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Note from Congress Chair Dr. Dave Renné

As Chair of the 2023 ISES Solar World Congress, held in New Delhi, India from October 30 to
November 4, | am delighted to present the Congress Proceedings, and to add my message to that of
Dr. Ashvini Kumar the Congress Scientific co-Chair, introducing the Proceedings, which can be found
below.

ISES Solar World Congresses are held every two years in different venues around the world. In 2023
we were excited to return to India, where we last had a Congress back in 1978 (ISES Congresses
were a mere six years old at the time). Our Congresses are designed to bring together stakeholders
from all segments of the renewable energy landscape, especially researchers, practitioners,
government decision makers, and civil society interested in learning about the latest breakthroughs
and trends in solar energy and related technologies. The Congress is structured in such a way to offer
researchers in all aspects of renewable energy to present their results in technical sessions while also
offering participants the opportunity to learn about the latest trends in renewable energy development
from esteemed plenary and keynote speakers.

For Solar World Congress 2023 we were particularly thrilled to have a day of joint activities with the
International Solar Alliance (ISA), in conjunction with their annual General Assembly. Dr. Ajay Mathur,
Director-General of the ISA, served on the SWC 2023 International Organizing Committee and
worked with ISES to put together a joint day of panel discussions related to identifying technologies,
policies, and financial tools to accelerate the deployment of renewables in the region and around the
world.

The Congress occurred just a few weeks before the United Nations Framework Convention on
Climate Change (UNFCCC) held its 28th Conference of the Parties (COP) in Dubai, United Arab
Emirates. For nearly 30 years the UNFCCC has convened these annual COPs to bring governments
from around the world together to find solutions to the growing climate crisis caused by human
activity. For the first time, the nearly 200 countries participating in the climate negotiations agreed to
specific language calling out renewable energy as a key to limiting global warming to no more than 1.5
0C above preindustrial levels. The agreement proclaimed a goal of “tripling of renewable energy
capacity and doubling energy efficiency improvements by 2030”. Ironically in 2023 the world
experienced record warmth, due in part to an active El Nino pattern that became well established by
the middle of the year, but also to the continued growth in emissions of greenhouse gases into the
atmosphere, due largely to the use of fossil fuels for energy production.

The scientific community’s response to the global climate challenge and especially the confluence of
these events in 2023 is reflected well in these Proceedings. Renewable energy technology costs,
especially wind and solar, continue to decrease and are now often the most cost-competitive source
of new power generation throughout much of the world. Technological advances leading to these
reductions continue to be a major focus of renewable energy researchers within academia, research
institutes, and even in private enterprises. These Proceedings provide good examples of the results of
research and development efforts around the world that will not only help address the challenges put
forth in the COP 28 agreement, but also create healthier environments, economic growth, and energy
security in communities that fully adopt these technologies over the long term.

| hope you find these Proceedings of value to your own research and development activities. | look
forward to seeing you at future Congresses and learning of the continued development and growth
of these important technologies and how they address our energy needs and societal issues.

Dr. Dave Renné

SWC 2023 Congress Chair



Note from Dr. Ashvini Kumar (Scientific Commitee

Taking cognizance of the theme “Moving the world towards 100% renewable energy”, SWC 2023
held in Delhi India provided a platform to the stakeholders around the world including researchers
and practitioners to share their piece of research work on technology developments, new
breakthroughs, case studies and best practices in solar and renewable energy development.

Overall, the Congress was structured to have technical sessions on carefully selected themes,
interspersed with the keynote addresses by the global experts, two specially designed plenary
sessions and several invited talks. The list of themes covered quite comprehensively the whole
spectrum of elements important for accelerating the dissemination of solar technologies ranging
from technology (PV and solar thermal power), solar buildings and neighborhood designs, rural
energy supply, circular economy and recycling, system analysis, solar photocatalysis and solar fuel
production, and solar resource assessment. Cross-cutting themes like grid integration and sector
coupling and perspectives for a 100% renewable energy world were also included.

In all, 153 academic contributions were made comprising 80 oral presentations and 73 posters
dotted with 10 keynote addresses by the experts and another || speakers during the two plenary
sessions. One plenary session was to have a perspective on the India’s growth story in Renewable
Energy which is one of the largest programs in the world anchored around the dynamic policy
development by the Government and huge participation of the domestic and international investors.
The other plenary session gave global overview and developments in the sector by the accomplished
leaders.

The key questions which the Congress looked for responses include

a) Ways to enhance economic viability of the PV technology
b) Alternatives to land for installing solar capacities
c) Moving towards 100% solarization

It was noted that the viable alternatives to land have already begun to be implemented in the form
of floating solar and agro-voltaics besides roof-tops, road highways and railway tracks. For enhancing
solar share, solar hybrids (with wind, hydro, and CSP) have reached initial commercialization; next
round of research is progressing on the fast development of storage systems (battery, water pump).
Further, development of policy frameworks to incentivize demand side management was
recommended to be important. Amongst others, cooling and heating applications including solar
thermal were also captured attention, especially for accelerating industrial decarbonization.
Disharmony in the spatial distribution of the jobs lost and creation of new jobs due to clean energy
transition got the focus.

The PV technology was recognized as a mainstay of capacitating widespread solar infusion into the
energy systems of various nations as it has already crossed a level of ITWH capacity global
installations, and even a vision of 75 TWH by 2060 looks possible due to large investments being
made in the entire co-system including manufacturing. We are happy to present a compendium of
the research papers presented during the Congress.

Dr. Ashvini Kumar

Co-chair of the SWC 2023 Scientific Committee
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Abstract

Copper nanoparticles have attracted interest in the field of solar cells due to their potential for improving
light absorption, plasmonic effects, cost-effectiveness, non-toxicity, and simplicity of production and
integration. In this context, simulative prediction of such system facilitates efficient device fabrication. In
this work, finite-difference time-domain (FDTD) analysis was carried out to understand the influence of
copper nanoparticles within silicon (Si) substrate. An FDTD model, "Copper nanoparticles array as 3x3 on c-
Si slab" was developed and absorption depth profiles were extracted at several incident wavelengths of solar
spectrum for different interparticle gaps of copper nanoparticle array. It was noted that absorption
distribution within Si substrate depended on incident wavelengths of solar spectrum as well as distribution of
copper nanoparticles. To realize the results obtained in FDTD simulation, a simple strategy was devised to
fabricate copper nanoparticulate using sputtering technique. High resolution field emission scanning electron
microscopic (FESEM) images revealed that as-fabricated copper nanoparticles were in the range of 80-100
nm in diameter. FESEM-aided energy dispersion spectroscopy confirmed the elemental composition of the
copper nanoparticulate.

Keywords: Copper nanoparticles, FDTD simulation, absorption depth profile, sputtering deposition

1. Introduction

Most of the photovoltaic panels are silicon (Si)-based, although conventional Si-based solar cells are neither
cost-effective or efficient enough. However, thin film solar cells, particularly third generation solar cell, have
enormous cost-cutting and efficiency-boosting potential (Lee and Ebong, 2017; Abdullah et al., 2019). In this
context, down-shifting materials are very promising to convert higher-energy photons such as ultraviolet
(UV) photon into lower-energy photons (McKenna and Evans, 2017). The process not only supports the
increased photocarriers generation, but also deals with UV protection of the photoactive devices (Gheno et
al., 2018). Copper is one of the most commonly utilized materials, as it is simple to acquire both chemically
and through physical deposition techniques (Cemin et al., 2016). Copper nanoparticles can improve the light
absorption capability of solar cells (Shreya and Varshney, 2021; Jhuang et al., 2021). They can be added to
the active layer of a solar cell, such as the bulk heterojunction (BHJ) or the perovskite layer, to boost solar
absorption. Copper nanoparticles have plasmonic characteristics that lead to interaction with light at certain
wavelengths. This interaction has the potential to increase light trapping and absorption within the solar cell,
resulting in higher efficiency (Chen et al., 2021). Copper is a plentiful and relatively inexpensive substance
when compared to noble metals such as gold or silver. As a result, copper nanoparticles are an appealing
option for improving solar cell performance without considerably raising production costs (Shaikh et al.,
2021). Copper is non-toxic, which is advantageous for ecologically friendly solar cell technology. It
eliminates worries about the use of harmful compounds in the manufacture of solar cells. Chemical
reduction, solvothermal approaches, and solution-based processes can all be used to create copper
nanoparticles (Parveen et al., 2016). They can be included into the structure of a solar cell via ink
formulations, nanoparticle dispersions, or thin film deposition processes.

© 2023. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientific Committee
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In this study, a finite difference time domain model "Copper nanoparticles arrayed as 3x3 on c-Si slab" was
used to understand the photon absorption within the Si layer. Although several incident solar spectrum
wavelengths were employed throughout the simulations, three specific wavelengths were in focus: one in the
near UV (400 nm), one in the visible range (800 nm), and another in the near IR (i.e. 1100 nm). A simple
strategy was devised to fabricate copper nanoparticles using sputtering technique followed by further
treatment. Topographic and elemental confirmation were carried out using high resolution field emission
scanning electron microscope (FESEM) and FESEM-aided energy dispersion spectroscopy (EDS)
respectively.

