaining modules, 

and deduce the corresponding current and voltage. The results of this simulation for the AC power 

output are shown for one characteristic day in Figure 21.  
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Figure 21: AC power simulated and measured of the 7 modules on the 17.07 

Despite an excellent correlation (>0.99), the simulated power is overestimated by about 10% on 

average over the 45 days of data. Several explanations can apply:  

- This is due to the overestimation of the irradiance seen previously. 

- The hypothesis made when doing the average of the irradiances is wrong. Non uniformity 

of irradiances on a module generates mismatches which lower the power output. An 

integration of these effects in the model should be looked into. 

- When looking at the current and voltage (cf. appendix), Idc almost never differs between 

simulations and measurements, while Vdc is slightly overestimated by the model. This 

difference could be due to a problem with the acquisition system that occurred during the 

initial characterization of the modules. These flash data are then used to generate the diode 

parameters of the electric model. The error in the acquisition system was detected after the 

flashes and could have led to wrong diode parameters. A new flash of at least one of the 

modules should be performed. 

 

Over 45 days of data, the 2014 Dymola model overestimates in average the irradiance by 20% and the 

power by 10%. The shape of the electric characteristics is well predicted. 

6. Enhancement and validation of the model 

As discussed above, the Dymola model needs to be slightly modified to improve its performances. 

These enhancements can be divided into two parts: the improvement of the accuracy of the model – 

i.e. the ability of the model to predict the received irradiance and the generated production – and the 

acceleration of the calculations. 

In this part, the following notation is used to designate the size of a PV stand: NxM, M strings of N 

modules per string.  
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6.1.  Improvement of the accuracy 

The main aspect of the provided improvements is a new albedo model presented in the first part of 

this paragraph. Being able to predict the losses due to shading is also essential in the objective of 

optimizing the bifacial plant. A shading losses model is presented in the second part. 

6.1.1. Albedo 

Investigation on albedo variations throughout the day and the season 

 

Albedo is the reflective power of a surface. It is the ratio of 

reflected radiation from the surface to incident radiation received 

upon it. It is of major importance in the case of tilted bifacial 

modules since the energy generated by the rear side will be 

mainly due to the reflected irradiance. At the EDF test facility 

PVZEN, albedo is measured using two horizontal pyranometers – 

one facing the sky, the other facing the ground. The albedo is 

given by the ratio of the irradiance measured by the bottom one on 

the irradiance measured by the top one. The albedometer was 

placed at 40 cm from the ground for the measurements that 

occurred in 2014. It must be noted that this height may be 

insufficient – the manufacturer recommends a height of 1.2m, and 

the ARM Climate Research Facility uses multifilter radiometers 

placed at 3m, 10m and 25m for example [25]. However, 4 

different measures (at 40cm, 60cm, 80cm and 100cm) of albedo 

have been made at PVZEN and no significant differences have 

been noted. 

 

 

 

𝐴𝑙𝑏𝑒𝑑𝑜 =
𝑏𝑜𝑡𝑡𝑜𝑚𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒

𝑡𝑜𝑝𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒
 

 

 

 

 

 

 

In the current model, albedo is assumed constant during the whole year. This is a really simplistic 

model as shown by the in-situ measurements presented in Figure 24. 

Figure 22 : Albedometer measuring 

the albedo of the concrete at PVZEN 

Figure 23 : Working principle of an 

albedometer 
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Figure 24: evolution of ground albedo (grass) on a 6-day period (07/03/15 to 12/03/15) in Narbonne 

This approach does not lead to important errors for a monofacial configuration since the contribution 

of the albedo to the total yield is small. However, a bifacial module can produce up to 30% from its 

rear side, and thus an error on the albedo value can generate a non-negligible error on the yield. For 

this reason, a more accurate model to describe the albedo has been looked into. 

Several researches have been conducted to propose a model of albedo for snow-free ground. Two 

main factors can be noted for a given location: the solar zenith angle and the fraction of diffuse 

skylight. [26] [27]  

Obviously, the albedo is also mainly dependent on the type of land-cover. The surface type can 

change considerably according to the location and throughout the season. This makes it difficult to 

develop a model which covers all possible cases. Dickinson (1983) described a scheme which he used 

for a semi-infinite forest-covered land: [28] 

 

{ 16 } 

  

Where ϴ is the solar zenith angle, α0 is the albedo at ϴ=60°, C is a constant depending on the type of 

surface (0.4 is proposed by the author for grassland). 

This proposition does not take into account the diffuse ratio. It has been compared with some 

measurements performed at EDF’s facilities in Narbonne. A first comparison was made on a beautiful 

day (cf. Figure 25). The albedo measured for ϴ=60° was taken as value for α0 (=0.241), and C was 

set to 0.4 as advised (cf. Figure 26). According to Briegleb, C should equal 0.4 (0.1) for vegetation 

classes for which the albedo has a strong (weak) solar angle dependency. [29] 
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Figure 25: GLOH and DIFH for a clear sky day (26/10/14) in Narbonne 

 

Figure 26: albedo measurements vs model on a clear sky day (26/10/14) in Narbonne. α0=0.241, C=0.4 

The model is quite close to the measurements except in the early morning and the late afternoon. 

However, in these periods the sun is low and the albedometer may get direct irradiance from the 

bottom pyranometer which misrepresents the albedo. If the periods when the solar altitude angle is 

below 10° are not taken into consideration, the root mean square difference (RMSD) equals 3.4%. 
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Figure 27: GLOH and DIFH for a cloudy day (27/10/14) in Narbonne 

  

Figure 28: albedo measurements vs model on a cloudy day (27/10/14) in Narbonne. α0=0.241, C=0.4 

However, this model is less accurate when there is a lot of diffuse skylight, as it can be noted in 

Figure 28. Thus the decision was made to modify the model in the following way to take into 

consideration the ratio of diffuse light: 

 

{ 17 } 

 

Where αdiff is the albedo under a 100% diffuse illumination (independent of the solar angle) 
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Figure 29: albedo measurements vs diffuse model on a cloudy day (27/10/14) in Narbonne. α0=0.241, C=0.4, αdiff=0.215 

 

Figure 30: albedo measurements vs diffuse model on a clear day (26/10/14) in Narbonne. α0=0.241, C=0.4, αdiff=0.215 

The diffuse model is still accurate on a clear day, and better on a cloudy day, despite some errors at 

the end of the day (when the ratio DIFH/GLOH increases). 

An attempt to validate the values chosen for αdiff, α0 and C has been made. The values that minimize 

the RMSD on a 41-day range (November-December 2014) were found thanks to an algorithm. These 

values are: 

0,147C

0,215

0,2550







diff



 

The value found for C is quite different from the value advised by Briegleb for grassland. On the 

other hand, it must also be noted that Wang et al. showed that C changes considerably among 

vegetation classes and can be very different from these constants. [30] 

The values of α0 and αdiff are close to the ones chosen previously. 
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Such values give an RMSD of 0.02 or 8.5% (the solar altitude angles <10° were not considered). In 

comparison, the RMSD calculated between the measured albedo and its mean value is 12.4%. Thus, 

this dynamic albedo model gives a better approximation of the albedo than the method that is 

currently used (mean constant value). 

However, the parameters are also dependent on the season. The same study should be made with 

albedo measurements from March 2015, at the same location. 

 

Validation of the albedo model on PVZEN test facility 

Irradiance measurements 

In order to assess the improvement resulting from this new albedo model and get a better 

understanding of the irradiance received on the rear side, six pyranometers were mounted on the back 

of a monofacial stand. They were facing the ground to evaluate the received reflected irradiance and 

were placed at one extremity of the stand and in the middle as shown in Figure 31 and 30. 

         

Figure 31: Pyranometers at the center of the rear side of 

a monofacial stand.      

Figure 32 : Pyranometers at the extremity of the rear 

side of a monofacial stand. 

