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Joji Johnson1,* and S. Manikandan1,2,*
SUMMARY

Bifacial photovoltaic is one of the technologies that can spearhead Indian ambitions to achieve the 7th

United Nations Sustainable Development Goals and Nationally Determined Contributions of COP 26.
But, like all emerging technology, the lack of awareness and unavailability of extensive data, like technol-
ogy potential maps that could aid people in identifying the advantages of newer technologies, has led to
sluggish growth in the Indian market. To expedite the growth of bifacial PV in the Indian market, opti-
mized resource potential maps of bifacial PV were developed from an experimentally validated view fac-
tor-based bifacial PVmodel. The annual average bifacial gain was found to vary between 2.5% and 22% at
various locations in India. The effect of ground albedo and height of installation was also studied. Further-
more, the annual and seasonal power out of bifacial PV was higher than monofacial PV at any location in
India.

INTRODUCTION

The 7th United Nations Sustainable Development Goal (UN SDG) is to ensure access to sustainable, affordable, and reliable modern energy

for everyone on the planet by 2030 and net-zero emissions by 2050.1 India has pledged to attain the goal by substantially increasing the share

of renewable energy in the global energy mix and by doubling the global rate of improvement in energy efficiency by 2030. NITI Aayog re-

ports on the progress of UNSDGgoals and states that expanding infrastructure and upgrading technology is critical to attaining the 7th goal.2

In addition, at the Climate Change Conference (COP 26), India pledged to reduce the emissions intensity of its gross domestic product by

45% by 2030 and to achieve about 50% cumulative electric power installed capacity from non-fossil fuel-based energy resources by 2030.3 The

Indian government has instilled favorable policies and considerable investments in the renewable energy sector in the past decade, with solar

power installed capacity of 61.97 GW as of 30th November 2022.4 Still, it requires heavy investment to attain its ambitious UN SDG and Na-

tionally Determined Contributions of COP 26.

Photovoltaic (PV) power plants have a life of 25 years. However, due to degradation, there is a drop in the efficiency by between 0.16%/year

and 1.72%/year of PV power plants in India, over a period of ten years, leading to a reduction in power output in the later stages of power plant

life cycle.5 All India Survey of PhotovoltaicModule Reliability for 1094 crystalline silicon PVmodules at various locations throughout India gives

the average or mean of overall degradation rate in maximum power output is 1.93%/year, and average linear degradation rate of maximum

power output is 1.47%/year. The 1.47%/year average linear degradation rate of crystalline silicon PV modules is much higher than the inter-

national benchmark of 0.6%–0.8%/year. These alarmingly high degradation rates in India were due to large volume of installation, aggressive

pricing and timelines, and improper handling/installation; all leading to the installation of poor-qualitymodules.6 Also, in the past decade, the

cost of PV panels has decreased considerably while the cost of land has increased. Intensive research on PV has led to the development of

bifacial modules that yields higher energy per unit area.7 Replacing the low-performing modules of existing monofacial power plants by

good-quality bifacial PV can help attain lower levelized cost of electricity due to higher power production without compromising on PV panel

quality and using bifacial PV modules in newer installations can aid India in achieving its UN SDG goals by utilizing the lesser amount of

precious land which could otherwise be repurposed.8

Bifacial photovoltaic is a promising technology that can generate more power than conventional monofacial photovoltaic technology by

absorbing solar radiation on both the front and rear sides of the photovoltaic panel.9 The worldwide installations of bifacial PV are projected

to be 20 GW in 2020. Bifacial gain is the ratio of the additional power generated by the bifacial PV to the power generated by the monofacial

PV. The annual energy yield of fixed tilt bifacial PV is up to 30%, and a single axis tracked is up to 40% greater than monofacial PV systems.10

The bifacial gain is higher under diffused illumination. However, the overall power output under diffused illumination is lower than on a sunny

day.11 The bifacial PV under low irradiance conditions on cloudy days has higher bifacial gain of 16.54% compared to 13.08% on sunny days.12

This will aid in uniform power output and better grid stability under varying climatic conditions for a bifacial PV than a monofacial PV system.