2. Method and experimental

A typical thin film solar cell illustrating possible inclusion of functional nanoparticulate has been shown in
Fig. 1a. To realize the concept, it was inevitable to fabricate Cu nanoparticulate as an initial layer. A one step
process has been devised in this work as mentioned in Fig. 1b. Fig. 1b represents a freehand schematic
demonstrating steps involved in fabricating copper nanoparticulate. Copper target of 2 inch in diameter
(99.99% purity) were purchased from ACI alloy, Inc. and used as received without any further treatment.
The chamber base pressure and working pressures were kept about 1.7x10-5 torr and 2.8x10-3 torr,
respectively in Ar flow rate of 30 SCCM. The deposition power was maintained at 30 W and an in-built
thickness monitor was set to 50 nm. Afterward, the deposited films were annealed in a tube furnace (model
MTI Corporation OTF-1200X) at 600 °C for 2 hrs with a heating rate of 20 °C/min. This is to be understood
that here in this work, an attempt has been taken to fabricate copper nanoparticulate that can be further
utilized as initial layer in thin film solar cell design. An FDTD simulation tool (Lumerical Solution, ver 8.6)
was utilized to extract absorption depth profiles at different wavelengths of solar spectrum for different
interparticle gaps as shown in Fig. lc. The choice of nanoparticle size in FDTD simulation, i.e. 100 nm in
diameter was based on FESEM confirmation. Although several incident wavelengths of solar spectrum were
used for interparticle gaps of 0, 1 and 3 nm, three specific wavelengths of solar spectrum 400, 800 and 1100
nm were chosen as demonstrated in the later part of the text.
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Fig. 1: (a) A tyypical thin film solar cell illustrating possible inclusion of functional nanoparticulate, (b) Free-hand schematic
showing the mechanism adopted in this investigation to achieve Cu nanoparticulate to be included within thin film solar cell
design and (c) FDTD model used in simulation; left-pane: free-hand schematic, middle-pane: perspective view and right-pane:
YZ view showing the position of monitors.
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3. Results and discussion

Understanding and adjusting solar cell absorption depth profiles is critical for reaching high conversion
efficiencies. Continuous efforts are made to investigate innovative materials, device designs, and light
trapping technologies in order to increase light absorption and overall performance of solar cells. The depth
at which light is absorbed inside the active layer of a solar cell is referred to as the absorption depth profile. It
is a critical factor that influences the overall efficiency and performance of the solar cell. Figure 2a—c show
absorption depth profiles of interacting copper nanoparticles array at incident solar wavelengths of 400, 800
and 1100 nm respectively along with maximum and average power. It is noteworthy that at lower incident
wavelength of solar spectrum (e.g. 400 nm), underneath Si was found more affected whereas at longer
wavelengths such as 800 and 1100 nm lower absorption depth profiles were observed. In this context, zoon-
in views of the absorption depth profile within Si were extracted and were shown in corresponding insets. In
the case of shorter wavelength such as at 400 nm of solar wavelength, more than half of the active layer that
is just below the Cu nanoparticulate was found to be enhanced. However for longer wavelengths such as at
800 and 1100 nm of solar wavelength most of the underneath Si was moderately enhanced. Absorption depth
profiles for interparticle gaps of 1 and 3 nm have been extracted at 400, 800 and 1100 nm of incident
wavelengths. To the extend, maximum absorption power and average power have been recorded for
interparticle gaps of 0, 1 and 3 nm at 400, 800 and 1100 nm of incident wavelengths of solar spectrum.
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Fig. 2: (a)-(c) Absorption depth profile of interacting copper nanoparticles array at 400, 800 and 1100 nm respectively and (d)
free-hand schematic to represent model geometry (not to the scale) used in FDTD simulation. Corresponding color bar
represents the absorption intensity in log scale.

Apart from improved absorption and energy quenching, the nanoparticulate interparticle gap has a significant
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effect on plasmon coupling driven properties. When nanoparticles are close together, the plasmon resonances
of surrounding particles may be tuned to meet specific demands. The specific impact is determined on the
nanoparticles' size and shape, as well as the interparticle spacing. A decreased interparticle gap results in
increased light absorption at shallower depths as shown in Fig. 2a-c.

Figure 3a—c show absorption depth profiles of copper nanoparticles array of 1 nm interparticle gap along
with maximum and average power at incident solar wavelengths of 400, 800 and 1100 nm respectively. One
can notice that at lower incident wavelength of solar spectrum, underneath Si was found more affected
whereas at longer wavelengths such as 800 and 1100 nm lower absorption depth profiles were observed.
Similar to interacting Cu nanoparticle array, at shorter wavelength, more than half of the active layer was
found to be influenced as displayed in Fig. 3a. However, the majority of the underneath Si was only slightly
improved for longer wavelengths, such as at solar wavelengths of 800 and 1100 nm as shown in Fig. 3c and
Fig. 3d. In this regards, zoon-in views of the absorption depth profile within Si were extracted and were
shown in corresponding insets.
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Fig. 3: (a)-(c) Absorption depth profile of copper nanoparticles array of 1 nm interparticle gap at 400, 800 and 1100 nm

respectively and (d) free-hand schematic to represent model geometry (not to the scale) used in FDTD simulation.
Corresponding color bar represents the absorption intensity in log scale.

In the case of higher interparticle gaps, the absorption depth profile distributions started to change within Si
active substrate place to place. Figure 4a—c show absorption depth profiles of copper nanoparticles array of 3
nm interparticle gap along with maximum and average power at incident solar wavelengths of 400, 800 and
1100 nm respectively. At shorter wavelength of solar spectrum, underneath Si was found more or less similar
to those obtained at interacting and closely packed Cu nanoparticles array. However, at longer wavelengths
such as 800 and 1100 nm lower absorption depth profiles were observed to be spread throughout the
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underneath layer. Zoon-in views of the absorption depth profile within Si as shown in corresponding insets
represent the scenario. The effect of interparticle gap on the absorption depth profile of nanoparticles is a
complex phenomenon that depends on the size, shape, and arrangement of the nanoparticles. The
interparticle gap can influence the plasmon resonances, leading to changes in the absorption spectrum and
depth profile.

@1100 nm

o
-
-g

-0.8

ey QO
<l

03 01 01 03

Fig. 4: (a)-(c) Absorption depth profile of copper nanoparticles array of 3 nm interparticle gap at 400, 800 and 1100 nm
respectively and (d) free-hand schematic to represent model geometry (not to the scale) used in FDTD simulation.
Corresponding color bar represents the absorption intensity in log scale.

An attempt was taken to fabricate copper nanoparticles as shown in Fig. 5a. Such multifunctional layer can
be integrated in substrate and superstrate type thin film solar cell as explained in previous study (Hossain and
Mukhaimer, 2020). A high resolution FESEM micrograph of copper nanoparticulate was shown in Fig. 5b.
Inset (i) of Fig. 2b reconfirmed an average diameter of copper nanoparticles of ca. 80 nm. SEM-aided EDS
was carried out to confirm elemental composition of the film as shown in inset (ii) of Fig. 5b.
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Fig. 5: (a) Free-hand schematic of thin film growth using sputtering technique and subsequent treatment and (b) FESEM
micrograph of copper cluster fabricated on glass; inset (i): Zoom-in view of a selected area (1 pm x 1 pm) as marked by the

white dashed square in Fig. 2b and inset (ii): SEM-aided EDS measurement of the same nanoparticulate.

4. Conclusion

FDTD simulation for a model “Copper arrays on c-Si slab” showed that absorption profile of the underneath
Si subtracted get affected and depend highly on the incident wavelengths of solar spectrum as well as
interparticle gaps of copper array. At lower incident wavelength of solar spectrum (e.g. 400 nm), absorption
distributions were more intense in Si whereas at longer wavelengths such as 800 and 1100 nm lower
absorption depth profiles were observed. When particles are near together, they interact and generate
scattering and interference effects. These influences modify the path of light and hence the absorption depth
profile distribution. The fact was further demonstrated by varying the interparticle gaps from 0, 1 to 3 nm of
the model geometry “Copper arrays on c-Si slab”. To realize the potential of such copper nanoparticles in
thin film solar cell, an attempt was taken to fabricate copper nanoparticulate in such a way so that the layer
can be utilize further to be considered as an initial layer in thin film solar cell design. FESEM image
confirmed the diameter of as-fabricated copper nanoparticles in the range of 80-100 nm.
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Abstract

Potential induced degradation (PID) is a detrimental failure mechanism that has gained greater attention in
medium and large-scale photovoltaic (PV) plants in a recent decade. PID reduces shunt resistance and increases
the recombination diode's reverse saturation current. As a direct consequence, the efficiency of PID affected
module experiences a substantial decline, often leading to module failure well before their expected operational
lifespan. Further, when a PID affected cell of a module is partially or entirely shaded, reverse stress is observed
across the shaded PID cell, which ultimately affects the module's reliability. This paper presents an analysis of
the reverse stress across the shaded cell encountered in PID affected PV module under partial shading
conditions. The findings suggest that the high reverse current flows through the PID affected cell under partial
shading conditions as compared to partially shaded healthy cell. The reverse stress current across the shaded
cell depends on the value of its shunt resistance. By understanding the impact of reverse stress on PID affected
modules, further degradation of PV modules can be prevented, improving the performance and overall
efficiency of the PV system.

Keywords: Potential induced degradation (PID), Partial shading, Reverse stress, Reliability

1. Introduction

The crystalline silicon (c-Si) solar cell is one of the widespread photovoltaic (PV) technology used worldwide
for commercial applications. PV modules are supposed to work in the field for at least 25-30 years. Therefore,
ensuring the reliability of photovoltaic systems is a concern for the PV community. However, in the field, PV
modules are exposed to a wide range of environmental conditions that can lead to different defects and
degradation, which affects the performance and reliability of PV modules (Sharma and Chandel, 2013).
Common field defects and degradations reported in PV modules include corrosion, delamination,
discoloration, breakages, cracks, hot spots, light induced degradation (LID), light and elevated temperature
induced degradation (LeTID) and potential induced degradation (PID) (Roy, Kumar and Gupta, 2019)(Luo et
al., 2017). PID is a severe degradation mechanism, observed in medium and large PV system due to high
system voltages. It significantly increases module degradation rates and losses in a PV system, making it one
of the most critical issues in medium and large-scale PV plants. It can advance rapidly in a PV module during
its initial years after installation, with a degradation rate that can be as high as 4% per year (Puranik and Gupta,
2022). PID reduces the shunt resistance (Rsn) and increases the reverse saturation current of the recombination
diode (Kumar, Puranik and Gupta, 2023). Low shunt resistance significantly impact performance and
reliability of PV module, especially under low irradiance or partial shading conditions (Barbato et al., 2014,
Braisaz and Radouane, 2014).

Under partial shading condition, reverse current flows through the shunt resistance of the reverse stressed
shaded cell. The amount of reverse current depends on the value of the Rs,, amount of shading on the cell and
the string current in the module (Arekar, Puranik and Gupta, 2021). Partial shading can occur due to
surrounding poles, bird droppings, leaves, dirt, building towers, and trees. PV system is highly susceptible to
partial shading (Teo et al., 2018). A distinct correlation between the shunt resistance and the slope of the
shaded cell's reverse 1-V curve has been proposed in the literature (Meyer and Van Dyk, 2005). A bypass diode
is used in PV module across a string to prevent highly degraded reverse stress condition i.e., hotspot. Even in
the presence of bypass diode, a hotspot condition can occur if the shunt resistance of the shaded cell is
sufficiently low. Under such circumstances, the PV cell may attain a temperature that can cause permanent

© 2023. The Authors. Published by International Solar Energy Society
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damage due to hotspot heating. This severely affect the reliability of the module (Rossi et al., 2015). Therefore,
it is crucial to investigate PID affected module under partial shading conditions.