  

An example of the obtained results is presented in Figure 33. 
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Figure 33: Example of back irradiance received on a beautiful day at PVZEN at 6 different points 

As expected, the experiments show that the irradiances at the center are lower than at the edge of the 

stand, and symmetrical during the day. On the other hand, the irradiance received by the modules at 

the edge drops dramatically during the day, as the shadow cast on the ground moves closer to these 

modules. Globally, the energy received is higher for the modules at the edge and at the top of the 

stand, as can be seen in Figure 34. 
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Figure 34: Energy received by different parts of the rear of a stand during a week (Wh/m²). Framed values were measured 

by the pyranometers, others are estimated. 

In a second time, another configuration of pyranometers was also tested. Three of the pyranometers 

were moved to another position, as shown in Figure 35 and Figure 36. 
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Albedo measurement and modelling 

 In order to have a comparison with new simulations, an albedo model needs to be associated with the 

concrete ground of PVZEN. Three days of albedo measurements were used to fit this model (cf. 

Figure 37). 

 

 

Figure 37: Albedo measurements (blue) vs fitted model (red). Parameters are alb_dir=0.397, alb_dif=0.36, C=0.1 

Parameters used in the model are: 

- For alb_dir, the value measured under a clear sky (days 2 and 3) for a zenith angle of 60° : 

0.397 

- For alb_diff, the value measured under a cloudy sky (day 1): 0.36 

- For C, the value corresponding to a surface having a low dependency on the angle of the 

incident light: 0.1 

The resulting model shows a 6.4% RMSD with the experimental data, and was accepted for the rest 

of the study. 

Comparison  

The conditions of the measurements were simulated with Dymola and this model. In a second time, 

three out of the six pyranometers were moved to test the model in a different configuration. This 
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Figure 35: Back of a stand: positions of the pyranometers (CP1) Figure 36: Back of a stand: positions of the pyranometers (CP2) 
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configuration of pyranometers will be called CP2 in opposition to CP1 which is the first 

configuration. Several weeks of measures in cloudy and clear sky conditions were compared. 

As it can be seen in Figure 31, some pyranometers are close to the structure that hold up the stand. It 

is assumed that these structures will affect the irradiance received by the closest pyranometers. To 

take this parameter into account, small loss factors have been applied to the view factors of the 

module to the whole ground. This means that the structure is preventing a small part of the light to 

reach the module. The loss factors are presented in Figure 38, and were arbitrarily chosen. 
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Figure 38: Loss factors apply to the view factor due to the structures at the measured positions 

 

The results are presented in relative mean difference and absolute Root Mean Square Difference of 

the 6 measurements. This second indicator is more pertinent as the irradiance has a different order of 

magnitude according to the position within the stand. 

 

 

CP1 (with 

albedo 

constant) 

CP1 (without 

loss factor 

correction) 

CP2 (without 

loss factor 

correction) 

CP1 (with loss 

factor 

correction) 

CP2 (with loss 

factor 

correction) 

Relative 

mean 

difference 

23.2 % 14.08 % 10.93 % 5.33 % 3.14 % 

Absolute 

RMSD 
21 W/m² 18.9 W/m² 16.5 W/m² 13.6 W/m² 13.1 W/m² 

Table 1: Error of model on back irradiance of the 6 pyranometers during a week 

This value of 13 W/m² can be compared with the uncertainty of the pyranometer on the irradiance 

measurement which is about 10 W/m². In these conditions, the accuracy of the model can be 

considered as acceptable. The detailed comparison for each position can be found in Annex. 

It must also be noted that the RMSD can be further reduced by taking other albedo parameters. With 

alb_dir=0.41 and alb_diff=0.2, a RMSD of 10 W/m² is obtained. This could mean that the way the 

diffuse albedo in particular is defined might be incorrect. The value of diffuse albedo may not be the 

same under diffuse illumination due to cloudy sky or due to a direct shadow. 
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6.1.2. Implementation of shadowing effects on the front side 

Presentation of the shading power losses model 

In a PV plant, bringing the stands closer will increase the density of production but above a certain 

threshold, shading from one row of stands is going to affect the row behind. With an optimization 

objective in mind (maximize the production for example), being able to evaluate the losses caused by 

this shading is essential.  

The shading losses are difficult to quantify as they are not proportional to the shading. One method is 

to use a model which solves the whole I-V curve of the stand. This is a very accurate method but it 

requires a lot of computation time, and the bifacial model is already quite heavy. It is not appropriate 

for a yearly estimation of the yield. Another method is to use an analytical model which can be 

integrated into the current model without many modifications. This is the approach which was 

selected for the evaluation of the shading losses. 

A model of shading losses for the front side of the bifacial stand has been adapted from the work of 

Rodrigo et al. They claim that their model presents a root mean square difference of 8% (on the 

annual energy yield) with the reality, which is less than other simplified models. [31] 

This model needs as inputs: 

- The structure of the PV stand: NCELL (number of cells per block, a block being a series of 

cells protected by a by-pass diode), NBLOCK (number of blocks per string), NSTRING  (number 

of strings per stand) 

- Geometric shading factor sG (can be defined for a cell, block, string, stand): the ratio between 

the shaded area and the total area 

- Total global irradiance G (can be defined for a cell, block, string, stand) 

From these, the following factors can be defined: 

- Shading factor s: 𝑠 =
𝐺−𝐺𝑆𝐻

𝐺
, GSH is the shaded irradiance 

- Shading intensity factor sI: 𝑠𝐼 =
𝑠

𝑠𝐺
 

- Shading power loss factor LSH: L𝑆𝐻 =
𝑃−𝑃𝑆𝐻

𝑃
, P is the theoretical power in the absence of 

shadows, PSH under shading. (can be defined for a cell, block, string, stand) 

The number of shaded cells in each block and totally shaded cells in each block is also needed.  

At the level of the block, the real loss factor verifies this equation: 

 

{ 18 } 

Most Concentrated Shadow (MCS) is a case of shading in which the shaded area is concentrated over 

the minimum number of cells, Most Distributed Shadow (MDS) is a case in which the shaded area is 

distributed uniformly between the shaded cells. These cases are illustrated in Figure 39. 

ijshijblockshijsh MCSLLMDSL )()( ,, 
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Figure 39: Shading factors of the individual cells in a generic block 

LSH(MCS) and LSH(MDS) can be easily calculated [31] and the resulting loss factor is deduced from 

these two and the standard deviations of the approximated real shadow shading factors σ and the 

standard deviation of the most concentrated shadow shading factors σ(MCS) : 

 

{ 19 } 

This loss factor at the level of a block is then considered as an equivalent shading factor of the whole 

block, and the same approach can be used to determine LSH,STRING, and then LSH,STAND. Finally, the 

stand loss factor is corrected by a mismatch parameter to take into account the losses due to the 

different operating points. This mismatch parameter ε is fixed at 0.3 by Rodrigo et al. 

 

{ 20 } 

From this loss factor and the theoretical power calculated as usual without shading, the power under 

shading can be deduced. 

 

Validation 

Before starting using this model, it was tested against a model based on solving the whole I-V curve, 

which is considered as close enough to the reality. This accurate model was developed at EDF R&D 

in 2014. The comparison was made for two monofacial stands of 6x2 modules, separated by 3m, on a 

sunny day. The root mean square difference between the two models for the power of the stand 

behind was calculated (cf. Figure 40). 

])()([)(
,

,, ijshijsh

ijMCS

ij

ijshijblocksh MDSLMCSLMDSLL 




ndshndshfinalsh LLL sta,sta,, )]1(1[  



43 

 

 

Figure 40: Power produced at the MPP of one non shadowed 6x2 stand and one shadowed 6x2 stand by the detailed and the 

simplified model.  

The RMSD of 2.7% obtained is good and consistent with the values given by the authors of the 

model. Although a validation on a longer time period would be necessary in the future, the simplified 

model was successfully implemented to estimate the shading losses on the front side of a bifacial 

stand. 

  

The accuracy of the model has been improved by several means: 

- The use of a variable albedo and several corrections to the calculations of the casted shadows has 

reduced the error on the back irradiance from 20% to ~5%. 

- An analytic shading model allows to predict the losses due to shading between stands. This is 

essential in order to optimize a bifacial installation as bringing closer PV stands will induce shading 

which need to be evaluated. 