Bifacial PV is one of themost cost-effective PV solutions and is becoming one of the best technologies for power generation. The International
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Figure 1. Geographical distribution of 188 locations
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Technology Roadmap for Photovoltaic predicts the dominance of bifacial PV cells, with its market share increasing from 50% in 2021 to 85%

within the next ten years.13

Even though bifacial PV is an old technology,14 the development and implementation of the technology attained momentum only a few

years before. New developments in the open metallization grid, texturized wafers, and passivizing anti-reflective at industrial production

scales15–17 have led to the development of highly efficient bifacial PV cells.18 Like all newly inducted technologies, the acceptance of bifa-

cial PV technology in the photovoltaic market is currently facing a critical challenge due to the bifacial PV production uncertainties and

inadequate performance data of modules.19 The faster pace of research, more installations, and good bifacial PV performance, even at

low albedo conditions, have led to speedier induction bifacial technology in Nordic countries at altitudes above 65�11,20 and USA.21 How-

ever, in India, the limitations in accurate prediction for forecasting the output of bifacial PV and the lack of public awareness are creating a

struggle for the industry.19 The price of Bifacial PV is comparable to high-performance monofacial PV, at around 26.4 USD cents/Wp for

bifacial monocrystalline p-type PERC solar modules.22,23 The bifacial PV also has slightly higher equipment and installation cost, but it is

not excessive.24 Also, unlike matured technology of monofacial PV, which has guidelines on physics-based standard calculators based on

location to suggest tilt and the orientation of installation to optimize the power output, the bifacial technology is yet to generate sufficient

onsite data to develop optimized calculators.25,26 To compensate for the unavailability of data, a mathematical model was developed to

predict location-based bifacial performance.

A few pieces of literature are available predicting the worldwide techno-economics of bifacial PV.23,27 However, a detailed location-based

technical estimate to optimize the performance of bifacial PV is not available for a large country like India. The performance of bifacial PV at

any location depends onmultiple parameters like slope, height, pitch, and albedo and also varies with climatic conditions and seasons.28,29 A

map for India predicting the feasibility of the bifacial PV at any location is currently unavailable. This map can help boost the rate of adaptation

of bifacial PV technology in the Indian market, similar to solar power potential maps developed for monofacial PV.30,31 So, resource maps

need to be developed to predict the potential of bifacial PV in India to attract and aid prospective customers in understanding the benefits

of bifacial PV technology.
2 iScience 26, 108017, October 20, 2023



Figure 2. Solar radiation and albedo conditions for India

(A) Global horizontal irradiance (GHI).

(B) Diffuse horizontal irradiance (DHI).

(C) Ground albedo.
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In this article, an experimentally validated new view factor model was developed to predict the power output and bifacial gain of bifacial

PV. Bifacial PV data were generated for 188 locations spread across India and input into ArcMap software to develop bifacial PV maps.32

RESULTS

India is a huge country with widespread land mass, leading to varying solar energy potential. For the current analysis, the country is divided

into five zones, as shown in Figure 1, to better analyze and elucidate the bifacial PV resource maps.

Radiation data maps

The map for daily average annual global horizontal irradiance and diffuse horizontal irradiance incidents in India in kWh/m2/day during the

year 2020 is plotted from annual data in Power Data Access Viewer33 as in Figures 2A and 2B, respectively. Thesemaps show the daily average

solar energy resources potential in India. It can be observed that the west and south zones have the highest and the east zone has the lowest
Table 1. Optimal model parametric specification

Specification Value

Tilt angle/Slope (b) Latitude angle

Height of installation/Elevation (h0) 1.5 m

Pitch (P0) 2 m

Surface azimuth (g) 0� (South facing)

Ground coverage ratio (GCR) 0.4
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Figure 3. Daily average annual power output maps of India

(A) Daily average annual bifacial power output.

(B) Daily average annual monofacial power output.
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solar potential. The ground albedo at any location varies seasonally and the characteristics of ground at various seasons i.e., grass cover, mud,

snow, etc.Monthly average ground albedo at all locations is obtained fromPowerData Access Viewer.33 The average annual ground albedo is

plotted in Figure 2C. This plot is similar to the map developed for ground albedo in NASA Visible Earth catalog.34,35 It can be observed that

the ground albedo is maximum in the Himalayas due to snow cover and the average annual albedo is between 12.1% and 16% at most lo-

cations in India.
Optimal parameters of installation

Numerous simulations of various parameters were done to identify the optimal parameters of installation for bifacial PV as given in Table 1.

The ground coverage ratio (GCR) is taken as the ratio of the PV modules area to the total ground area. Taking different sizes of module into
Figure 4. Average annual bifacial gain

4 iScience 26, 108017, October 20, 2023



Figure 5. Power output and bifacial gain maps for the winter season in India (Jan–Feb)

(A) Bifacial power output.

(B) Monofacial power output.