This paper aims to investigate the reverse stress conditions across a PID affected cell with different extent of
PID under partial shading conditions. In PSpice simulations, reverse stress current, voltage, and power
dissipation are calculated at different levels of PID by adjusting the shunt resistance and photogenerated
current. Same has been validated using experimentations.

The article is organized as follow: section 2 presents the approach used in this investigation, section 3 presents
and discusses the results obtained and finally section 4 concludes the article.

2. Approach

Experimentation, modelling, and simulation were performed to investigate the reverse stress experienced by
the PID module under shading. The solar module (Make: Sun solar, 7.5W, mc-Si based on Al- BSF technology)
was used for the PID test. Initially, in order to observe existing defects, the module was characterized before
the PID generation by using IV characterization and electroluminescence (EL) imaging.

| Dark Enclosure |
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Computer

‘ Camera

—
v
Programmable

Power supply

Fig. 1: Electroluminescence (EL) imaging Setup

A solar simulator has been used for the IV analysis part (make: Autosys, Model: SMT-INV 2011SF Class:
BAA). The measurements were performed in accordance with standard test conditions (STC) of AM 1.5G,
1000 W/m? and 25 °C. It provides the performance parameters i.e., maximum output power (Pmax), short circuit
current (Isc), and open circuit voltage (Voc). Subsequently, for the purpose of localizing and conducting a spatial
analysis of cells within PV modules, EL imaging was performed. The EL imaging setup is shown in Fig. 1. In
the imaging setup, an EL camera (Make: Greateyes Gmbh) has been used. The system is equipped with a
silicon-based charge-coupled device (Si-CCD) having a resolution of 1024x1024 pixels, which proves
adequate for the spatial analysis required for the PID test in this study. The camera has been connected to an
externally programmed power supply (TDK-Lambda, GEN150-10) for biasing the modules. The EL operation
is controlled by a monitoring PC. The entire setup is enclosed within a dark chamber to minimize the impact
of stray light, and the chamber's temperature is maintained at a constant 25 °C to ensure consistent
measurement conditions. In the absence of light, the PV cell undergoes electrical excitation, with the EL
current being less than or equal to the short-circuit current (Isc). As a consequence, the cell emits an EL signal
due to band-to-band radiative recombination occurring within the bulk region (Roy and Gupta, 2019).

Environmental chamber

PV Module

Junction box

Fig. 2: Schematic diagram of PID test setup
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Following the initial phases of IV characterization and EL imaging, an accelerated PID test was conducted in
a controlled environmental chamber (Manufactured by REMI Instruments). Under PID testing the modules
was subjected PID accelerated testing conditions (-1000 V, 60°C, 85% RH) lasting for 96 hours. PID test setup
is shown in Fig. 2. EL images and 1V characteristics of the PV module pre and post PID testing are shown in
Fig. 3 (a), (b) and (c). Moreover, for a holistic view of the module's performance, a detailed comparison of its
parameters before and after the PID test is provided in Tab 1.
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Fig. 3: EL images of the module (a) pre PID (b) post PID (c) pre and post PID I-V characteristics of the module

Tab.1. Module specifications pre PID and post PID

Status (Voc) (lsc) (Pm) (Vm) (lm) FF
pre PID | 12.27 | 0.81 | 7.54 | 10.05 | 0.75 | 0.76
postPID | 11.9 | 0.81 | 6.35 | 9.49 | 0.67 | 0.66

From Tab. 1, it can be observed that PID results in a reduction in the fill factor (FF) and open circuit voltage
(Vo) of the PV module. The 1V characteristics of solar cells, when measured under both dark and illuminated
conditions, serve as a crucial tool for evaluating their performance. Therefore, destructive analysis was
conducted to perform dark I-V characterization, which enable the extraction of seven parameters of the double
diode model (DDM) for each cell. The DDM of a PV cell is generally used for either higher accuracy or
modelling shunt-related defects such as PID (Ishaque, Salam and Taheri, 2011), as shown in Fig .3. In this
context, the variables are defined as follows: Iy, represents the light-generated current, while loa, lo2, N1, and nz
represent the saturation current and ideality factors of the bulk diode (D) and recombination diode (D.),
respectively. Rs and Rs, denote the series and shunt resistance of a PV cell.

Ip: { In;

L,
CT Rsh 4

Spzirn)) Tpgny)

Fig. 4: Double diode model of a PV cell

I'=1I,,—Ioq [exp (% - 1)] — Iy, [exp (VHRS - 1)] — TR (eq. 1)

n, Vi np Ve Rg

Equation 1 shows the current-voltage relation of a PV cell, which contains seven unknown parameters ( lpn,
lo1, lo2, N1, N2, Rs, Rsn,), Whereas V; represents the diode thermal voltage. Double diode model simulations have
been performed using PSpice, as it is a versatile tool to simulate the electrical and thermal aspects of PV
modules (Somasundaran, Sinha and Gupta, 2012). Individual cell power output is determined by PSpice
simulations by using parameters extracted using DDM. To confirm cells affected by PID, EL images (Post
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PID) are compared with the individual cell power levels. PID-affected cells are identified by their reduced
power output, evident from their darker appearance in EL images compared to healthy cells. Using the
extracted parameters, impact of shading on both PID-affected and healthy cells are simulated to calculate
reverse saturation current, reverse saturation voltage, and power dissipation.

3. Result and Analysis

The power loss of each cell in a PV module is depicted in Fig. 5. It is evident that the PID affect the power
output. It is expected that healthy cells or those minimally impacted by PID would exhibit negligible power
loss. From Fig. 5, cell no. 12 and cell no. 8 are found to be minimally PID-affected while cell no. 15 and cell
no. 11 are found to be highly PID affected cells, showing more significant power losses.
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Fig. 5: Cell wise power loss of PID tested PV module

Using the above identified cells, simulations and experiment are carreid out to obtain the reverse stress current,
voltage and power dissipation under partial shading condition across the healthy and PID affected.

3.1 Simulation

To analyze the reverse stress across the PID-affected cells, simulations have been performed by changing the
Rsh and light generated current. Fig. 6(a) illustrates the reverse current, reverse voltage, and power dissipation
characteristics of a healthy cell (cell no.12) under varying shading conditions, including complete shading (0
W/m?) and partial shading (200 W/m2 and 500 W/m?). For the purpose of comparison, normalised reverse
current (Reverse current of Rs, of the shaded cell / Current of Rs, of healthy cell without shading (nominal
value)), normalised reverse voltage (Reverse voltage across Rsh of the shaded cell / VVoltage across Rsn of
healthy cell without shading (nominal value)), normalised power dissipation (Power dissipation of R, of the
shaded cell / Power dissipation of R, of healthy cell without shading (nominal value)) have been considered.

From Fig. 6(a), it is observed that when the healthy cell is completely shaded, the reverse current through the
Rsh is approximately eight times the nominal value. However, as the cell experiences partial shading (200 W/m?
and 500 W/m?), the reverse current begins to decrease. This phenomenon can be attributed to the fact that the
healthy cell possesses a substantial resistance. When shaded, the current generated by neighbouring cells starts
flowing through the shaded cell, resulting in the observed reverse current in Rsh. Although the magnitude of
current flowing through the Rgh is relatively low, the product of resistance and current leads to significantly
elevated power dissipation levels under complete shading conditions. Remarkably, the power dissipation of
the shaded cell reaches many times the nominal value when completely shaded. However, as the cell starts
receiving irradiance, the reverse current diminishes, subsequently reducing both the normalized voltage and
normalized power dissipation. Notably, at 500 W/m?2, the reverse current, reverse voltage, and power
dissipation in the Rsh become negligible. To gain further insights, the shading effects on a slightly P1D affected
cell are investigated. Fig. 6(b) illustrates the shading impact on the reversse stress parameters for the slighlty
affected PID cell. Notably, as PID conditions become more severe, the reverse current through the Rsn
increases.

11
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Fig. 6. Variation in reverse current, reverse voltage and power dissipation for (a) Shading on healthy cell, (b) Shading on
slightly PID affected cell, (c) Shading on moderately affected PID cell, and (d) Shading on severely affected PID cell.

This phenomenon is attributed to the PID reduction in Rsn, causing an elevated current flow through it.
Remarkably, the observed current through the Ry is approximately 20 times the nominal value, a significantly
higher magnitude compared to shading on a healthy cell. Conversely, the voltage across the Ry experiences a
reduction. This decline can be explained by the diminished product of current and resistance. Despite the
decrease in voltage, the power dissipation across the shaded cell remains high, comparable to that of a healthy
cell. This is because power dissipation is proportional to the square of the current multiplied by the resistance.
Furthermore, as shading conditions are reduced, the reverse stresses on the cell also diminish, mirroring the
trends observed in shading effects on healthy cells.

To investigate deeper into the effects of shading, a simulation on a moderately PID-affected cell was
conducted. Fig. 6(c) provides a visual representation of shading versus normalized values for this moderately
PID-affected cell. The observed current through the Rsh is approximately 21 times the nominal value, which is
notably higher compared to shading on a slightly PID-affected cell. The voltage across the Rsh undergoes a
reduction due to the decreasing value of Rsh. Moreover, as shading conditions decrease, the reverse stresses
also decrease, like the trends observed in shading on slightly PID-affected cells. It is evident that the power
dissipation in the moderately PID-affected cell is approximately 60 times the nominal value, which is
significantly high.

Fig. 6(d) shows the shading effects on a cell severely impacted by PID, which highlights the extreme nature
of the PID severity. This very severely PID-affected cell has experienced a complete loss of power due to the
extreme severity of PID, resulting in a significant reduction in the Rsn value. As a result, there is a substantial
surge in the reverse current flowing through the Rs. Notably, Fig. 6(d) demonstrates that the current through
the Rsn reaches approximately 23 times the nominal value. Simultaneously, the voltage across both the R¢, and
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the cell itself experiences a profound reduction, primarily attributed to the substantial decrease in shunt
resistance. As the PID severity intensifies, so does the impact on the cell's electrical characteristics, leading to
increasingly adverse effects. It is crucial to highlight that as shading conditions are diminished, the reverse
stresses on the cell diminish accordingly; it agrees with the trends observed in shading on severely PID-affected
cells. Remarkably, the power dissipation in the severely PID-affected cell decreases to approximately 20 times
the nominal value. While this figure remains notably elevated, it represents a significant reduction compared
to shading on severely affected PID cells. However, it's essential to emphasize that the high reverse current
flowing through Rshy can have detrimental consequences for the cell's reliability. When a low Rs, cell is shaded,
the concentration of high reverse current in a localized area raises the risk of hotspot formation. This
underscores the critical importance of addressing and mitigating severe PID effects to preserve the overall
reliability and performance of photovoltaic systems.