 

6.2. Reduction of the computation time 

6.2.1. Influence of the meshing 

In order to calculate the view factor between two non-parallel surfaces, a meshing is needed. Bouia et 

al. have shown how to use Delaunay’s triangulation to calculate any view factor between two flat 

surfaces.  [24] Following this method, the ground around the stand is meshed. The size of the meshes 

of the ground influences the precision of the results but also the simulation time. It is necessary to 

find an optimum size for these meshes. The criterion chosen is that the error made on the final 

production must not be higher than 0.5%. 

To choose the right parameters, the influence of the meshing is studied directly on the view factors 

(instead of on the power output for example) to avoid any averaging effects. The worst possible case 

is chosen with a ground albedo of 1 and a maximum of diffuse irradiance. This is the case when an 

error on the view factors will affect the most the irradiance on the back and the final results. 
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Different values of annual mean irradiances across the world were studied to determine the case 

which would exacerbate the errors on the view factors. The values of mean diffuse and global 

horizontal irradiances are presented in Figure 41. 

 

Figure 41 : Mean annually averaged daily GHI and DHI in 7 different locations 

The worst conditions among these places seem to be in Brussels, which has the maximum diffuse 

irradiation. These conditions will be used in the evaluation of the resulting error. 

The effects on the view factors have been simulated with six different sizes of mesh: 5cm, 10cm, 

20cm, 30cm, 40cm and 50cm for the six parameters defining three surfaces. These surfaces are: the 

area between two stands, the area on the left of the stand and the area on the right of the stand.  They 

are defined by the lengths L1 to L6 (cf. Figure 42). N1 is the size of the mesh in the direction L1, N2 

in the direction L2, etc. 

 

 

Figure 42: Definition of the characteristic lengths used for the meshing 

 

Table 2 gives the results for the parameter N1. It shows the relative difference of the view factors for 

each size of mesh in comparison to the reference mesh size (5cm). The stand considered was a 14x3 

stand tilted at 30°, at an elevation of 10m with no other stand behind. 
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View factor from the 
module to the ground 

to the sky 

View factor from the 
module to the ground 

View factor from the 
module to the stand 

behind 

View 
factor to 
the sky 

50cm -1.68E-03 -2.80E-03 0.00E+00 3.47E-02 

40cm -1.20E-03 -1.77E-03 0.00E+00 2.19E-02 

30cm -7.36E-04 -9.74E-04 0.00E+00 1.21E-02 

20cm -3.16E-04 -3.90E-04 0.00E+00 4.84E-03 

10cm -6.16E-05 -7.50E-05 0.00E+00 9.39E-04 

5cm 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Table 2: Relative error on the different view factors 

These percentages are then used to calculate the errors on the diffuse and reflective flux, and the final 

error on the plant production with the following expression: 

𝑃𝑟𝑜𝑑𝐸𝑟𝑟𝑜𝑟 =
(∆𝑓𝑙𝑢𝑥𝑅𝑒𝑓𝑙 + ∆𝑓𝑙𝑢𝑥𝐷𝑖𝑓𝑓) ∗ 𝑆𝑚𝑜𝑑𝑢𝑙𝑒 ∗ η ∗ 𝐵𝐹𝐹 ∗ 3600

ExpectedProd ∗ 𝑃𝑐𝑚𝑜𝑑𝑢𝑙𝑒
 

With the following values chosen: 

Bifaciality factor (BFF): 0.9 ; η = 0.16; ExpectedProd = 1200 Wh/Wc; Pc = 210 Wc ; S = 1.4 m² 

Table 3 shows the final results for the parameter N1. 

N1 size Error on the production 

50cm 0.53% 

40cm 0.37% 

30cm 0.20% 

20cm 0.08% 

10cm 0.02% 

5cm 0.53% 

Table 3: Error on the final production due to the meshing 

The recommended size for N1 is in that case 40cm. The same approach for the other parameters 

allows to choose the following values: N2=20cm, N3=N4=N5=N6= 50cm. 

This approach was also applied to the meshing of the shadow cast on the ground, resulting in the 

choice of 50cm x 20cm meshes. The choice of the right meshing is capital. This mesh size divides by 

4 the calculation time of the variable view factors of a 10x2 stand in comparison to the previous 

method. 

The previous method was also based on a variable mesh size (a 10m stand would result in a mesh size 

of 10cm, a 20m stand in a mesh size of 20cm…). The advantage of having a method based on a 

constant mesh size is that the intrinsic error will be constant whatever the size of the stand. 

 

{ 21 } 
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6.2.2. Interpolation of the view factors 

As discussed in paragraph 4.2, some of the view factors are not constant. Indeed, the portion of 

shaded ground viewed by each module changes with the position of the sun in the sky. For these 

reasons, the corresponding view factors need to be calculated every ten minutes. As the ground needs 

to be meshed, it requires extensive computation which is extremely time consuming. This is 

particularly the case when the size of the stand increases.  

For example, the number of view factors to be calculated for a 10x3 stand for a one year study is: 

𝑁𝑏(𝑣𝑖𝑒𝑤𝑓𝑎𝑐𝑡𝑜𝑟𝑠) =
10 ∗ 3 ∗ 24 ∗ 60 ∗ 365

10
= 1576800 

To reduce the associated computing time, one solution is to only calculate the view factors a few days 

in the year (typically once a month) and then to interpolate in between. The number of view factors to 

be calculated in this case is only:  

𝑁𝑏(𝑣𝑖𝑒𝑤𝑓𝑎𝑐𝑡𝑜𝑟𝑠) =
10 ∗ 3 ∗ 24 ∗ 60 ∗ 12

10
= 51840 

The view factors are calculated the 21
st
 of each month to minimize the error when interpolating, as the 

view factors directly depend on the sun’s position (symmetrical with respect to June 21
st
). A linear 

interpolation is then applied as illustrated in Figure 43 and re-used in the model. 

 

Figure 43: Linear interpolation of a view factor over 4 days. Days 1 and 4 are calculated, days 2 and 3 are interpolated. 

 

Examples of time saving thanks to this interpolation are given in Table 4. 

 

4x3 stand 

(without 

interpolation) 

4x3 stand 

(with 

interpolation) 

14x3 stand 

(without 

interpolation) 

14x3 stand 

(with 

interpolation) 

Computing time for 

a one-year 

simulation 

≈ 45 min ≈ 12 min ≈ 6h ≈ 1h 

Table 4: Approximated computing time for a 4x3 and a 14x3 stand, with a time step of 10 min 

 

{ 22 } 

{ 23 } 
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 Obviously, view factors are dependent on the geometry of the stand – particularly the tilt angle – and 

on the sun’s position. The accuracy of this interpolated method has been tested for different locations 

under different latitudes for several tilt angles. The accuracy was defined by the error made on the 

annual production when compared to the results obtained with the complete model. Simulations were 

made on a 4x3 stand, for 5 tilt angles, in Marseille (43°N), Potsdam (52°N), Cairo (30°N) and 

Mumbai (19°N). Several interpolated models were tried:  

- Model 12.1  calculates the view factors the 1
st
 of each month 

- Model 12.21  calculates the view factors the 21
st
 of each month 

- Model 6.21  calculates the view factors the 21
st
 of the 6 first months and assumes a 

symmetry with respect to June 21
st
 for the 6 others (if the modules are south-facing) 

The results are presented in Figure 44. 

 

Figure 44: Error due to the interpolation in relative difference on the annual production, for 5 different tilt angles and 4 

latitudes. 

All the cases studied present an error under 0.1% with the exception of the model calculating the view 

factors the 1
st
 of each month. The 6.21 model has shown some slight instabilities, making the 12.1 

model the best choice for now. This interpolation method has been implemented as a possibility in the 

Dymola model and is used from now on in the optimization problem. 

 

The computation time has been reduced by several means: 

- The mesh size of the ground (used in the view factor calculation) has been optimized. The defined 

sizes allow to have a good accuracy of the results with the minimum use of CPU. 