(C) Bifacial gain.
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account, GCR is optimized as 0.4, taking cost of land and self-shading into account. Based on the panel size, the pitch can be optimized. The

ground albedo is taken from the Power Data Access Viewer for that location.33 The same parameters were also considered in the simulation of

monofacial PV.
Daily average power output and bifacial gain

The annual radiation data are input into the model to develop the daily average monofacial and bifacial power output. Figure 3A represents

the map of the daily average annual bifacial power output. The daily average bifacial power output potential annually varies between 0.6 and

1.2 kWh/m2/day. A similar distribution pattern is observed in the annual daily average power output ofmonofacial PV represented in Figure 3B

with values between 0.5 and 1 kWh/m2/day. The annual daily average bifacial power output is higher for a bifacial PV compared to themono-

facial PV at the same location. The lowest bifacial power generation potential is in the east zone of India, while the highest is in the west zone

and parts of the north zone of India.

Figure 4 shows India’s average annual bifacial gain for bifacial PV panels compared to monofacial PV panels. The bifacial gain varies be-

tween 2.4% and 22.3% at the optimal installation parameters conditions. The highest annual average bifacial gain is in the north zone of India,

while the lowest gain is in the Andaman andNicobar Islands in the south zone of India. The higher values of bifacial gain in the northern region

are due to higher albedo values due to snow-covered ground in the Himalayas and vice versa for lower values of bifacial gain in the islands of

south zone of India due to the lower albedo by green vegetation and water surrounding the islands. The PV panels are assumed to be regu-

larly cleaned and maintained (snow/dust deposition neglected) in the development of these maps.
Figure 6. Power output and bifacial gain maps for the pre-monsoon season in India (Mar–May)

(A) Bifacial power output.

(B) Monofacial power output.

(C) Bifacial gain.

iScience 26, 108017, October 20, 2023 5



Figure 7. Power output and bifacial gain maps for the south-west monsoon season in India (Jun–Sep)

(A) Bifacial power output.

(B) Monofacial power output.

(C) Bifacial gain.
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Seasonal performance of bifacial PV

India has four major seasons:36 winter season (January–February), pre-monsoon season (March–May), south-west monsoon season (June–

September), and post-monsoon season (October–December). Seasonal maps are developed to predict the performance of monofacial

and bifacial PV during various climatic conditions or seasons.

Figures 5, 6, 7, and 8 show the seasonal variation in bifacial power output, monofacial power output, and bifacial gain. The highest bifacial

power output of 1.42 kWh/m2/day and bifacial gain of 32.5% was obtained during the pre-monsoon season, while the least bifacial power

generation of 0.52 kWh/m2/day occurs in the south-west monsoon season. The bifacial power generation drops by an average of 25% in

the south-west monsoon months of June to September compared to pre-monsoon months of March to May.

The range of bifacial gain at various zones in India is given in Table 2. The range is color coded based on the average value of the bifacial

gain in that zone. The highest range of values for bifacial gain in all zones except the north zone is during the south-west monsoon season.

South-west monsoon is usually rainy season with lots of cloud cover on the horizon. This shows that the bifacial modules have better bifacial

gain in cloudy conditions. This is achieved by the higher fraction of diffuse light falling on the rear side of the bifacial PV during this season.
Effect of ground albedo

The ground albedo at different locations varies with the type of surface on which the panels are installed. Table 3 represents the albedo of

different types of surfaces.37

At any location, the surface of installation of PV panels may vary (roof top, sand, grass, etc.) and since the bifacial gain varies with ground

albedo, maps for bifacial gain for varying albedo were developed for India. This was done by keeping other parameters in the optimal model

fixed and varying the ground albedo values from 5% to 40%. From the simulations Figures 9A–9H, it is found that the bifacial gain propor-

tionally increases with an increase in ground albedo at any location.
Figure 8. Power output and bifacial gain maps for the post-monsoon season in India (Oct–Dec)

(A) Bifacial power output.

(B) Monofacial power output.

(C) Bifacial gain.
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Table 2. Indian zone wise variation in bifacial gain

Range of bifacial gain (%)

Indian Zones

Winter season

(Jan–Feb)

Pre-monsoon season

(Mar–May)

South-west monsoon season

(Jun–Sep)

Post-monsoon season

(Oct–Dec)

Annual

(Jan–Dec)

North Zone 7.8–26.5 9.4–32.5 10.3–19.7 5.8–15.9 9.4–22.3

Middle Zone 4.9–13.7 6.6–18.6 9.1–19.7 6.0–10.3 7.9–14.2

East Zone 7.2–20.7 9.4–27.8 13.1–21.9 7.2–13.1 9.9–20.7

West Zone 6.6–12.9 6.0–14.3 7.8–16.6 6.8–12.0 7.4–14.2

South Zone 2.1–11.8 1.9–11.4 2.0–15.8 2.6–12.9 2.4–13.0
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It can be observed from Figure 9 that higher ground albedo gives better bifacial gain in south zone and the lower values for parts of west

and north zone of India. This may be due to the higher amount of diffuse radiation in the south zone compared to parts of west and north

zones. It can be inferred that the potential of bifacial PV can be improved by artificially enhancing the ground albedo like painting the

roof top with white weather coating, covering ground with reflective materials, etc. The bifacial PV potential can be improved significantly

anywhere in India by enhancing the ground albedo at that location.
Effect of height