3.2 Experimental validation:

To validate the simulation results, experimentation has been performed on a PID-affected module. The
identified PID cells are shaded by using cardboard, and each cell is accessed through destructive analysis. CRO
(Make: Yogowa, Model: DL850E ) is connected across each cell, and I-V characterization has been performed.
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Fig. 8: Reverse voltage across R, with shading for (a) healthy cell and (b) PID-affected cell

In Fig. 7(a), the voltage across the healthy cell in an unshaded condition is depicted. It is evident that the shunt
resistance sinks the current, resulting in a positive voltage across the cell. Similarly, in Fig. 7(b), the voltage
across the PID-affected cell without shading is illustrated. Notably, the voltage across the PID-affected cell is
lower than that of the healthy cell due to the reduced Rsp.

The findings showcased in Fig. 8(a) offer a significant insight into the performance of a healthy cell under
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shading conditions. From this, the reverse voltage characteristics of a healthy cell when it is fully shaded are
observed. Notably, it reveals that the reverse voltage across the healthy cell substantially rises when subjected
to shading. This observation serves as a remarkable agreement between the experimental results and the
simulated outcomes.

Fig. 8(b) represents the reverse voltage across a severely PID-affected cell when shaded. It can be noted that
the reduction in voltage across the Ry for PID affected cell is lower than that of the healthy cell for shaded
conditions. This observed reduction in voltage corresponds well with the results obtained from simulation.

4. Conclusion

In this work, impact of PID on reverse stress current, voltage and power dissipation across the partial shaded
cell in a PV module is investigated. Reverse stress parameters i.e., current, voltage and power dissipation are
calculated for healthy and PID affected PV cells in a PV module using PSpice simulations. The reverse current
across the shaded cell increases with PID progression which maximises under completely shaded condition
while the reverse voltage and power dissipation across the shaded cell decreases. Reverse voltage trend with
PID progression obtained experimentally successully support the simulation results. A high current across the
PID affected cell poses a risk of hotspot formation. The value of the reverse current, voltage and power
dissipation across the shaded cell depends on the PID severity and amount of shading. The obtained results
provide a valuable insights into the behaviour of PID affected PV cells under partial shading conditions.
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Abstract

An analytical model based on a detailed balance theory has been adopted to obtain the performance limitation
of a Cs3Sh2Brg-based perovskite solar cell (PSC). Two different structures surrounded by the angular reflection
layer at the front along with a perfect mirror and an absorbing substrate at the rear surface, individually, are
investigated. The performance analysis of both structures on the cell is done by tuning the angle of incident
sunlight. The obtained result highlights an increment of 1.6% in the performance for the perfect mirror-based
structure as compared to the other structure. The obtained result signifies a good performance of the Cs3Sh.Bre-
based PSC for a plane wave (90°). The proposed analytical model and corresponding results can be used as a
suitable model for estimating the performance parameters of the PSC for various materials.

Keywords: Cs3ShaBrg, perovskite solar cell, detailed balance model, AM1.5G, absorbing substrate, perfect
mirror

1. Introduction

Solar cells (SCs) are the most attractive technology in recent years due to a very vast range of emerging
materials that drastically improve the device’s performance. For decades, emerging perovskite materials have
attracted the solar community for a low-cost device with reliable performance. The recent reports on
perovskite-based SCs (PSCs) with the highest efficiency of 26.1% encourage the research community
((NREL), n.d.; Green et al., 2023). Moreover, the large range of perovskite materials and cost-effective
fabrication methods like solution-based methods, sol-gel, hot-injection, etc. also support the development of
efficient PSCs (Shah et al., 2020). Firstly, Sha et al. proposed a detailed balance model to calculate the
efficiency limit of CH3NH3Pbl; PSCs and calculated the limit as 31% (Sha et al., 2015). Sun et al. approached
a physics-based analytical model of PSCs using a fitting function (Sun et al., 2015). Agarwal et al. proposed a
scheme of device engineering to achieve a nearly ideal efficiency of PSC (Agarwal and Nair, 2015). Ren et al.
explored the drift-diffusion-based analytical model for obtaining the theoretical limit of PSC (Ren et al., 2017).
In the context of a lead-free perovskite, we have designed a CssSh,Bre-based PSC and all-perovskite tandem
solar cell (TSC), for the first time, to determine the contribution of Cs3Sh,Brg in these devices (Sachchidanand
etal., 2023, 2022, 2021). This work presents a detailed balance model-based analytical approach on Cs3Sh,Brg-
based PSC to study the performance limit of the cell (PSC).

2. Model development

To do an investigation, two different structures are proposed, as shown in Fig. 1. For Fig. 1(a) the optical
medium surrounding the photovoltaically active absorbing cell is “air” at the front surface and a perfect
reflector mirror at the rear surface. Any solar cell thick enough to be manufactured with the back surface of its
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active region accessible to make it a perfect reflector can possibly approach such a device. For Fig. 1(b) the
absorbing cell is surrounded by “air” at the front surface and an absorbing substrate at the rear surface. Such a
structure emphasises a more practical situation that is highly adopted in fabricating any solar cell. The
Assuming only the radiative recombination mechanism exists, under illumination at the steady state condition,
photon absorption in the cell must be equal to the photon emission, corrected for the fraction f as current in the
external circuit.

() (b)

=

Angular Filter Angular Filter

XN|<f U0JOYd PACIOSqY
XN U0JOyd PaIWI

Substrate

Perfect Mirror

Fig. 1 Schematic of Cs;Sh,Brs-based perovskite solar cell (PSC). The structure has a planar top surface along with (a) a perfect
mirror, and (b) an absorbing substrate at the rear surface.

Joexp (Z) = (1= fI, (eq. 1)
The photogenerated current (J.) after photon absorption can be computed as:
Ju=5ely Ta()ada (0. 2)

where I'(2) is the incident AM1.5G solar spectrum, a(4) is the absorptivity, q is the electron charge, h is the
plank constant, and c is the light speed. The leakage current (Jo) owing to carrier loss can be computed as:

Jo = =[5 b(Ma()Ada (eq. 3)

Cc

where b(1) is the black-body emission spectrum of the cell which can be calculated by (Sha et al., 2015) with
consideration of the Boltzmann approximation. Moreover, in a detailed balance model, the maximum current
that can circulate through the given external circuit is calculated as the difference between the photogenerated
current after photon absorption and leakage current owing to photon emission.

|4
JW) = Joexp (£) - ). (eq. 4)
Furthermore, the absorptivity expresses in Egs. (2) and (3) for both structures depends majorly upon the cell’s
thickness (W), refractive index (n) and angle of incident sunlight (6) and can be computed as:

—ma(/l)W)

cos(@inc)

al)=1- exp( (eq.5)

Here m is an optical path multiplier owing to the rear surface of the cell; m = 2 for the perfect mirror, and m =
1 for the back absorbing substrate at the rear surface of the cell. 8;,,. = cos™?! ( 1 —n=2sin? (9)) is the angle
of propagation inside the absorbing cell after suffering from reflection.

The fixed point performance parameters, short-circuit current density (Jsc) and open circuit voltage (Voc), can
be obtained from Eq. (4) by putting null to either biasing voltage (V) or current density (J) and can be written
as:

Jse = =Juand Vs = Vin () (eq. 6)

where V., = kT /q is the thermal voltage. For an efficient PSC, the power conversion efficiency (PCE)
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expresses the conversion performance of the cell and can be given by:

14
PCE = max(xv) (eq. 7)
Py,
where PL is AM1.5G spectrum having a power density of 100 mW/cm?2.
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Fig. 2 Performance parameters of both Planar PSCs by varying the incident angle, such as (a) open-circuit voltage (Voc), (b)
short-circuit current density (Jsc), (c) power conversion efficiency (PCE), and (d) Leakage current density (Jo).

3. Results and discussion

3.1. Influence of rear substrate on the solar incidence angle on structures

In Fig. 2, the influence of solar incidence angle on the performance of the planar structures having perfect
mirror and back absorbing substrates is observed. From Fig. 1, the angular restriction layer allows the incident
photon to penetrate inside the structure owing an angle of incidence () and bound it‘s emission. The variations
in 6 between 10° and 90° having stepping of 5° is depicted in Fig. 2 using Voc, Jsc, PCE and Jo. As 6 increases
the Voc decreases and Jo increases exponentialy with a marginal difference for both structures at 8 > 30°. This
variation in Voc and Jo is due to rise in the direct recombination of photon because of a rise in the angle of
emission which is the counterpart of 8 (Ren et al., 2017). Moreover, as § gets updated, Jsc accounts a fixed
value with a 0.61% higher value for the structure having the perfect mirror on the rear side{Fig. 1(a)} instead
of that of the back absorbing substrate {Fig. 1(b)}. This fixed Jsc may be due to the constant generation of free
charge carrier at thermal equilibrium and the difference is due to the different optical path of the free charge
carriers in both structures (Sachchidanand et al., 2022; Sun et al., 2015). As PCE is the effective performance
of the structure which can be calculated as the ratio of the maximum value of the multiplication of current
density J and baised voltage V to the incident solar power (PL), as in Eq. (7). From Fig. 2(c), as 6 changes, the
performance of both structures varies which follow the nature of Voc because of fixed Jsc. The planar structure
having the perfect mirror shows a better outcome in comparison to the planar structure having the back
absorbing substrate due to double absorptivity hence better Jsc, see Fig. 2(b). Thus, it can be concluded that
the Cs3Sh2Brg-based PSC having the perfect mirror performed well with a 1.6% higher PCE in comparison to
that structure having the back absorbing substrate. Table 1 displayed a performance comparison of Cs3Sh,Brg-
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based PSC with previous detailed balance-based models and experimental reports.