- The variable view factors are calculated once a month and interpolated for the missing days. This 

approach allows to divide the computation time by 6 while keeping an error lower than 0.1% on the 

annual production.  
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7. Optimization of the configuration of a bifacial PV plant 

 

The developed Dymola model shows good results when compared to experimental data. As it 

calculates the production of a bifacial stand by taking into account the presence of a stand in front and 

a stand behind, it can be used to model a plant by multiplying the production of one stand by the 

number of stands in the plant. However, the computing time increases with the size of the considered 

stand, as the view factors and other variables need to be calculated for each module. One solution to 

this problem is to consider that over a certain threshold, the differences between the rear irradiances 

at the center of the stand are negligible. The values of production for a large stand can then be 

extrapolated from the values of these modules at the center of a smaller stand. The irradiance on the 

front of the stand is obviously less dependent on the size. An analysis of the variation of the back 

irradiances according to the size of the plant will be carried out in the next part. 

 

7.1. Influence of the size of a stand on the irradiance received at the back of a stand 

Several simulations have been carried out on different sizes of stands: 10x3, 12x3 and 14x3. Only the 

results of the 14x3 simulations are presented here). The analysis was made with the weather data 

from Paris, an albedo of 0.4, a tilt angle of 40° and a 10m spacing. Table 5 presents the relative 

difference of the mean irradiance received over one year of the considered module in comparison 

with the module at the center of the stand. 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

3 

24,63
% 

13,27
% 

6,59
% 

3,11
% 

1,31
% 

0,39
% 

0,00
% 

0,00
% 

0,39
% 

1,31
% 

3,13
% 

6,68
% 

13,49
% 

24,99
% 

2 

29,29
% 

14,16
% 

6,56
% 

2,99
% 

1,24
% 

0,37
% 

0,00
% 

0,00
% 

0,37
% 

1,26
% 

3,04
% 

6,72
% 

14,58
% 

30,01
% 

 
1 

26,86
% 

11,63
% 

5,18
% 

2,36
% 

0,98
% 

0,29
% 

0,00
% 

0,00
% 

0,29
% 

1,00
% 

2,42
% 

5,36
% 

12,10
% 

27,79
% 

Table 5:Relative difference in back irradiance in comparison to the central module of the same row 

For a 14x3 stand, it can be seen that the mean irradiance received on the rear side is only about 0.4% 

higher for modules in columns 6 and 8 than modules of the central columns. This difference should 

only result in an error of about 0.1% on the production when extrapolating from a 14x3 stand to a 

24x3 stand for example (with an assumed module efficiency of 15%). 

To test this hypothesis, a comparison between the production of two 24x3 stands – one using the 

extrapolation method, the other the regular method – has been made (Table 6). 

 
Real simulation 

24x3 

Simulation 24x3 with extrapolation 

from 14x3 
Error 

Annual production of one 

stand (kWh) 
32 373 32 499 0.38% 

CPU time  2.34h ~ 1h  

Table 6: Comparison of the annual production of a 24x3 stand with and without extrapolation from a 14x3 stand (Marseille, 

elev=1m, tilt=30°, dist=10m, alb=0.4) 
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The error is slightly higher than expected but acceptable. The same study was conducted with 48x3 

stands resulting in an error of -0.41%. This method will now be used in every simulation for stands 

larger than 14x3 modules. 

 

7.2. Global optimization method  

To determine the optimal configuration of the plant from an energetic or an economic point of view, 

several simulations need to be run. However, even with a 14x3 configuration, the computing time is 

still important (from 30 min to 60 min for a single simulation depending on the capacity of the 

computer). Instead of testing hazardously the configurations, it is necessary to use an optimization 

method allowing to accurately find the optimum in a minimum number of runs. A suggested method 

is described in the next part. 

7.2.1. Presentation 

The method chosen to reduce the numbers of simulations is to build a mathematical function (called 

metamodel) from a limited number of runs, which will approach the real outputs of the Dymola 

model. Once the metamodel is built, no more CPU time is required. 

The first task is to identify the initial simulations which will give the outputs necessary to build an 

accurate metamodel. In this first step, the goal is to explore the space of the input variables. Literature 

shows that Space-Filling Design (SFD) methods are a good way to achieve this initial exploration 

objective, while usual design of experiments does not ensure this task. Several classes of SFD exist: 

in this case, the association of Latin Hypercube Sample and maximin designs (based on a distance 

criterion) ensure a good exploration of the space without having some parameters at the same level 

several times. [32] 

Once the initial exploration is done, the metamodel is generated from the corresponding simulation 

outputs using a kriging predictor. This metamodel gives a response surface which can be used to find 

the minimum/maximum response of the numerical model. Standard errors associated to this model 

are also available. [33] Obviously, this uncertainty is non-existent at the tested points, but can be 

important between the different points of the SFD. As a result, the optimum determined as a first 

approximation may not be accurate. 

The next step is thus to reduce the uncertainties on the optimum. The Efficient Global Optimization 

algorithm is used to achieve that. This algorithm determines new input configurations to test by 

maximizing the Expected Improvement. New simulations are done on points close to the estimated 

optimum with an important uncertainty and the metamodel is re-generated each time by taking into 

account the new results. [34] Finally, after a certain number of steps of this adaptive optimization, the 

optimum is known with a reasonable uncertainty. 

The approach is summed up in the following diagram: 
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Figure 45: Example of factorial design in 2d (usual design) 

    

 

Figure 46: Example of SFD with maximin LHS in 2d 

 

Figure 47: Example of real model (red), estimated  

metamodel (dotted) and uncertainties (grey) in 1d 

 

Figure 48: Example of new point reducing the uncertainty (blue) 

 

 

3. Kriging (Gaussian process 
regression on the previous 

results) to estimate a 
metamodel 

2. Simulation of the initial 
design configurations 

4. Sequential Expected 
Improvement maximization 

and model re-estimation 
(new simulations) 

1. Produce space filling 
designs with maximin LHS 
(Latin Hypercube Sample) 
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7.2.2. Application 

This method has been applied to a theoretical project with the following characteristics: 

- 250 Wp modules, with a front side efficiency of 19.5%. 

- 4.9 ha (150m x 300m) available in the region of Marseille (South of France) 

- Organization of the PV farm in two blocks with a certain number of 48x3 stands (cf. Figure 

49) 

- Ground albedo of 0.4 (equivalent to sand or concrete) 

- 10 min time step for the simulations over one year 

- Shadowing effects taken into account on the front side from one stand onto the next one 

The following parameters were not taken into account: 

- Mismatches on the rear side (considered as negligible) 

- Losses due to the aging of the modules 

- Losses due to the inverters 

The three parameters defining the configuration of the plant in this case are the elevation of the stand, 

the tilt angle of the modules and the distance between the stands (cf. Figure 50). They can vary in the 

following intervals: 

- Elevation: 0.4m to 1m. Studies have shown that bifacial PV tends to produce more at a 

higher elevation, but 1m has been considered as a reasonable maximum (the previous studies 

tend to show no significant improvement of energy yield for higher elevation and the 

associated costs are expected to shoot up). 

- Tilt angle: 0° to 50°.  

- Distance: 2.5m to 10m. 2.5 m is considered as the minimum spacing required for the 

maintenance of the modules. 

 

 

Figure 49: Organization of the plant in two blocks of N stands of 48x3 modules  

N
 s

ta
n

d
s 48x3 modules 
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The launching of the simulations has been automated with R and Python codes calling executables 

generated from the Dymola model (cf. Figure 51). 

 

 

Figure 51: Diagram of the automation of the optimization. Exe files have been generated from Dymola 

 

7.3. Maximization of the production 

 

To begin with, the optimization will be conducted from an energetic point of view. The 

configurations maximizing the specific production (which represents the annual production given the 

peak capacity installed – in kWh/kWp) and the total annual production are the expected results. 

Tilt angle 

 

Elevation 
Distance 

Figure 50: The three parameters to optimize 
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Following the given methodology, 30 initial configurations to test were generated following a space 

filling design. This number corresponds to the recommended number of initial designs for a 3 

dimensional problem. These configurations are shown in a 3d space representing all the possible 

configurations in the intervals chosen (Figure 52). 