The effect of installation height from ground/roof is studied by keeping all other parameters fixed at optimal value with a ground albedo of

15% and varying the height. Since the position of Sun in the horizon influences the bifacial gain, the study was carried out for summer solstice

(June 21), winter solstice (December 22), equinox 1 (March 21), and equinox 2 (September 22). The hourly radiation data of these days at Delhi

location are input in the model and the bifacial gain at noon for varying heights is plotted in Figure 10.

The bifacial gain is found to first increase and then stabilize with the increase in height. The initial increase in bifacial gain is due to the larger

view factor values from the increase in the area of ground influencing the reflected radiation with height. The best bifacial gain was obtained

between a height of 1 and 2.5 m with respect to the position of the Sun in the horizon. Effective increase in bifacial gains was observed when

the height was raised up to 1–1.5 m on all days. A similar pattern was observed at other locations in India. An optimal height of 1.5 m is sug-

gested in India for the best year-round performance of bifacial PV.
DISCUSSION

India needs to accelerate the market entry of bifacial PV technology to meet its 7th UN SDG goal. Since the performance of bifacial PV de-

pends on parameters like latitude, slope, pitch, height, and albedo at any location in addition to solar radiation, a solar radiation data map of

India alone will not be able to predict the best locations for bifacial PV installations. So, it is the need of the hour to develop an optimized

resource potential map for bifacial PV to spearhead the growth of bifacial PV in Indian market.

However, there are only a very few small-scale bifacial installations of bifacial PV and scarce performance data for the Indian scenario

compared to monofacial PV. To overcome this, a bifacial PV model was developed and validated with experimental data. The optimal pa-

rameters for installation at any location were also predicted from the model. Bifacial PV performance for 188 locations in India was simulated

and maps were developed by Kriging interpolation on ArcMap. The major findings of the study are as follows.

� Daily average bifacial power output is much higher for bifacial PV (0.6–1.2 kWh/m2/day) compared to monofacial PV (0.5–1 kWh/m2/

day). Daily average annual bifacial power output potential was the highest in west and parts of north zone and least in the east zone.
Table 3. Albedo range for different types of surfaces

Sl. No Type of surface Albedo (%)

1 Snow 42–96

2 White Sand 58–62

3 Ice 31–39

4 Sand 21–43

5 Concrete 20–40

6 Soil 21–35

7 Grass 10–25

8 Asphalt 9–18

9 Water 6–9

iScience 26, 108017, October 20, 2023 7



Figure 9. Bifacial gain maps for varying ground albedo

(A) Ground albedo of 5%.

(B) Ground albedo of 10%.

(C) Ground albedo of 15%.

(D) Ground albedo of 20%.

(E) Ground albedo of 35%.

(F) Ground albedo of 30%.

(G) Ground albedo of 35%.

(H) Ground albedo of 40%.
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� The annual averagebifacial gain at optimal parameters of installation was between 2.4% and 22.3%. The highest annual averagebifacial

gain is in the north zone of India, while the lowest gain is in the Andaman and Nicobar Islands in the south zone of India.
� The seasonal performance of bifacial PV was also studied. The highest bifacial power output of 1.42 kWh/m2/day and bifacial gain of

32.5%was obtained during the pre-monsoon season, while the least bifacial power generation of 0.52 kWh/m2/day occurs in the south-

west monsoon season.

� The bifacial gain was found to linearly increase with an increase in ground albedo. Therefore, it is suggested to install bifacial panels on

surfaces with higher values of albedo for best performance.
� An optimal height of 1.5 m is suggested in India for the best year-round performance of bifacial PV.
Limitations of the study

The model was validated experimentally for the Chennai location only due to the unavailability of bifacial PV data from other locations. How-

ever, using PVsyst, the model was validated for five locations. The average percentage deviation of hourly power generated by the 100 kWp

power plant between PVsyst and the proposed model at various locations throughout India was found to vary between 2% and 7%.

Soiling losses are another important parameter that affects the performance of PV panels, which vary geographically and seasonally. The

soiling losses are neglected in the development of maps.