Tab. 1: Performance comparison of Cs;Sh,Brg-based PSC with previous detailed balance-based model and experimental

reports
PCE (%
. Eg |Angle of Incidence - (%)
Perovskite (eV) © Detailed Balance-based .
Experimental
Model
28.82 25.50
MAPbIs | 15 90 (Sha et al., 2015) (Lietal., 2021)
19.60 4.85
MAPDBrs | 2.2 %0 (Shockley and Queisser, 1961)| (Mehdi et al., 2019)
22.84
CssShoBro | 2.0 90 [This Work] ]

3.2. Impact of solar incidence angle on structures with different front design

An investigation of the performance of the ‘Planar Front’ and ‘Textured Front” based PSC is presented in Fig.
3(a) as the function of 4. In both PSCs, as 6 increases, the performance starts decay which may be due to
decrease in the absorptivity which increases the recombination of charge carriers in the structure (Ruhle, 2016).
Moreover, the effect of different absorber’s thickness like 800 nm, 1000 nm, and 1200 nm on both PSCs is
also depicted in Fig. 3(a). The ‘Planar Front’ PSC shows a negligible difference by varying the absorber’s
thickness may be due to double optical path. While the “Textured Front” PSC shows a difference of 1.15% and
1.83% for the absorber thickness of 1000 nm and, 1200 nm in compared to that of 800 nm, respectively. These
marginal differences in the PSC may be due to lesser emission of the incident photon at the higher thicknesses
of the absorber. As result, the ‘Planar Front’ and the ‘Textured Front’ PSCs reaches a maximum PCE of
22.84% and 22.48%, respectively, at 6 of 90° and the absorber thickness of 1000 nm. This may also be due to
lower optical path of the charge carriers at the front texturing design in compared to front planar design. It
highlights the elevated performance of the ‘Planar Front” PSC and concluded the optimum absorber thickness
of 1000 nm. The influence of different front design and back substrate at the absorber thickness of 1000 nm is
depicted in Fig. 3(b). It shows a maximum performance limit of 24.14% at 6 of 10° for the Cs3Sh,Brs-based
PSC having planar front and back mirror design. Thus for a lead-free inorganic CssSh2Brs-based PSC, the
maximum performance is achieved for a ‘Planar Front” having a back mirror design.
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Fig. 3 Variation in the power conversion efficiency (PCE) of (a) the planar and texture front having a back perfect mirror at
different thicknesses of 800 nm, 1000 nm, and 1200 nm, and (b) different structures at the thickness of 1000 nm as the function
of angle of incidence.

4. Conclusion

A detailed balance model-based analytical approach for the calculation of the performance limit of Cs3Sh,Brg-
based PSC is investigated. The variation in the performance parameters as the function of the angle of incident
sunlight is observed. The obtained result highlights that the perfect mirror-based structure reflected a better
performance limited of 22.84% at 8 of 90° which is 1.6% higher as compared to the back absorbing structure.
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It also signifies that for a good performance of the Cs3Sbh,Brs-based PSC, a perfect mirror helps to improve the
performance by increasing the optical path and lowering the photon emission angle. The discussed analytical
model and its corresponding result can be used as a suitable model for estimating the performance-limiting
parameters of the PSC for various materials.
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Abstract

Solar cells are susceptible to the formation of microcracks throughout different stages of their lifespan.
Microcracks can lead to power loss through different impacting mechanisms, such as enhancing surface
recombination or increasing resistive losses, leading to performance loss in solar cells. These operating
mechanisms can co-occur in a solar cell, which has yet to be studied in detail. In this work, the impact of
different operating mechanisms of microcracks on the electrical performance of a solar cell has been analysed
using PSpice simulations. Three scenarios have been considered to assess the effects of microcracks, namely,
enhanced surface recombination mode, resistive loss mode, and a combination of both. Simulations have been
performed using a distributed diode model of the solar cell for the three most occurring microcrack
orientations. The results show that in resistive mode, the power loss is comparatively less for all microcrack
orientations. For parallel to busbar microcrack, no resistive power loss is observed, and for diagonal and
perpendicular to busbar microcrack, after a certain threshold resistance, the power loss does not increase due
to changes in the path of the lateral current flow. The recombinative loss mode results in higher performance
loss than the resistive loss mode. Further, depending on the presence of stress factors, performance loss due to
a combination of both loss modes leads to higher performance loss, impacting its reliability. This work
highlights the possible extent of performance loss due to the different operating mechanisms of microcracks.

Keywords: Microcracks, Recombinations, Resistive loss, Solar cell, Photovoltaics, Power loss

1. Introduction

In the modern world, most of our current power consumption is supplied using fossil fuels, which are non-
renewable and not environmentally friendly. Shifting to renewable energy resources like solar, wind, and hydro
is necessary to meet the future energy needs of the growing population. Out of the available renewable energy
sources, the photovoltaic (PV) industry has developed into one of the fastest-growing technologies in recent
decades. This is mainly because the PV modules generally have a comparatively higher lifetime, lower long-
term costs and local as well as grid-level energy generation capability. In the last decade, the weighted average
of the levelized cost of electricity for commercial-scale solar PV has dropped from 0.381 USD/kWh to 0.057
USD/kWh (IRENA Renewable Cost Database, 2020), making solar energy the most cost-efficient and viable
energy source right now. Crystalline silicon (c-Si) PV modules currently dominate the PV market industry due
to being the most abundant and well-researched. PV modules operate under harsh environmental conditions,
resulting in defects and degradations, significantly impacting the performance of PV modules in the long term.
International Technology Roadmap for Photovoltaics (ITRPV) reported a significant reduction in the wafer
thickness of solar cells to reduce the cost (ITRPV, 2018). However, thinner wafers lowered the robustness of
the solar cell against thermo-mechanical loads, resulting in a higher chance of cell cracking. Microcracks in
solar cells are one of the critical forms of defect and degradation in crystalline silicon solar cells, which can
propagate, resulting in increased severity and leading to other degradation modes. Microcracks can form due
to thermo-mechanical stress in the cells during manufacturing, transportation, and outdoor operating conditions
due to temperature variation, hailstorms, snow, wind, etc. Microcracks are invisible to the bare eye as they
have a width of less than 30pum (Dhimish et al., 2017). They can be detected through imaging processes such
as electroluminescence (EL) imaging. Herein, microcracks appear as dark lines due to reduced EL emission
caused by carrier recombination sites created around the microcrack region (Mohammed Niyaz, Meena and
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Gupta, 2021). Microcracks do not electrically disconnect cell areas; however, they can interrupt fingers along
the length of the microcrack, increasing the series resistance. Dhimish et al. have reported a power loss of up
to 20% due to microcracks at the module level (Dhimish et al., 2017). In addition to resistive losses,
microcracks may also lead to an increase in surface recombination (Buerhop et al., 2012). Herein, the severity
and area of surface recombination vary with the length, width, depth and orientation of the microcracks
(Buerhop et al., 2012; Papargyri et al., 2020; Mohammed Niyaz, Meena and Gupta, 2021). While each of the
aforementioned loss-incurring modes of microcrack has been studied in isolation, they may co-occur under
outdoor field conditions, which needs to be studied further. In this work, the impact of microcracks based on
their operating mechanism on electrical performance has been investigated at the cell level using a simulation
approach. For the simulations, the distributed diode model of solar cells has been used, where the microcracks
are modelled with local parameter variation depending on the position of the microcracks. Diagonal,
perpendicular to the busbar and parallel to the busbar orientations of microcracks and three power loss
incurring mechanisms due to microcracks have been considered for the simulations.

The further sections of this article are structured as follows. Section 2 describes the three different electrical
models used for solar cell modelling. Section 3 depicts the detailed model used in the modelling of microcracks
in this paper. In section 4, the simulation results have been discussed, and finally, section 5 concludes this

paper.

2. Electrical modelling of solar cells

The modelling and simulation approach is helpful in studying the effects of change in parameters due to
microcracks in a solar cell, which is difficult to change experimentally. There are several electrical models for
solar cells to accommodate different needs in modelling certain phenomena. The different electrical models
for solar are discussed in the following sections.

2.1. Single-diode model of solar cell

The solar cell can be represented by an equivalent circuit using the single diode model (SDM) shown in Fig.
1. In this model, the current source, Ji, represents the light-generated current density due to the illumination of
the solar cell. The diode represents the p-n junction in the solar cell. Rs is the series resistance due to a
combination of base-emitter and contact resistance between metals and silicon. Rs, is the shunt leakage
resistance typically due to manufacturing defects.

<T> (XZ . l

Fig. 1: Solar cell equivalent circuit using single diode model

The current-voltage (1-V) characteristics equation of this solar cell equivalent circuit can be written as

J =], — Jofexp[f25) _ 13

n{kT

V+JRg
Rsn

(eq. 1)

Here, n1 is called the ideality factor, K is the Boltzmann constant, and T is the absolute temperature of the solar
cell. In a single-diode model, the value for the ideality factor is taken as constant. In operating conditions, the
ideality factor varies as a function of the applied voltage across the solar cell (Kikelj et al., 2021). The ideality
factor is close to one when the surface and bulk regions dominate the recombinations in the solar cell. However,
when the recombination around the p-n junction dominates, the ideality factor approaches two. To model the
junction recombinations, the double diode model is used.
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2.2. Double-diode model of solar cell

In the double diode model, a second diode representing junction recombination is added in parallel with the
first one. Typically, the ideality factor of the diode is taken as two. The circuit of the double diode model is
shown in Fig. 2.

L Di D Ry
(ma, Joy (2, Jo2)

=
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v

Fig. 2: Double diode model of solar cell

Ju is the light-generated current density, D1 (n1 = 1, Jo1) represents the bulk recombination and, D2 (n2 = 2, Jo2)
represents recombination in the junction, Rs and Rsh represent the series resistance and shunt resistance of the
solar cell, respectively. The mathematical expression for the double diode model's output current density (J)
can be written as given in eq. 2 (PVEducation).

J = i = Jorlexp "5 = 1 — Jop{exp [T 1 — 1) = H 0

(eq. 2)

Rsh

2.3. Distributed diode model of solar cell

In single and double-diode models, the complete solar cell is taken as a whole and considers uniform effects
of all parameters. In reality, there is a non-uniform current generation being different in sites of finger, busbar
and emitter sheet. Also, due to the lateral flow of current on the surface of the cell, there is a voltage drop
across the length (Zekry and Al-Mazroo, 1996). To consider these effects and the spatial non-uniformity of the
solar cell, a 3D model called the distributed diode model is used (Spataru et al., 2015). In the distributed diode
model, the solar cell is divided into several small elemental areas, which are modelled by the single or double
diode model. Each elemental area consists of a diode, a shunt resistance and a current source connected in
parallel. Each neighbouring elementary area is connected with a series resistance. Using this model, anomalies
in small parts of the solar cell can be detected easily due to modelling such small elemental areas.