 

Figure 52: 30 initial configurations following a space filling design with maximin Latin Hypercube Sample 

 

These configurations cover randomly the available space, without having some parameters at the 

same level several times. 

A kriging model is then fitted to these configurations and the corresponding simulation results with R. 

The generated metamodel is used to estimate the optimum and its confidence intervals. Then the 

Efficient Global Optimization implemented in R is used to re-evaluate the numerical model around 

the optimum to reduce the uncertainties and get a better estimation of the real optimum. The number 

of re-estimations of the model in this phase has been arbitrarily fixed to 20. 

These re-estimations appear in red on Figure 53 when looking for the maximal production of the 

plant. The algorithm detects the most probable optimum from the initial simulations and launches 

new simulations aimed at refining the prediction of the optimum. It shows that the EGO algorithm 

has narrowed the area of the optimum. It can also be seen that the uncertainties have been strongly 

reduced around the optimum (cf Figure 54). 



54 

 

 

Figure 53: 2D response surface for the total production of the plant (kWh). Initial simulations appear in blue, adaptive 

simulations around the optimum in red 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54: Example of reduction of the uncertainties around the optimum thanks to the EGO algorithm (tilt angle 

parameter). On the left: before the adaptive optimization. On the right, after the adaptive optimization. Metamodel appears 

in red and confidence intervals in blue.  

 

The response surface of the model with these simulations is given for one stand and for the whole 

plant. It enables to evaluate the configurations that optimize the production. 
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 One stand Whole plant 

Production (max) 64 944 kWh 12.4x106 kWh 

Specific production 1804 kWh/kWp 1440 kWh/kWp 

Elevation (optimum) 1m 1m 

Tilt angle (optimum) 40° 28° 

Distance (optimum) 10m 2.5m 

 

 

As expected, the configuration which maximizes the production of one stand, i.e. the specific 

production (in kWh/kWp), has an elevation of 1m and an inter-stand distance of 10m. It is in these 

conditions that one stand receives the most irradiance. However, if the objective is to have the highest 

total production, a higher density of stands is required. The ideal inter-stand distance is thus 2.5m. In 

this case, the specific production strongly drops because of the shading of one stand onto the next 

one. The optimal tilt angle is also smaller as the shadow of a low tilted stand will less affect the stand 

behind. 

 

  

Figure 55: Surface response for the production of one stand Figure 56: Surface response for the production of the plant 
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7.4. Technical-economical optimization 

 

Even though these results are particularly interesting for the understanding of a bifacial plant, 

investors and/or plant developers are more interested in economical criterions. The configuration 

which maximizes the expected profits of the project will of course be selected.  

Several hypothesis are made for the economical parameters of a PV plant and several indicators are 

introduced in the next part. Many of these hypothesis are based on reports from the CRE 

(Commission de Régulation de l’Energie) and the ADEME (Agence de l’Environnement et de la 

Maitrise de l’Energie) – two French public agencies. 

 

7.4.1. Hypothesis 

Economical study time 

The lifetime of the plant is expected to be 30 years. Modules are usually guaranteed for 25 to 30 years 

with 90% of their initial performance. 

Discount rate 

A nominal discount rate of 8% has been chosen. It is representative of the weighted average cost of 

capital (WACC) that the CRE takes into account when fixing the feed-in tariffs. [35] 

The inflation has been taken at 1.53% which is the averaged inflation over the last 20 years in France. 

The real discount rate t is given by the following formula, where tn is the nominal discount rate and i 

is the inflation rate: [36] 

)1(

)1(
)1(

i

tn
t




  

In this case, t = 6.38%. 

Balance of system costs (BOS) 

Depending on the sources, the definition of BOS varies. In this document, BOS will designate all the 

costs of the system excluding the costs of the modules. The global cost of the system without the cost 

of the modules has been established between 0.45 €/Wp and 0.6 €/Mp. The ADEME gives a 

prediction of 0.7 €/Wp in 2012 for 2015, but it seems that the decrease has been more important. [37] 

The Fraunhofer Institute establishes the cost of BOS at 0.45 €/Wp in Germany in 2015 for plants 

between 1MW and 100MW. [38] 

The CRE gives several BOS costs according to the installed capacity. These data were used to take 

into account the scale effect that reduces costs when the capacity increases. A polynomial model has 

been built to describe the cost reduction in Figure 57. This model gives a value of 0.56 €/Wp for a 1.2 

MW plant which is the average size of a PV farm in France. 

{ 24 } 
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Figure 57: BOS cost adapted from the CRE report and its fitted polynomial model 

 

The distribution of the costs is assumed to be the same as the one given in 2012 by the ADEME, as 

described in Figure 58. 

 

 

Figure 58: BOS cost distribution according to ADEME 2012 

Regarding the structure, the elevation of the stand will impact its cost. The hypothesis made is that a 

structure at 1m will cost twice as much as a structure at 0.4m. 

However, it must be noted that these figures correspond to monofacial plants, and are probably 

different for bifacial plant as these values will be affected by the need of more inverters – or inverters 

with a larger voltage window for instance. 

Module costs 

The CRE gives a module cost of 0.55 €/Wp in 2013. The value of 0.5 €/Wp will be considered for 

monofacial modules. [35] 
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For bifacial modules, the estimated cost is around 1 €/Wp depending on the manufacturer, but a price 

range from 0.6€/Wp to 1.2 €/Wp will be studied. 

Operating expenditures (OPEX) 

OPEX are fixed at 2.4% of the capital expenditure (CAPEX), accordingly to the CRE report. [35] 

However, their expression has been adapted so that the module cost does not influence the OPEX. 

For the sake of comparison, the same value is used but it may be different for bifacial plants as both 

sides of the modules need to be cleaned. 

Land cost 

The cost of unbuildable land around Marseille is around 10 €/m², but other values will be 

investigated. 

Retail price of electricity 

Based on other plants built in the south of France in 2015, a retail price of 100€/MWh was chosen for 

the plant in Marseille. In Paris, 150 €/MWh was arbitrarily taken. 

7.4.2. Economic indicators 

Net Present Value (NPV) 

The Net Present Value converts all the cash flows to a present worth value. It gives a direct indication 

on the enrichment but no indication on the amount of the initial investment.  

A project is profitable when its Net Present Value is positive. 

Internal rate of return (IRR) 

The Internal Rate of Return is the discount rate at which the net present value equals zero. In other 

terms, it is the annualized effective compounded return rate. It is more of a financial indicator which 

must systematically be compared to the real discount rate (the weighted average cost of capital in our 

case). 

A project is profitable when its Internal Rate of Return is higher than the real discount rate. 

Profitability Index (PI)  

The profitability index allows a direct access to the Net Present Value and industrial parameters such 

as levelized cost of electricity (LCOE), margin on cost price and margin on retail price. It expresses 

the efficiency of the invested funds. It is defined as:  

𝑃𝐼 =
𝑁𝑃𝑉

𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
 

A project is profitable when its Profitability Index is positive. The ADEME recommends a 

Profitability Index>0.3 for renewable projects. [36] 

There is the following relation between the Profitability Index and the levelized cost of electricity: 

𝑅𝑒𝑡𝑎𝑖𝑙𝑃𝑟𝑖𝑐𝑒

𝐿𝐶𝑂𝐸
= 1 +

𝐾𝑎

𝐾𝑎 + 𝐾𝑒𝑚
∗ 𝑃𝐼 
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7.4.3. Results 

The optimization method was applied with the objective of a maximization of the Profitability Index. 

Maximization of the Profitability Index corresponds to the minimization of the levelized cost of 

electricity. 30 initial simulations were made, followed by 20 adaptive simulations, for a total 

computing time of about 60 hours. 

The working principle of the EGO algorithm can be seen in Figure 59. The optimum of the 

Profitability Index is determined step by step with the new simulations which reduce the uncertainties 

around it. 

 

Figure 59: Response surface in 2D for the Profitability Index, with an elevation fixed to 0.4m. The initial points are in blue, 

the new points tested with the EGO algorithm are in red. 

 

The results are presented in Figure 60 and Table 7. 
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Figure 60: Response surface in 3D of the model for the Profitability Index and the LCOE. Elevation is fixed at its optimum 

which is 0.4m in this case. 