Also, electrical transmission DC and AC wire losses and mismatch losses were also neglected as these factors vary depending on the

design and capacity of the power plants.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
8

B Lead contact
iScience 26, 108017, October 20, 2023



Figure 10. Effect of height on bifacial PV performance
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B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

B Methodology

B Modeling of bifacial PV

B Electro-thermal model

B Photovoltaic Array Performance Model

B Single-diode model

B Experimental Validation of the model

B Validation of model with PVsyst

B Map development in ArcMap software

d QUANTIFICATION AND STATISTICAL ANALYSIS

d ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.108017.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB MathWorks https://www.mathworks.com/products/matlab.html

Spyder (Python) Anaconda https://www.anaconda.com/download

PVsyst PVsyst https://www.pvsyst.com/

ArcMap or ArcGIS esri https://pro.arcgis.com/en/pro-app/latest/get-started/download-arcgis-pro.htm
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Dr. S. Manikandan (manikans@

srmist.edu.in).

Materials availability

All solar panels, materials and balance of the system can be procured commercially.

This study did not generate new unique reagents.

Data and code availability

� All software used in this study is described in the method details and key resources table.
� All original codes used in the model have been reported in the supplemental information (Methods S1 and S2).
� Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

No experimental model was used in this work. The specific experimental details are provided in the method details.

METHOD DETAILS

Methodology

Figure S1 gives the flow diagram for the bifacial PV map generation process. A view factor model for the bifacial PV field was developed and

used to generate maps to predict the bifacial PV potential of India. The model was experimentally validated using a bifacial PV test bed. The

model was developed using all relevant view factors found by applying the cross-string rule by Hottel.38 For bifacial PV, the amount of the

diffused and reflected radiation on the front and rear sides of the collector depends on the view factor of the collector to the sky, to

the ground, and to the surrounding objects. The model used solar geometry and the MATLAB program to evaluate the total radiation inci-

dent on the front and rear sides of the bifacial PV panels. The model was experimentally validated by a bifacial PV test bed at SRM Institute of

Science and Technology, Chennai, India.

To develop the maps, the optimal orientation of bifacial PV (Table 1) and solar radiation, surface albedo, wind speed and ambient tem-

perature are taken from NASA’s Power Data Access Viewer33 for 188 locations in India and are given as input to the view factor model. The

front and rear side irradiation on the panel is evaluated from the view factor model, and the cell temperature is obtained by the Photovoltaic

Array Performance Model.39 These data and monofacial and bifacial PV panel characteristics are imported to the Single-diode model to ac-

count for electrical and thermal corrections.29,40 The yearly and seasonal data predicted at 188 coordinate locations are input to the shape file

of India in ArcMap software. Spatial analysis was done by Kriging interpolation to generate the bifacial PV maps.41 In addition, the perfor-

mance of bifacial PV with the variation in height and ground albedo was also studied.

Modeling of bifacial PV

A view factormodel was developedusing theCross String rule byHottel. The PV panel field is idealized as an infinite number of rows of panels.

Each row in the field consists of continuous infinite length, neglecting the spacing between the panels, including the edges of support frames.

The ground is assumed to be a Lambertian surface of shaded and unshaded regions formed by panels self-shading on the ground. Themodel
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accurately predicts the hourly and seasonal variation of the panels’ shadow based on the Sun position on the horizon from the solar angles.

The model also determines the effect of orientation parameters like slope (b), height (H), pitch (P), and ground albedo on the performance of

bifacial panels. The unshaded regions within a pitch are represented by USP1 and USP2 and the shaded region is represented by SP as in

Figure S2. The abbreviations of all symbols used are given in Table S1.

The total radiation falling on a PV panel is the sumof the beam, diffuse, and reflected radiation. The total irradiation falling on the front side

of a PV module is given by Equation 1 and represents the total irradiation falling on a monofacial PV panel.

Gf
Pn

= ðGHI � DHIÞ3Rf
b +DHI3 Ff

Pn/sky +
XX
1

h
GHI3 rg 3 Ff

Pn/USPn +DHI3 rg 3 Ff
Pn/SPn

i

+Gr
Pn� 1 3 rp 3 Ff

Pn/Pn� 1

(Equation 1)

where, GHI is the global horizontal irradiance, DHI is the diffuse horizontal irradiance, Rf
b is the ratio of front tilted irradiance to horizontal

irradiance, rg is the reflectivity of the ground, Ff
Pn/sky is the view factor of the front side of the panel, and sky dome, Ff

Pn/USPq is the view factor

of the unshaded region and the front side of the panel, Gr
Pn� 1 is the irradiation falling on the rear side of the panel in the front, rp is the re-

flectivity of the panels, Ff
Pn/Pn� 1 view factor between the front of nth panel row and rear side of (n-1)th panel row, X is the number of rows of

panels influencing the reflected irradiation falling on the front side of the panel and n is the number of row of bifacial PV collector.