Fig. 3: Distributed diode model approach of solar cells

In Fig. 3, a simple 3x3 distributed diode model is shown, which is extended further in all directions in 3-D to
model an entire solar cell. In this work, the distributed diode model has been used to model the microcracks in
solar cells. The model used is discussed in the next section.

3. Modelling of microcracks

In the current work, microcracks have been modelled and analyzed for their impact on the performance of solar
cells. Microcracks can affect the solar cell parameters in a few ways. An air gap is created on the surface of
the cell along the length of the microcrack due to the width and depth of a microcrack. The air gap hinders
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lateral current flow on the surface, thus increasing the emitter resistance. Recombination sites form on the
microcrack location due to dangling bonds. Also, due to higher resistance across the microcrack, the charge
carriers are blocked. The blocked charge carriers at the edge of the microcracks increase the recombination
around the p-n junction along the microcrack (Van Molken et al., 2012; Kasewieter et al., 2014). Also, short-
circuit paths can form in microcrack locations due to the shorting of the p-n junction due to other material
defects around the microcrack location, increasing the shunt resistance. Microcrack and shunt area due to
microcrack are directly related, and shunt area increases with the microcrack's length, width and depth
(Buerhop et al., 2012; Demant et al., 2016; Dong et al., 2018). These different physical phenomenon affects
different solar cell parameters, thus impacting the performance of the solar cell.
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Fig. 4: Schematic of different impact mechanisms of microcrack

In the current study, the spatial characteristics of microcracks have been modelled using the distributed diode
model of solar cells. In this model, a grid of 100100 smaller sub-cells have been created by dividing a healthy
solar cell with three busbars. Each sub-cell is modelled using essentially the two-diode model using the
combination of a current source (I.), two diodes (D1, D), and a shunt resistance (Rsn) to represent the p-n
junction in the solar cell, as illustrated in Fig. 5(a). Distinct sub-cells (as depicted in Fig. 5(b)) are linked
through resistive elements such as sheet resistance (Rsneet), finger resistance (Rringer), and busbar resistance
(Rousbar), depending on the sub-cell's spatial location. A standard 15.6 cm x 15.6 cm cell is considered for the
model, and it is simulated in the PSpice circuit simulator.

y Vv 3,
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——
e
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Fig. 5 (a) Distributed diode model using different sub-cells (b) Individual sub-cell

The parameters that are used in the simulations using the above model are depicted in Tab. 1. The parameter
values here represent a healthy solar cell. The numerical values for the simulation are taken from Meena et al.,
where the values have been experimentally obtained (Meena, Niyaz and Gupta, 2023).

Value for each sub-cell is calculated the following way,

Isc(experiment)
I;.(node) = — eq. 3
se( ) Number of active nodes in the circuit (eq. 3)
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Ip(experiment)

Iy(node) = (eq. 4)

Total number of nodes in the circuit
Ry, (node) = Ry, (experiment) X Total number of nodes in the circuit (eq. 5)

Tab. 1: Numerical values of different components used in the distributed diode model

Parameter Value
Isc (A/node) 1.0996 x 1073
Ny 1
n; 2
Jo1 (A/cm?) 1x 1071t
Joz (A/cm?) 1x107°
Ren (Q/node) 3.603 x 10°
Rsheet (€2/cm) 90
Rfinger (€2/cm) 2.89 x 1074
Rbusbar (€/cm) 2.58 x 107>

The resistive components (Rsheet, Rfinger, Rousbar) are obtained from the literature Meena et al., where they
measured them experimentally. (Meena, Niyaz and Gupta, 2023). To model the microcracks using the
distributed diode model, the corresponding parameters have been changed accordingly. Microcracks can affect
the performance of the solar cell through three types of mechanisms which affect different model parameters.
The three possible mechanisms for power loss due to microcracks are (a) Resistive loss mode, (b)
Recombinative loss mode, and (c) a combination of both types of loss modes. Also, the orientation of the
microcracks plays a critical role in affecting the power of the solar cell (Kajari-Schrdder et al., 2011). Different
microcrack orientations can affect the solar cell performance differently. So, the three most commonly
occurring orientations of microcracks have been studied. Those three microcrack orientations, namely, (a)
diagonal to the busbar, (b) perpendicular to the busbar and (c) parallel to the busbar, are considered for each
power loss mode.

3.1. Resistive loss mode

The air gap in the cell, due to the microcrack (Fig. 4), hinders the lateral flow of current on the surface, thus
increasing the sheet resistance. To model this, the sheet resistance is increased according to the length, width
and depth of the microcrack. Only resistive power loss occurs in this mode as the lateral current must pass
through higher sheet resistance or flow in an alternate path, increasing the resistance. To model this type of
crack, the sheet resistance values are increased for the corresponding sub-cells through which the microcrack
passes for the three different microcrack orientations.

3.2. Recombinative loss mode

Microcracks can increase the recombination of charge carriers in solar cells around it. As microcracks are on
the surface of the cell, they can increase the recombination around the p-n junction along the microcrack due
to the dangling bond created on the open surface. This can happen without the resistive loss mode. For example,
if the microcrack is a scratch on the surface, then the air gap is negligible, and so is the resistive loss. However,
due to the enhanced recombination on the microcrack site, it will still affect the performance of the solar cell.
In order to model the recombination loss in power due to recombination in the p-n junction due to the
microcrack, the reverse saturation current density (Jo2) of the second diode (D2 (nz = 2) is taken as the variable
as it directly represents the junction recombination (Van Mdélken et al., 2012). Also, as reported in the literature,
due to material defects in the microcracked location, the Rsh corresponding to the sub-cells decreases, thus
affecting the output power. These micro-cracks can also enhance another degradation mode, potential induced
degradation (PID), around their location, further increasing the recombination and shunting (Dong et al., 2018).
The values for changes in Joz and Rs are taken from the literature (Van Mélken et al., 2012; Dong et al., 2018;
Kumar, Puranik and Gupta, 2023).
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3.3. Combination of resistive and recombinative loss mode

Under outdoor operating conditions, recombinative and resistive microcrack modes operate simultaneously
(Mohammed Niyaz, Meena and Gupta, 2021). Herein, the resistive and recombinative loss mode may increase
in magnitude depending on the external stress conditions promoting power losses. The performance loss in
solar cells due to the simultaneous occurrence of both loss mechanisms is under-researched. To simulate the
co-occurrence of both modes, combinations of Rsheet Values with different Jo, and Rsn values are taken for the
three microcrack orientations. The results of the simulations have been discussed in the next section.

4. Results and Discussions

Microcracks with three different loss-impacting mechanisms with three different orientations have been
modelled using the distributed diode model, and the circuits are simulated using the PSpice circuit simulator.

4.1. Resistive loss mode

Here, the sheet resistance corresponding to the sub-cells along the microcracks is increased, representing the
increase in resistance due to the air gap. The loss in maximum power due to higher sheet resistance for the
three orientations of cracks is shown in Fig. 6. It is observed that overall, for all three orientations, the power
loss is very low (<1%).

(Cell breakage)

Diagonal crack —| Rsheetf

(Cell breakage)

Perpendicular to
P Rsheet1
busbar crack

(Cell breakage)

Parallel to
busbar crack Rsheet T

T T T
0 2 4 6

Relative power loss (%)

o
-
o

Fig. 6: Power loss due to resistive loss mode for different microcrack orientation

For the diagonal to busbar crack, it is observed that the increase in sheet resistance increases power loss but
remains almost constant for higher sheet resistances up to cell breakage. This can be explained as the sheet
resistance increases after a certain point, the current finds an alternate path to the nearest finger (Fig. 7),
considering that the fingers are not damaged due to the microcrack (Fig. 4). So, after a certain point, increasing
the Rsheet does not affect the output power of the cell as long as the fingers are not damaged. This also explains
the power loss due to the perpendicular to the busbar microcracks, where the microcrack is considered closer
to one finger. So, the power output decreases very slightly due to the additional current path introduced, but
soon, the lateral current finds the alternative path to the other closest finger; thus, no further decrease in power
occurs. For parallel to busbar microcracks, there is no power loss, irrespective of the increase in sheet
resistance. This is due to the fact that as long as the finger remains intact, the parallel to busbar cracks do not
introduce an additional current path, so the output power is not affected.

T
(b) ©

Fig. 7: Lateral current flow directions due to higher sheet resistance for (a) Diagonal, (b) Perpendicular to the busbar, (c)
Parallel to the busbar
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4.2. Recombinative loss mode

For recombinative loss mode, the relative power loss for different Joz values is shown in Fig. 8. The power loss
is negligible for low levels of recombination but increases non-linearly with an increase in Jo2. The slightly
higher power loss for the diagonal microcrack can be due to the higher length of the diagonal microcrack.
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Fig. 8: Power loss due to recombinative loss mode for (a) Diagonal, (b) Perpendicular to the busbar, (c) Parallel to the busbar

The value of Jo; has been varied from 10 to 10 A/cm? based on the reported values of change in Jo; due to
recombination losses (Van Mdlken et al., 2012; Kumar, Puranik and Gupta, 2023). The recombination around
the microcracks can also increase greatly due to possible PID induction around microcracked sites. Maximum
power loss of up to 8% is observed due to recombination sites around microcracks for the diagonal to busbar
orientation.

4.3. Combination of resistive and recombinative loss mode

The combined effect of both resistive and recombinative losses has been simulated by varying the Jo, for
different Rsneet Values. The results for diagonal microcracks are shown in Fig. 9(a), 9(b) and 9(c) for different
microcrack orientations, respectively.
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Fig. 9: Power loss for combination of recombinative and resistive loss mode due to (a) diagonal, (b) perpendicular to the

busbar, (c) parallel to the busbar microcrack
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It is observed that there are significant power losses due to the combination of both loss modes, the highest
loss being for the diagonal microcrack orientation. The power loss for higher Jo, values decreased with higher
Rsheet Values. The maximum power loss due to the microcrack for all orientations is around 6-8% for the
combination of both resistive and recombinative modes. For higher sheet resistance as the lateral current path
changes, the recombination of the charge carriers for sub-cells in the path via the microcrack decreases.