 

 

 

 

Estimated configuration maximizing the 

Profitability Index 

Elevation Tilt angle Distance 

0.4m 34.9° 5.75m 

Estimated Profitability Index 0.38 

Peak power 3744 kWp 

Estimated specific production 1670 kWh/kWp 

Table 7: Results of the Profitability Index optimization, Marseille, albedo=0.4 

These results show that the most interesting configuration from an economical point of view is a 

compromise between a high total production (with a high density of modules) and a high specific 

production (with a low density of modules). The optimum elevation at 0.4m means that the additional 

cost caused by a higher structure is not compensated by the resulting additional gain (at least with the 

considered hypothesis). 

With the optimistic parameters taken in this study (albedo = 0.4m, bifacial module cost = 0.6 €/Wp), 

it appears that a bifacial plant in this configuration is profitable with a Profitability Index of 0.38. 

Other economic indicators can be found in Annex. 
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7.4.4. Impact of module cost 

The previous results were given with a bifacial module cost of 0.6 €/Wp, i.e. modules 20% more 

expensive than monofacial modules. This is an optimistic estimation, which could only be achieved 

in several years. The impact of a module cost varying from 0.6 to 1.2 €/Wp has been studied. The 

results on the Profitability Index and the Net Present Value can be found in Figure 61 and Figure 62. 

 

Figure 61: Net Present Value as a function of the study time for different module costs 

 

Figure 62: Profitability Index as a function of the retail price for different module costs 
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It appears that in these conditions, bifacial PV is only just profitable for a module cost around 1.2 

€/Wp since the Net Present Value becomes positive after 29 years in that case. The LCOE can be read 

directly at the intersection of the Profitability Index curve with the abscissa. It varies from 72.2 

€/MWh to 99.4 €/MWh. 

7.4.5. Impact of land cost 

Land cost can be non-negligible in the CAPEX. In this study, it will be considered as an initial cost, 

not as a recurrent cost. A research on the cost of unbuildable land around Marseille gave a value of 10 

€/m². It will be compared to a land available for free and a land at a cost of 20€/m². The considered 

economic indicator is the Profitability Index. Response surfaces for the Profitability Index can be 

found in Figure 63, Figure 64 and Figure 65. 

 

 

 

 

 

 

 

 

 

 

 

 

The analysis of these response surfaces shows that the land cost causes the optimal configuration 

(from the Profitability Index point of view) to vary. Obviously, the more expensive the land is, the 

more profitable a high density of stands is. The optimal configurations for the different land costs can 

be found in Table 8. 

  

 

Land cost 0 €/m² 10 €/m² 20 €/m² 

Profitability Index 

max 

0.55 0.39 0.28 

Elevation (optimum) 0.4m 0.4m 0.4m 

Tilt angle (optimum) 41° 35° 30° 

Distance (optimum) 10m 6m 4.5m 

Table 8: Influence of the land cost on the Profitability Index and the optimal configuration 

Figure 64: Profitability Index - land 

cost: 10€/m² 
Figure 65: Profitability Index - land 

cost: 20€/m² 

Figure 63: Profitability index - land 

cost: 0€/m² 
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The Profitability Index was chosen as the reference indicator to be maximized as it represents the 

“efficiency” of the invested funds. In Marseille, for a given area with an albedo of 0.4, the specific 

production of a bifacial plant can reach 1804 kWh/kWp. The ideal configuration from an economic 

point of view is a compromise between a high density of stands and as little shading as possible. The 

specific production in this case reaches 1670 kWh/kWp. 

The cost of bifacial modules has a strong impact on the results. In the previous configuration and with 

the chosen economic hypothesis, the plant would be profitable for module costs under 1.2 €/Wp. 

When the land cost increases, a bifacial plant is more profitable with a higher density of stands. The 

ideal tilt angle will also decrease as it reduces the shading between stands in high density cases. 

 

 

7.5. Comparison to a monofacial plant 

7.5.1. Reference PV farm  

A reference monofacial PV farm has been selected near Marseille, the area chosen for the bifacial 

optimization. The PV plant of “Les Iscles” has an installed capacity of 7 MWp, for an estimated 

production of 10.5 million kWh (specific production is 1500 kWh/kWc). It covers an area of 12.6 ha, 

and had an estimated CAPEX of 11 M€. It was built at the end of 2013 / beginning of 2014. 

 

Figure 66: "Les Iscles" PV farm, near Marseille 

The levelized cost of electricity produced by this plant was calculated with the costs provided in 

2013/2014, and re-estimated with the CAPEX that would have been invested if the plant had been 

built in 2015. As the optimizations carried out previously on the bifacial PV plant were for an area of 

5 ha, the levelized cost of electricity of an equivalent-sized monofacial plant was finally estimated, by 

dividing by two the installed capacity of “Les Iscles” PV farm in order to have the same order of 

magnitude as the bifacial plant (a plant of a larger capacity has a lower LCOE, all else being equal). 
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Figure 67: comparison of the LCOE produced by a bifacial plant in Marseille (albedo 0.4) in comparison with Les Iscles 

As shown in Figure 67, the PV plant of “Les Iscles” would have a LCOE of 75 €/MWh if built today, 

or an equivalent of 78.1 €/MWh if a 3.5 MWp plant was considered (all else being equal). Bifacial 

PV would be more profitable in that case for module costs below 0.73 €/Wp. This corresponds to 

bifacial modules being 46% more expensive than monofacial modules. 

The chosen reference monofacial plant has a LCOE of 78.1 €/Wp and a specific production of 1500 

kWh/kWp. The bifacial plant studied would become more profitable for a bifacial module cost below 

0.73 €/Wp. It would also have a specific production 11.3% higher. 

7.5.2. Optimized PV farm 

The global optimization method used above can of course be applied to monofacial plants. In this 

part, the gain from the optimized bifacial plant will be compared to an optimized monofacial plant in 

exactly the same conditions (same weather, same location, same area). 

The monofacial model was adapted from the bifacial model by removing all the calculations of the 

rear side and adding new diode parameters. For large stands (>10x3), the production is extrapolated 

from the production of a 10x3 stand. The irradiance is assumed to be the same all over the front side 

(although this is not exactly the case when shading occurs). 

The chosen price of monofacial modules is 0.5 €/Wp. 

The response surface associated to this model for an optimization of the Profitability Index is shown 

in Figure 68. 
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Figure 68: Response surface for a monofacial plant in Marseille (optimal elevation = 0.4m) 

 

The resulting optimal configuration for a monofacial plant in Marseille can then be compared to 

bifacial plants in their respective optimal configurations. 
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7.6. Influence of the location and the ground albedo 

 

The albedo of the ground has a strong influence on the performance of a bifacial module, as it has 

been described in the literature. The influence of two kinds of albedo is going to be studied at the 

scale of the plant in this part:  

- A ground albedo of 0.25 which corresponds to grassland 

- A ground albedo of 0.4 which corresponds to concrete or clear sand 

Moreover, the behavior of bifacial PV is not expected to be the same as monofacial PV under 

different latitudes, mainly because it benefits more from diffuse illumination. The performances of a 

bifacial plant in two different places are also investigated: 

- In Marseille, south of France: annual average of 2866 hours of sunshine. With the following 

hypothesis: retail price = 100 €/MWh 

- In Paris: annual average of 1814 hours of sunshine. With the following hypothesis: retail 

price = 150 €/MWh 

  

All the optimizations were made with the objective of maximizing the profitability index. The 

available area is the same for each case and a virtual cost of 0.6 €/Wp was taken for the bifacial 

modules. The resulting configurations are then compared with one another. 

Two land cost hypothesis were also made: an area with a land cost of 10 €/m² and an area available 

for free. Key figures are presented in Table 9 and Table 10. An overview of the generated response 

surfaces can also be found in Annex. 