Rf
b is as follows

Rf
b =

2
6664
cos qf

cos qfZ
; g � p

=

2%u%g+p

=

2

0; u<g � p

=

2 or u>g+p

=

2

3
7775 (Equation 2)

where, qf is the angle of incidence, qfZ is the zenith angle, g is the surface azimuth angle, and u is the hour angle.

Similarly, the total irradiation falling on the rear side of the PV module is given by:

Gr
Pn

= ðGHI � DHIÞ3Rr
b +DHI3 Fr

Pn/sky +
XY
1

�
GHI3 rg 3 Fr

Pn/USPn +DHI3 rg 3 Fr
Pn/SPn

�
+Gf

Pn+1 3 rp 3 Fr
Pn/Pn+1

(Equation 3)

where, Rr
b is the ratio of rear tilted irradiance to horizontal irradiance, Fr

Pn/sky is the view factor of the rear side of the panel, and sky dome,

Fr
Pn/USPn is the view factor of the unshaded region and rear side of the panel, Fr

Pn/SPn is the view factor of the shaded region and rear side of

the panel, and Fr
Pn/Pn+1 is the view factor between the rear side of nth panel row and the front side of (n+1)th panel row.

Rr
b is represented by Equation 4 as

Rr
b =

2
664
0; g � p

=

2%u%g+p

=

2

cos qr

cos qrZ
; u<g � p

=

2 or u>g+p

=

2

3
775 (Equation 4)

where, qr is the angle of incidence and qrZ is the zenith angle on the rear side of the panel.

The view factors in Equations 1 and 3 are evaluated for the field of bifacial PV panels for all shaded and unshaded regions. A Matlab�
program (Method S1) is developed to evaluate the individual view factors of the reference row of panels with each adjacent row of panels

in an incremental mode, and then the cumulative view factors are evaluated.

From the view factor model, the total radiation falling on the front and rear side of the PV panel is evaluated.
Electro-thermal model

The performance of the bifacial PVmodule decreases with an increase in temperature above Standard Test Condition (STC). The temperature

for testing PV modules at STC is only 25�C. India is predominantly tropical and has the typical feature of high temperatures above STC con-

ditions almost throughout the year. The real-time efficiency of the solar PV panels will be lower than at STC conditions. The temperature of a

panel at any location depends on various parameters like ambient temperature, radiation incident, wind velocity, etc.42
Photovoltaic Array Performance Model

The photovoltaic cell temperature of bifacial module was determined by the Photovoltaic Array Performance Model39 using an approach

similar to monofacial modules. The accuracy of this model for bifacial PV was experimentally determined by measuring the temperature

with thermocouples attached in between cells on a bifacial module’s rear-surface in parallel with ambient temperature and wind speed.43

The cell temperature inside the module is evaluated as a function of back-surface temperature and a predetermined temperature differ-

ence between the back surface and the cell that depends on the type of Module. The empirical equation to determine cell temperature is
12 iScience 26, 108017, October 20, 2023
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Tc = Tm +

�
Gf

Pn+G
r
Pn

�
Gref

Pn

3DT (Equation 5)

where, Tc is the cell temperature in module (�C), Tm is the module surface temperature (�C), Gf
Pn is the solar irradiance on the front side of

module in W/m2 Equation 1, Gr
Pn is the solar irradiance on the rear side of module in W/m2 Equation 3, Gref

Pn is the reference solar irradiance

on the module at 1000W/m2, and DT is the standard temperature difference between the cell and module back surface at an irradiance level

of 1000 W/m2. For a glass-cell-glass bifacial module in an open rack mount arrangement DT is 3�C.43

An empirical relation Equation 6 gives the module surface temperature, which is a function of ambient temperature, total irradiation, and

wind speed.

Tm =
�
Gf

Pn + Gr
Pn

�
3

�
ea+b:WS

�
+Ta (Equation 6)

where, Tm is the module surface temperature in �C, Ta is the ambient air temperature at the location in �C, WS is the standard wind speed

measured at 10 m height in m/s, a is the empirically-determined coefficient establishing the upper limit for module temperature at low wind

speeds and high solar irradiance and b is empirically-determined coefficient establishing the rate at whichmodule temperature drops as wind

speed increases. For a glass-cell-glass bifacial module in an open rack mount arrangement a = –3.47 and b = –0.0594.43

The above electro-thermal model can be modified for a Glass-cell-polymer sheet monofacial module in an open rack mount arrangement

with input parameters Gr
Pn = 0, DT = 3�C, a = –3.56, and b = – 0.0750 in the Equations 8 and 9.39
Single-diode model

The single-diode model of a PV cell is used to evaluate the power output of monofacial and bifacial PV.29,40 Figure S3 represents the equiv-

alent circuit of a solar cell. From the equivalent circuit, the Shockley diode mathematical model of a PV cell was derived as in Equation 7.