5. Conclusion

In this work, the effect of different operating mechanisms of microcrack with three most occurring orientations
on the performance of solar cells has been studied using a simulation approach on a distributed diode model.
Depending on the electrical parameters affected, the impact of microcracks was classified into resistive mode,
recombinative mode and combination of resistive and recombinative mode for power loss. The distributed
diode model of solar cells was used to model the spatial impact of power loss incurring modes of microcracks
having different orientations. It was observed that for resistive loss mode, power loss increases until a certain
threshold value of sheet resistance after which, the power output does not get affected as the lateral flow of
current finds an alternate path with less resistance. For recombinative loss mode, the power loss due to
recombination in the junction increases non-linearly for high junction recombination. The non-linear increase
in power loss is due to the non-linear electrical properties of the diodes, which are mainly affected by the
recombination. The combination of both loss-incurring modes affects the output power the most; however, it
is not significantly more than the recombinative mode. This spatial impact analysis of microcracks would be
helpful to predict the power losses due to microcracks and also their long-term impact on the performance of
solar cells.
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Abstract

The objective of the study is to evaluate the technical performance of a bifacial PV system & compare it with
its mono-facial counterpart in outdoor conditions in India. It is found that the energy generation from the
bifacial latitude tilt system is highest, followed by the mono-facial latitude tilt system and then the bifacial
vertical tilt system. The quantum of excess energy generation depends on various parameters like ground
albedo, GCR, GCH, module tilt angle etc. It is also found in the study that the bifacial gain is over 20% with
natural vegetation & grass as the ground reflecting material and it increases further when SS-sheet was used
as the ground reflecting material. The simulation study reveals that the LCOE from the bifacial system is
comparatively lower than the equivalent mono-facial system when the albedo is 0.2 or above. The higher
module cost of the bifacial module compared to its mono-facial counterpart is compensated by the extra energy
generated by the bifacial system. The study further reveals that the albedo of the Ladakh region and desert of
Rajasthan, India is naturally higher than the normal plain. Thus, these potential sites in India should be targeted
for setting up MW-scale bifacial PV plants for higher energy yield and thereby, lower LCOE. Further, bifacial
PV vertical systems can also be set up along the bunds of the agricultural land or the side of the national
highways.

Keywords: bifacial, mono-facial, solar PV, bifaciality factor, bifacial gain, albedo, GCR, GCH, LCOE

1. Introduction:

In recent years, solar photovoltaic (PV) technology has gained prominence as a conventional energy source.
Initially, mono-crystalline silicon (c-Si) PV modules were the dominant technology. Multi-crystalline silicon
p-type solar cells with Aluminum Back Surface Field (Al-BSF) technology were widely used until 2015 [1].
However, the PV industry witnessed a shift in 2016 with the production of cost-effective mono-crystalline c-
Si wafers. This encouraged the industry to explore innovative solar cell technologies such as Passivated Emitter
Rear Contact (PERC), n-type Passivated Emitter Rear Totally-diffused (n-PERT), and heterojunction cells,
which had previously only been developed in laboratories. Mono-facial PERC cells, known for their improved
cell efficiency exceeding 22.5%, have reached their practical efficiency limit. However, to further increase
energy output, the industry is transitioning to bifacial PERC cells. This transition doesn't significantly add to
production costs. In the case of bifacial PERC cells, the traditional full-area Aluminum screen print on the rear
side of mono-facial PERC cells is replaced with an optimized Aluminum/Silver finger grid, similar to the front
side. Bifacial cell and module technology have gained popularity over the years. Bifacial modules harness
energy from incident irradiance on both the front and rear sides of the module, resulting in higher energy
generation in the field compared to mono-facial counterparts. With advancements in mono-crystalline Si PV
cells, improved durability, reliability, and sturdy structures, many module manufacturers are adopting glass-
glass panels, making bifacial solar technology an industry preference.

According to Kopecek, R. et al. [2], the global installed capacity of bifacial PV technology reached
approximately 20 GW by the end of 2020, with significant installations in China, Chile, Mexico, and the
Middle East. This capacity is expected to increase in the coming years. The International Technology Roadmap
for Photovoltaic (ITRPV) 2021 suggests that bifacial cells, which accounted for about 30% of the market share
in 2020, are projected to increase to approximately 80% in the next decade. Similarly, the market share of
bifacial modules, which stood at around 18% in 2020, is forecasted to grow by 55% in the next decade [3]. In
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India, despite the dominance of Al-BSF multi-crystalline Si PV cells in the solar PV market, the potential of
bifacial technology to produce more energy at nearly the same panel cost as mono-facial counterparts is making
bifacial technology an attractive option for achieving lower Levelized Cost of Electricity (LCOE).

Section-1 of the paper presents the introduction of the study and describes the review of literature, Section-2
describes the objectives of the study, Section-3 depicts the methodology adopted to carry out the study, Section-
4 illustrates the result and discussion, and Section-5 presents the conclusions and scope of further work.

Various literature on the performance of bifacial PV technology revealed that the daily power generation of
the bifacial modules is more than mono-facial counterpart both on sunny and cloudy days. The bifacial gain
on cloudy days is even higher than on sunny days due to the higher diffuse irradiance content in the global
irradiance. Further, the energy generation of the bifacial system increases with higher ground albedo, tilt angle
up to the optimum tilt, and module elevation. In general, it is observed in the literature that the optimum tilt
angle of the bPV system is higher than the mPV system under the same external conditions. The optimization
of module elevation is also important to trade-off between bifacial gain and system cost.

Wenbo Gu et al. [4] conducted an experimental study on bifacial PV modules under real conditions. They
compared the electrical and thermal performance of bifacial modules with mono-facial modules, considering
various installation parameters. Bifacial modules were found to produce more power than mono-facial modules
due to their ability to collect more irradiance from the rear side. It concluded that higher ground albedo and
specific tilt angles favoured bifacial modules. Long-term simulations showed a substantial annual bifacial gain
of 14.77%. Suna Xingshu et al. [5] developed a physics-based model for optimizing bifacial solar PV modules
on a global scale. Empirical equations derived from the model could estimate bifacial gain based on these
parameters, facilitating quick evaluations. The study found that ground-mounted bifacial modules with higher
ground albedo coefficients and elevated installations achieved higher bifacial gains, but the balance between
gain and installation cost needed optimization.

Stein Joshua S. et al. [6] conducted a study to understand the performance factors of bifacial PV systems. They
found that bifacial modules receive more irradiance on their rear surface, making traditional performance
models for mono-facial modules inadequate. Factors like module height, tilt angle, azimuth angle, and ground
albedo were studied. Results showed that bifacial modules produced more power than mono-facial modules
under similar conditions. The annual energy production was highest for south-facing bifacial modules, but the
annual bifacial gain was greatest for west-facing vertical modules due to cooler mornings. String-level
performance analysis demonstrated varying bifacial gains with different tilt angles. Patel M. Tahir et al. [7]
focused on temperature-dependent energy gain in bifacial PV farms on a global scale. They analyzed how
temperature affected energy generation, the Levelized Cost of Electricity (LCOE), and compared standalone
bifacial modules to solar farms with bifacial modules. Temperature-dependent cell efficiency was considered,
and irradiance modelling was integrated for light collection. Bifacial modules, despite collecting more
irradiance, could experience lower cell efficiency due to increased temperature. The study revealed that mutual
shading in solar farms caused higher cell temperatures and reduced efficiency, particularly in hotter climates,
impacting LCOE. They also found that bPV modules with lower temperature coefficients were more efficient
and had higher power output. The study compared bifacial gain and LCOE for different module types and
optimal elevation considerations.

Liang Tian Shen et al. [8] conducted a review of crystalline silicon bifacial photovoltaic (bPV) performance
characterization and simulation. They discussed challenges in establishing standard test conditions for bPV
cells/modules. Various methodologies were used to compare bPV and mono-facial PV (mPV) technology,
including bifacial gain, equivalent efficiency, and bifacial STC rating. The review also highlighted different
techniques for indoor and outdoor characterization of bPV cells and modules, emphasizing the importance of
accurate optical modelling for bPV simulations. Additionally, the paper discussed the need for international
standards and software tools for precise bPV performance evaluation. NREL [9] presented outcomes from the
bifiPV2020 Bifacial Workshop, offering an overview of recent developments in bifacial solar PV technology.
The report noted the increasing size of PV wafers and cells, as well as concerns about the long-term durability
and reliability of bifacial modules. It highlighted the popularity of glass/glass bPV modules and the emergence
of glass/transparent back sheets. The report also mentioned the shift towards n-type bPV technology and the
importance of bifacial energy gain (BEG) as a key parameter for comparing bPV and mPV systems. Challenges
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related to tracking systems, standardization, and modelling were discussed, as well as the need for further
research in various areas. Park Hyeonwook et al. [10] conducted an outdoor performance test of bifacial n-
type silicon photovoltaic modules in South Korea. They evaluated the performance of bifacial modules and
strings compared to mono-facial counterparts under different conditions, including varying ground albedo and
the use of tracker systems. The study included indoor measurements under standard test conditions (STC)
using mini-modules with different back sheet types. It found that the module with a white back sheet had the
highest Isc, while the transparent back sheet bifacial module exhibited high bifaciality factors. The outdoor
tests revealed that bifacial modules performed significantly better than mono-facial modules, with higher
annual energy yields and bifacial gains, especially in conditions with high-ground albedo. Asgharzadeh Amir
et al. [11] conducted a study analyzing the impact of various installation parameters and system size on the
energy yield and bifacial gain of photovoltaic (PV) systems. They used RADIANCE simulation software to
investigate the effects of module elevation, ground albedo, tilt angle, and system size on PV system
performance. The study considered three different system configurations: a single module, a row of five
modules, and five rows of five modules. The simulation explored how changing module height, tilt angle, and
ground albedo affected the performance throughout the year. Results indicated that the optimum tilt angle for
bifacial modules varied with module height and time of year. Carlos D. Rodriguez-Gallegos et al.'s [12] paper,
compared the cost-effectiveness of mono-facial and bifacial silicon-based PV modules across 55 locations
worldwide. The study evaluated the levelized cost of electricity (LCOE) for various PV system configurations,
considering factors like weather conditions, albedo, market conditions, and electrical performance. The
research compared LCOE for mono-facial modules with different orientations, bifacial modules with standard
orientation (AMO), and bifacial modules with vertical module orientation (VMO). Weather data from ground
stations were used to estimate power generation, and cost parameters were adjusted based on the location. The
study found that optimizing module orientation reduced LCOE and that mono-facial systems were more cost-
effective at lower latitudes, while bifacial systems became more cost-effective at higher latitudes. Bifacial
systems with AMO design were shown to deliver more energy in all locations, with increasing bifacial energy
gain at higher latitudes. However, for ground albedos between 0.12 and 0.3, bifacial AMO systems were more
cost-effective. Bifacial VMO systems became cost-effective at higher latitudes and near the poles, particularly
with ground albedos between 0.29 and 0.57 [13], [14], [15].