 

 

 Marseille (10€/m²) Paris (10€/m²) 

 Monofacial 
Bifacial 

alb=0.25 

Bifacial 

alb=0.4 
Monofacial 

Bifacial 

alb=0.25 

Bifacial 

alb=0.4 

PI max 0.353 0.347 0.394 0.396 0.406 0.416 

Production 

(MWh) 
5681 6376 6253 4542 6203 6244 

Peak 

capacity 

(kWp) 
3783 3960 3744 4400 5544 5472 

Specific 

production 

(kWh/kWp) 

1502 1610 1670 1021 1118 1141 

Gain (%) - + 7.2% + 11.1% - + 9.3% + 11.5% 

LCOE 75.8 73.9 72.1 107.5 106.7 105.9 
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(€/MWh) 

Gain LCOE 

(%) 
- - 2.5% - 4.9% - - 0.7% - 1.5% 

Profitability 

threshold for 

module cost 

(€/Wp) 

- 0.631 0.68 - 0.611 0.622 

Elevation 

Tilt angle 

Distance 

0.4m 

26° 

4.18m 

0.4m 

33.7° 

5.40m 

0.4m 

34.9° 

5.75m 

0.4m 

16.3° 

3.65m 

0.89m 

13.3° 

3.88m 

1m 

16° 

3.91m 

Table 9: Comparison of optimal configurations from an economical point of view. For each case, the profitability index was 

maximized. The available area is fixed, with a land cost of 10 €/m². The cost of monofacial modules is 0.5 €/Wp, 0.6 €/Wp 

for bifacial modules. Retail price is 100 €/MWh in Marseille, 150 €/MWh in Paris. 

Several observations can be made from these results: 

- In each case, the ideal distance from an economical point of view generates a high density of 

stands, with minimum shading effects. Indeed, the costs are relatively lower when the 

installed capacity increases. However, the plants in Paris (monofacial and bifacial) tend to 

have a much higher density than in Marseille. As the global irradiance is lower in Paris, the 

loss in Net Present Value is compensated by a higher density, even though it generates more 

shading. As a result, the tilt angles are also lower (which could be surprising at first) as a low 

tilt angle will cause less shading. 

- Both in Paris and in Marseille, the optimal tilt angle increases with the albedo. This confirms 

the observations made in the literature at the scale of a string or an isolated module. 

- The optimal elevation in Paris can be higher than in Marseille. As the share of the direct 

irradiance in the global irradiance is more important in Marseille, the influence of the rear 

side is smaller comparatively to Paris. It means that the additional production thanks to a 

higher elevation in Paris compensates the additional cost required.  

- The threshold cost for bifacial modules – i.e. the cost at which it becomes more interesting to 

use bifacial modules than standard modules – varies from 0.68 to 0.61 €/Wp according to the 

case. This represents modules 22 to 36% more expensive than monofacial modules. 

- Profitability Indexes are better in Paris than in Marseille. This is probably due to an 

overestimation of the retail price in Paris. The levelized cost of electricity is much lower in 

Marseille is decreasing faster. 
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As described in 7.4.5, the influence of the land cost is non negligible. The previous cases were 

also studied with an area available for free (cf. Table 10). 

 

 Marseille (0€/m²) Paris (0€/m²) 

 Monofacial 
Bifacial 

alb=0.25 

Bifacial 

alb=0.4 
Monofacial 

Bifacial 

alb=0.25 

Bifacial 

alb=0.4 

PI max 0.475 0.477 0.533   0.502 0.488 0.527 

Production 

(MWh) 
5365 4776 4766 4650 6203 2505 

Peak 

capacity 

(kWp) 
3516 2880 2736 4551 5544 2160 

Specific 

production 

(kWh/kWp) 

1526 1658 1742 1023 1118 1159 

Gain (%) - + 8.6% + 14.2% - + 9.5% + 13.5% 

LCOE 

(€/MWh) 
68.1 67.4 64.6 99.5 100.7 98.2 

Gain LCOE 

(%) 
- - 1.0% - 5.1% - + 1.2% - 1.3% 

Profitability 

threshold for 

module cost 

(€/Wp) 

- 0.608 0.680 - 0.588 0.620 

Elevation 

Tilt angle 

Distance 

0.4m 

27.5° 

4.5m 

0.4m 

39° 

7.35m 

0.4m  

40°  

7.85m 

0.4m 

17° 

3.72m 

0.89m 

13.3° 

3.88m 

0.4m 

41° 

10m 

Table 10: Comparison of optimal configurations from an economical point of view. For each case, the profitability index 

was maximized. The available area is fixed, with a land cost of 0 €/m². The cost of monofacial modules is 0.5 €/Wp, 0.6 

€/Wp for bifacial modules. Retail price is 100 €/MWh in Marseille, 150 €/MWh in Paris. 

 

With the exception of Paris with an albedo of 0.25, the configurations move to a lower density of 

stands. This is only a slight change for monofacial plants as they do not gain much from an important 

spacing between rows, but is an important change for bifacial plants. In Paris with an albedo of 0.25, 

the advantage of having a free area does not compensate the extra relative costs due to a low density 

of stands. 
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The gains on the specific production are also a bit higher for bifacial plants in this case. 

 

7.7. Impact of a different configuration  

As casted shadows on the ground have a negative influence on the production of bifacial modules, a 

different configuration was also tested. It consists of small stands of 4x3 modules spaced by 5m, as 

shown in Figure 69. 

 

 

Figure 69: Different configuration tested with 4x3 stands 

All the other parameters were considered the same (including the area available). The study was 

conducted for Marseille with a ground albedo of 0.4. A summary of the results is presented in Figure 

70. 

 

Figure 70: Specific production and LCOE for two different organizations with the configurations maximizing the 

Profitability Index. Marseille, albedo =0.4. Bifacial module cost considered: 0.6 €/Wp. 

It appears that the 4x3 organization is more profitable in the case of a land available for free, whereas 

the 48x3 organization has a lower LCOE with a land cost of 10 €/m². In the most profitable case (free 

land and 4x3 organization), the gain on specific production is 20.1% in comparison to the optimized 

monofacial plant discussed above. 

 

7.8. Summary 

The main gains on the specific production for bifacial plants in two locations and with two ground 

albedos are summarized in Figure 71. 
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Figure 71: Specific production in the configuration maximizing the Profitability Index in Paris and Marseille with an albedo 

of 0.25 and 0.4 

Although bifacial PV show promising gain in production, it is not yet profitable given the current 

module costs (at least not in the locations tested). Currently, bifacial module cost is estimated 

between 1 and 1.2€/Wp while the profitability thresholds start between 0.6 and 0.7 €/Wp. The costs 

of bifacial modules should drop of 40% before it becomes more interesting to invest in a bifacial 

plant than a monofacial one. This would probably not happen before a few years.  
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8. Conclusions and perspectives 

This study has shown some of the difficulties when modelling bifacial PV. It has proposed some 

solutions to improve a model of a large scale bifacial plant, including a variable albedo model and a 

shading model. The next steps would be to further improve the calculation performances and to 

validate the model on a larger scale. Ideally, tests with several bifacial stands should be performed. 

A robust optimization method has been implemented to find a technical-economical optimum for the 

configuration of a bifacial plant among numerous possibilities. This method can also be applied to 

monofacial plants. The results have shown that the optimal configuration is a compromise between a 

high density of stands and enough spacing to benefit from the ground reflection. This optimum 

depends on the location, the ground albedo and the economical parameters assumed and can vary 

greatly. 

Some economical parameters have been assumed the same as for monofacial plants but would need to 

be consolidated. In the future, a sensitivity analysis on these assumptions could be performed. 

The gain in specific production varies between 7% for the least favorable case and 14% for the most 

favorable. It can even reach 20% when changing the studied plant organization.  

The production cost of electricity from bifacial plants is still very high today due to the additional cost 

of bifacial modules. However, it is expected that these costs will drop in the coming years as the 

production capacity increases combined with the fact that more and more cells are intrinsically 

bifacial. Today, the profitability threshold for bifacial module cost has been evaluated between 68 

c€/Wp and 58 c€/Wp which is much less that the current cost (1 to 1.2 €/Wp). 

Finally, bifacial PV can also have interesting applications when installed in an East-West 

configuration, allowing to shift the production peaks to the morning and the evening. Such a 

configuration would generate more shading, and optimal configurations would probably be very 

different. A study on this subject could be of major interest.  