I = Iph � Id � Ip = Iph � I0

�
exp

�
V+I3Rs

Vt

�
� 1

	
�

�
V+I3Rs

Rp

	
(Equation 7)

where, Iph is the photo current, Id is the diode current, Ip is the current through the parallel resistance, I0 is the diode reserve saturation current,

Rs is the series resistance, Rp is the parallel resistance and Vt is the diode thermal voltage.

The Shockley diode equation based mathematical model of a PV cell can be modified for Standard Test Conditions (STC) as Equation 8

I = Iph;ref � I0;ref

�
exp

�
V+I3Rs;ref

Ns 3Vt;ref

�
� 1

	
� V+I3Rs;ref

Rp;ref
(Equation 8)

where, Iph;ref , I0;ref , Rs;ref , Rp;ref , and Vt;ref are the parameters at STC and NS is the number of solar cells connected in series.

The diode thermal voltage is evaluated by

Vt;ref = i3K 3Tref



q (Equation 9)

i is the diode ideality factor, q is electronic charge (1.602E�19 C), K is the Boltzmann’s constant (1.381E�23 J/K), and Tref is the temperature at

STC (25�C).
The five parameters Vt;ref , Iph;ref , I0;ref , Rs;ref and Rp;ref are unknown parameters which are not available from the data sheet provided by the

manufacturer. These parameters are obtained under STC and then further evaluated for non-STC from the radiation data and cell temper-

ature obtained from the Photovoltaic Array Performance Model.

Parameters at STC

Thermal voltage at STC is given by Equation 10

Vt;ref =
b3Tref � Voc;ref

Ns 3Tref 3a

Iph;ref
� 33NS � Eg 3Ns

K 3Tref

(Equation 10)

where, a is the temperature coefficient of short circuit current, b is the voltage temperature coefficient and Eg is the bandgap (1.7936e�19 J).

The photo current at STC is obtained by taking V = 0 in Equation 8,

Iph;refzIsc;ref (Equation 11)

The diode reserve saturation current at STC is obtained by taking I = 0 in Equation 8,

I0;ref = Isc;ref 3 exp

� �Voc;ref

Ns 3Vt;ref

�
(Equation 12)
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The parallel resistance at STC is given by Equation 13,

Rp;ref =

�
Vmp;ref � Imp;ref 3Rs;ref

�
3
�
Vmp;ref � Ns 3Vt;ref

��
Vmp;ref � Imp;ref 3Rs;ref

�
3
�
Isc;ref � Imp;ref

� � �
Ns 3Vt;ref 3 Imp;ref

� (Equation 13)

where Vmp;ref and Imp;ref are the voltage and current at the Maximum Power Point (MPP) at STC.

The series resistance at STC is given by Equation 14,

Imp;ref = Iph;ref � I0;ref

�
exp

�
Vmp;ref+Imp;ref 3Rs;ref

Ns 3Vt;ref

�
� 1

	

�
"�

Vmp;ref+Imp;ref 3Rs;ref

���
Vmp;ref � Imp;ref 3Rs;ref

�
3
�
Isc;ref � Imp;ref

� � �
Ns 3Vt;ref 3 Imp;ref

���
Vmp;ref � Imp;ref 3Rs;ref

�
3
�
Vmp;ref � Ns 3Vt;ref

�
# (Equation 14)

Parameters at non-STC

The equivalent parameters at non-STC conditions Vt , Iph, I0, Rs and Rp are calculated from Equations 15, 16, 17, 18, 19, 20, and 21.

Iph =
Gp

E

Gref
Pn

�
Iph;ref + a 3 ðT � Tref Þ

�
(Equation 15)
I0 = I0;ref

�
T

Tref

�3

exp

�
q3Eg

K

�
1

Tref
� 1

T

�	
(Equation 16)
Rs = Rs;ref (Equation 17)
Rp =
Gref

Pn

Gp
E

Rp;ref (Equation 18)
Vt =
T

Tref
Vt;ref (Equation 19)

where, Gp
E is the total irradiance falling on the panel given by

Gp
E = Gf

Pn +Gr
Pn 34 (Equation 20)

where,4 is the bifaciality factor of a PV cell ormodulewhich is the ratio ofmaximumpower or short circuit current producedby the front side to

the rear side of the panel at STC, given by

4 =

8><
>:

min

�
Isc;ref ;R
Isc;ref ;F

;
Pmax;ref ;R

Pmax;ref ;F

�
; Bifacial Module

0; MonofacialModule

(Equation 21)

The bifaciality factor of PV modules varies between 60% to 90% and above, based on the technology used. P-type bifacial PERC has a

bifaciality factor of 60%, and n-type passivated emitter rear totally diffused (PERT) and heterojunction (HJT) panels have a value of 90%

and above. The utility scale bifacial modules have a bifaciality factor in the range of 60% - 70%.44,45 In this research, the bifaciality factor of

70% is considered for the development of maps.