72 

 

9. References 

 

[1]  P. Dupeyrat, C. Lucas, A. Lindsay, A. Plotton et K. Radouane, «Investigations on albedo 

dependency of bifacial PV yield,» 2014.  

[2]  European Photovolatic Industry Association, «Solar photovoltaics: Competing in the energy 

sector,» 2011. 

[3]  FRAUNHOFER INSTITUT FOR SOLAR ENERGY SYSTEMS ISE, «Levelized Cost of 

Electricity Renewable Energy Technologies,» 2013. 

[4]  C. Duran, «Bifacial Solar Cells: High Efficiency Design, Characterization, Modules and 

Application,» 2012. 

[5]  C. Lucas, «Caractérisation électrique et modélisation de modules photovoltaïques à cellules 

bifaciales,» 2014. 

[6]  [En ligne]. Available: http://www.chemistryexplained.com/Ru-Sp/Solar-Cells.html. 

[7]  J. P. Singh, T. Walsh et A. Aberle, «Characterization of bifacial solar cells and modules for 

bifacial illumination using standard indoor measurements,» 2014.  

[8]  V. Fakhfouri, J. Hiller, N. Rebeaud, N. Bassi, Y. Pelet, M. Despeisse et C. Ballif, «Challenges 

and solutions for the characterization of bifacial PV modules and cells,» 2014.  

[9]  C. Duran, P. Hering, T. Buck et K. Peter, «Characterization of bifacial silicon solar cells, a new 

step,» 2011.  

[10]  J. Hohl-Hebinger et W. Warta, «Bifacial Solar Cells in STC measurements,» 2011.  

[11]  J. P. Singh, A. G. Aberle et T. M. Walsh, «Electrical characterization method for bifacial 

photovoltaic modules,» 2014.  

[12]  C. Duran, H. Deuser, R. Harney et T. Buck, «Approaches to an Improved IV and QE 

Characterization of Bifacial Silicon Solar Cells and the Prediction of their Module 

Performance,» 2011.  

[13]  J. Johnson, D. Yoon et Y. Baghzouz, «Modeling and analysis of a bifacial grid-connected 

photovoltaic system,» Power and Energy Society General Meeting, 2012 IEEE, 2012.  

[14]  H. Nussbaumer, F. Baumgartner, T. Baumann, D. Schär et F. Carigiet, «New opportunities for a 

better power distribution by the use of bifacial modules in future PV systems,» 2014.  

[15]  U. Yusufoglu, T. Pletzer, L. Koduvelikulathu, C. Comparotto, R. Kopecek et H. Kurz, 

«Analysis of the Annual Performance of Bifacial Modules and Optimization Methods,» IEEE 

Journal of Photovoltaics, 2015.  



73 

 

[16]  A. Lindsay, P. Dupeyrat, D. Binesti, E. Lutun et K. Radouane, «Key elements in the design of 

bifacial PV power plants,» 2015. 

[17]  L. Kreinin, N. Bordin, A. Karsenty, A. Drori, D. Grobgeld et Y. Eisenberg, «PV module power 

gain due to bifacial design. Preliminary experimental and simulation data,» chez Photovoltaic 

Specialists Conference (PVSC), 2010 35th IEEE, 2010.  

[18]  C. Liu, «Modélisation des ombrages photovoltaïques,» 2014. 

[19]  K. Kaneko et N. B. C. Institute, Feb 2014. [En ligne]. Available: 

http://techon.nikkeibp.co.jp/english/NEWS_EN/20140209/333080/?ST=msbe. 

[20]  Nishiyama Sakata Denki, 2014. [En ligne]. Available: http://www.nishiyama-s-denki.co.jp/. 

[21]  I. Arakia, M. Tatsunokuchi, H. Nakahara et T. Tomita, «Bifacial PV system in Aichi Airport-

site Demonstrative Research Plant for New Energy Power Generation,» 2009.  

[22]  PVG Solutions, 2014. [En ligne]. Available: http://www.pvgs.jp/en/download.html. 

[23]  bSolar, [En ligne]. Available: http://www.b-solar.com/Technology.aspx?Sel=Field Results. 

[24]  H. Bouia et J.-J. Roux, «Application de la triangulation de Delaunay au calcul des facteurs de 

forme entre deux surfaces planes quelconques,» 2002.  

[25]  ARM Climate Research Facility, «ARM - Instrument - mfr,» 2015. [En ligne]. Available: 

http://www.arm.gov/instruments/mfr. 

[26]  F. Yang, K. Mitchell, Y.-T. Hou, Y. Dai, X. Zeng, Z. Wang et X.-Z. Liang, «Dependence of 

Land Surface Albedo on Solar Zenith Angle: Observations and Model Parameterization,» 

American Meteorological Society, 2008.  

[27]  M. O. Román, C. B. Schaaf, P. Lewis, F. Gao, G. P. Anderson, J. L. Privette, A. H. Strahler, C. 

E. Woodcock et M. Barnsley, «Assessing the coupling between surface albedo derived from 

MODIS and the fraction of diffuse skylight over spatially-characterized landscapes,» Remote 

Sensing of Environment, 2011.  

[28]  D. R, «Land surface processes and climate-surface albedos and energy balance,» Advance in 

Geophysics, 1983.  

[29]  Briegleb, «Delta-Eddington approximation for solar radiation in the NCAR community Climate 

Model,» Geophys. Res., 1992.  

[30]  Z. Wang, X. Zeng, M. Barlage, R. Dicksinson, F. Gao et C. Schaaf, «Using MODIS 

BRDF/albedo data to evaluate global model land surface albedo,» Hydrometeor, 2004.  

[31]  P. Rodrigo, E. Fernandez, F. Almonacid et P. Pérez-Higueras, «A simple accurate model for the 

calculation of shading power losses in photovoltaic generators,» Science Direct, 2013.  



74 

 

[32]  G. Damblin, M. Couplet et B. Iooss, «Numerical studies of space- filling designs: optimization 

of Latin Hypercube Samples and subprojection properties,» Journal of Simulation, 2013.  

[33]  D. Jones, «A Taxonomy of Global Optimization Methods Based on Response Surfaces,» 

Journal of Global Optimization, 2001.  

[34]  O. Roustant, D. Ginsbourger et R. L. Riche, «Métamodèles & Optimisation : Etat des lieux, 

considération de l’erreur de modèle,» 2007. 

[35]  CRE, «Coûts et rentabilité des énergies renouvelables en France métropolitaine,» 2014. 

[36]  B. Chabot et ADEME, «La méthode TEC d'analyse économique,» 2002. 

[37]  ADEME, «Données économiques de la chaine de valeurs du photovolaïque,» 2012. 

[38]  Fraunhofer ISE, Agora Energiewende, «Current and future cost of photovoltaics,» 2015. 

[39]  J. Duffie et W. Beckman, Solar engineering of thermal processes, 2006.  

 

 

 

 

  



75 

 

10. Annex 
Comparison of rear irradiances for each position of the pyranometer 

 

 

Figure 72: Rear irradiance comparison (model vs measurements) on the week 23. Edge of stand - middle 

 

Figure 73: Rear irradiance comparison (model vs measurements) on the week 23. Center of stand – middle 
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Other economic indicators in the configuration maximizing the Profitability Index 

 

Figure 74: Net Present Value as a function of the discount rate. The case corresponds to the results presented in paragraph 

7.4.3 

 

Figure 75: Net Present Value as a function of the study time. The case corresponds to the results presented in paragraph 

7.4.3 
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Evolution of Profitability Index response surfaces for monofacial and bifacial plants in Marseille and 

Paris with different albedos  

 

  

Figure 76: Response surfaces in Paris with a land cost of 10 €/m² for the Profitability Index. Left: monofacial, center: bifacial with 

an albedo of 0.25, right: bifacial with an albedo of 0.4 

Figure 77: Response surfaces in Marseille with a land cost of 10 €/m² for the Profitability Index. Left: monofacial, center: bifacial with 

an albedo of 0.25, right: bifacial with an albedo of 0.4 