The current and voltage at non-STC is obtained by replacing the equivalent parameters in Equation 7. A Python code (Method S2) is devel-

oped to solve the above formulae to find the actual panel power output. The monofacial and bifacial PV specifications from themanufacturer

data sheets of the PV panels. The Equations 7, 8, 9, 10, 11, 12, 13, and 14 is solved by fsolve inputting initial guess values to solve for the

maximum current and voltage at STC and then generate values at non-STC by Equations 15, 16, 17, 18, 19, 20, and 21. The predicted IV-char-

acteristics of the monofacial and bifacial at STC by the single-diode model were the same as the manufacturer data sheet at STC.

The monofacial and bifacial PV panel power output at maximum power point is evaluated as

PPV = Imp 3Vmp (Equation 22)

The monofacial and bifacial power output is separately evaluated as PmPV and PbPV respectively from the single diode model.

The bifacial gain is the percentage improvement in power output of a bifacial PV panel with respect to a monofacial panel, and the B.G is

given by Equation 23
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PbPV � PmPV

PmPV

	
3 100 (Equation 23)

Experimental Validation of the model

A bifacial PV test bed was developed at SRM Institute of Science and Technology Campus, Chennai, Tamil Nadu, India (12.8205007� N,

80.039724� E) as in Figure S4 to validate the model. The test bed consisted of three bifacial PV panels (Monocrystalline Nexus Bifacial 200

Watt) (Panel 1 - 3) and a monofacial PV panel (Mono PERC ZunSolar 200 Watt) (Panel 4) of 200 Wp. The specifications of the panels are given

in Table S2. The test bed was designed to vary and test individual factors like slope, pitch, and height of bifacial PV. GP2 Advanced Data

Logger and controller weather station measured the radiation data and climate. Luminous NXG 1150 Pure Sine Wave Solar Inverter with a

160Ah Tubular Lead Acid Battery and an incandescent lighting load of 300 W constituted the balance of the system. The current and voltage

output of the four panels was measured by an Arduino-based data logger.

The ground albedo, i.e, the reflectivity of roof tiles, was determined using UV-Vis Spectrometer (UV 3600 PLUS, SHIMADZU). The average

reflectivity of roof tiles is 17.013% over the wavelength range of 200 nm to 1200 nm, as shown in Figure S5.

During the test, panels were oriented at optimal model specification as in Table 1. The panels were arranged with a slope of 13�, GCR of

0.4, pitch of 2 m and ground albedo of 17.013%. The power output and the bifacial gain were obtained from the data logger. The power

output and bifacial gain were also simulated from the model at similar conditions. Figure S6A gives the power output from the actual mono-

facial and bifacial PV panels with the corresponding models, and Figure S6B gives the bifacial gain of the panels and the model. The power

output predicted by themodel is slightly higher than the actual system. Themodel predicted the power output with a root mean square error

of 3.88 W and bifacial gain with a root mean square error of 2.74%.
Validation of model with PVsyst

The proposed model was further validated with commercially available PVsyst software.46 The PVsyst and proposed model were given the

same input of a 100 kWp bifacial PV power plant located in five locations. Bifacial PV simulation was done using an unlimited sheds 2D-model

in PVsyst for the PV panels of specifications as in Table S3. The hourly power output by the proposed model and PVsyst at five different lo-

cations are presented in Figures S7–S11. The average percentage deviation of hourly power generated by the 100 kWp power plant between

PVsyst and the proposed model at various locations throughout India was found to vary between 2% to 7%.
Map development in ArcMap software

Bifacial PVmaps of India was developed usingArcMap software. ArcMap is a smart, interactive, and data-drivenmapping software. Bifacial PV

simulation data obtained from themodel at 188 locations in India was input into ArcMap. Spatial analysis was done by Kriging interpolation,47

and bifacial PV resource maps were developed.
QUANTIFICATION AND STATISTICAL ANALYSIS

To develop the bifacial PV maps, the monthly average and yearly average data was used from NASA’s Power Data Access Viewer. Spatial

analysis of data from 188 locations was done by Kriging interpolation to develop the maps.
ADDITIONAL RESOURCES

No additional resources were generated from the study.
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