However, these research studies have limitations. Most of these primarily focused on standalone bifacial
modules, which may not reflect real-world installations with multiple modules and strings. Additionally, these
studies mostly relied on satellite data from NASA rather than on-site measurements at various locations.
Overall, these studies provide valuable insights into the performance, characterization, and challenges of
bifacial photovoltaic technology, both indoors and outdoors, and emphasize the need for standardized testing
and modelling approaches in the industry. However, some limitations of the study included the unavailability
of accurate ground weather data for all locations, insufficient consideration of shading losses, land cost
variations, transportation costs, policy and tax differences, and a limited system capacity.

Though many countries have been working on bifacial technology for decades, India is lagging in its
development, deployment, and evaluation of performance at local conditions. The present paper aims to
evaluate the performance of the bifacial system at latitude tilt & its comparison with the mono-facial system
with latitude tilt and bifacial vertical tilt under outdoor conditions in India with estimation of bifacial gain at
different albedo conditions, study of module temperature & its effect on energy yield and simulation study of
bifacial PV power plant and optimization of various parameters to determine the minimum LCOE. The positive
outcomes on the technical and financial fronts of the present study would help in the widespread acceptance
and deployment of the bifacial PV technology.

2. Objective:

The primary objective of this research is to conduct a comprehensive technical assessment of bifacial PV (bPV)
systems in outdoor conditions within the Indian context. This assessment involves comparing their technical
performance with that of mono-facial PV (mPV) systems and determining the Levelized Cost of Electricity
(LCOE) across various scenarios relevant to the Indian market.

The specific objectives of this study encompass the following:
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v' Energy Generation Comparison: Analyzing and contrasting the energy output between mPV systems and
b PV systems at their respective latitude tilt angles. Additionally, it assesses the energy production of
bifacial PV systems at vertical tilt orientations.

v' Bifacial Gain Measurement: Investigating the bifacial gain achieved under varying albedo conditions,
including scenarios involving natural vegetation, soil, and other reflective materials.

v Performance Assessment of Vertical Bifacial Systems: Evaluating the performance of vertical bifacial PV
systems and comparing it with both mono-facial and bifacial systems employing latitude tilt.

v" Module Temperature Study: Examining the impact of module temperature on energy yield and overall
system performance.

v" Simulation Analysis: Conduct in-depth simulation studies on bPV power plants to understand their energy
generation characteristics. This analysis will encompass the influence of parameters such as tilt angle,
ground albedo, ground coverage ratio (GCR), module elevation above ground level, and other relevant
factors. Additionally, the study will involve calculating the minimum LCOE for these systems.

In instant, this research aims to provide a rigorous technical assessment of bPV systems in Indian outdoor
conditions, addressing key aspects of their performance and cost-effectiveness.

3. Methodology:

To realize the objectives, this research is structured into different sets of activities in Indoor and Outdoor
evaluations, each outlined below in technical detail:

3.1 Indoor Performance Evaluation:

The indoor performance assessment of mono-facial and bifacial modules was carried out. Initially, the indoor
measurements of both mono-facial and bifacial modules were conducted. Specifically, four mono-facial
modules and six bifacial modules (three for each at latitude tilt and vertical tilt) were randomly selected for
indoor testing. The current-voltage (I-V) characteristics of all modules, both mono-facial and bifacial, were
measured under Standard Test Conditions (STC) utilizing a single light source solar simulator (Eternalsun
Spire) available at the National Institute of Solar Energy (NISE). When one side of the bifacial module was
exposed to light, the other side was covered with a black mask to prevent unintended contribution.
Subsequently, the bifaciality factor (¢), defined as the minimum of the ratio between the rear side to the front
side Isc and Pmax [min (¢lIsc, pPmax)], was determined. Using the bifaciality factor (), the bifacial power
gain (BiFi) was calculated by illuminating the front side of the module with an equivalent irradiance (Gg) and
noting the corresponding maximum power (Pmax). The equivalent irradiance was selected to achieve rear
irradiances (Gri) close to three specific values: 100 W/m?, 135 W/m?, and 200 W/m?. The graph between Pmax
and corresponding Gri was plotted. The linear fit of data points passes the y-axis at Pmax, STC. The slope of
this graph gives the bifacial power gain (BiFi). Finally, utilizing the bifacial power gain, the maximum power
output of the modules was calculated, which represents the sum of the maximum output power of the front
surface at STC and two values of rear irradiances, specifically 100 W/m? and 200 W/m?.

3.2 Outdoor Performance Evaluation:

The second phase of the study involves evaluating the performance of mPV and bPV systems under outdoor
conditions. The experimental setup consisted of three distinct systems: System-I, a 5 kWp bPV system at
latitude tilt; System-II, a 5 kWp bPV system at vertical tilt; and System-III, a 10 kWp mPV system at latitude
tilt. These systems were installed at the NISE in Gurgaon, India, and comprised mono-crystalline PERC cells
as shown in the Fig. 1.

All three systems were grid-connected via individual grid-interactive inverters. Data regarding daily energy
generation and module temperatures were recorded using data loggers. Days with grid-related issues, such as
grid unavailability or overvoltage, were excluded from data analysis to focus solely on PV system performance.

The electricity generated by these three systems was compared, and the bifacial gain, representing the increase
in energy output from the bifacial system compared to its mono-facial counterpart, was determined. This
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assessment included scenarios with natural ground cover (vegetation and soil) as well as stainless steel (SS)
sheets as ground-reflecting materials.

System-I System-11 System-111
Fig. 1: System-I: bPV system at Latitude Tilt, System-I1: bPV system at Vertical Tilt, System-III: mPV system at Latitude
Tilt
The study also examined solar power generation and bifacial gain on both sunny and cloudy days. Module
temperature and its impact on energy yield were also investigated. Furthermore, the performance of vertically
installed bPV systems was compared with bifacial systems at latitude tilt and mono-facial systems at latitude
tilt.

3.3 Simulation Study:

Using the National Renewable Energy Laboratory's (NREL) System Advisor Model (SAM), a simulation study
was conducted to compare the energy generation capabilities of Systems I, II, and III under identical external
conditions. Additionally, the levelized cost of electricity (LCOE) was simulated using SAM to assess the
financial feasibility of bifacial technology within the Indian market context.

Finally, a comprehensive study was compiled, covering the indoor performance evaluation of both mono-facial
and bifacial modules, the determination of maximum power output from bifacial modules, a comparative
analysis of the three systems (System-I, II, and IIT) considering different ground albedo conditions, the bifacial
gain achieved by System-I over its counterpart System-III, a simulation study of a bifacial technology-based
PV power plant, and the calculation of its LCOE. The report concludes with key findings and recommendations
for further research.

4. Results and Discussion:

Three distinct PV systems (System-I, 11, & III) have been installed at NISE Gurgaon, India, employing mono-
crystalline Passivated Emitter and Rear Cell (PERC) technology.

4.1 Indoor measurements of mono-facial modules:

To carry out indoor measurements, four mono-facial modules were selected (out of the modules of System-III)
randomly. The current-voltage (I-V) characteristics of all four modules were measured under STC using a
single light source solar simulator (Eternalsun Spire). The mean and median values of maximum power (Pmax)
of mono-facial modules are found to be 352 W and 352.2 W respectively.

4.2 Indoor Measurements of Bifacial Modules:

Similarly, six bifacial modules were randomly chosen for indoor measurement. Current-voltage characteristics
for both the front and rear sides of these six modules were recorded under Standard Test Conditions (STC)
using a single light source solar. When one side of the module was illuminated, the other side was shielded
with a black mask to prevent any unintended contribution from that side.

4.2.1 Determination of Bifaciality Factor at STC:

The performance of the rear side with respect to the front side of the bifacial module is called bifaciality factor
(o). The bifaciality factors of all six modules for different parameters (Isc, Voc and Pmax) were calculated.
The average value calculated of @lsc, Pmax and ¢Voc is 0.82, 0.81 and 0.99 respectively. The minimum of
(plsc, ePmax) is considered as the bifaciality factor. Therefore, the average bifaciality factor considered for
the study is 0.81.
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4.2.2 Determination of Bifacial Power Gain Driven by Rear Irradiance and Maximum
Output Power:

The equivalent irradiance (Gg) method was used to find out the bifacial power gain (BiFi) using a single-side
illumination solar simulator. The mean and median values of maximum power for rear irradiance 100 W/m?
are 384.4W and 384.1W respectively. Similarly, the mean and median values of maximum power for rear
irradiance 200 W/m? are 410.7 W and 409.9 W respectively.

4.3 Outdoor measurements:

4.3.1 Measurement of bifacial gain with natural vegetation and soil as the ground reflecting
material:

The collection of generation data started with natural vegetation and soil as the ground reflecting material with
an estimated ground albedo coefficient of 0.25[5]. The module elevation/ground clearance height, measured
at the centre of System I and System III at latitude tilt is 1.0 meters and for System II, it is 0.2 meters. All three
systems were connected to the grid through individual grid-interactive inverters. During the collection of data,
the days with no grid or grid over-voltage were filtered out while aggregating the electricity generation at the
system level to differentiate based on PV system performance only.

The electricity fed into the grid from 12-11-2021 till 24-02-2022 (after filtering out the days with partial no
grid or grid over-voltage; the effective data is for 54 days) by individual systems (I, IT and III) is given in Fig.
2. The generation data from System-III is normalized to 5 kWp equivalent system.
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Fig. 2: Electricity fed into the grid by the three systems with natural vegetation and soil as the ground reflecting material

The bifacial gain (%) of the bPV system with latitude tilt (System-I) compared to its mono-facial counterpart
(System-III) is calculated. Bifacial Gain = {(Energy generated by bPV system — Energy generated by the mPV
system) * 100}/ Energy generated by the mPV system = {(1160.8 — 955) *100}/955 = 21.5%.

This bifacial gain obtained during November, December, January and most of the days of February is clearly
due to the additional radiation available due to the natural vegetation and soil as the ground reflecting material
which can be converted only by the bifacial modules. The bifacial gain of 21.5% appears to be higher compared
to the data in the available literature. This higher gain may be due to higher system elevation and limited system
size.

4.3.2 Measurement of bifacial gain with stainless steel (SS) sheet as the ground reflecting
material:

System-I System-11
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Fig. 3: System-I with SS-sheet as ground reflecting material, System-II with SS-sheet as ground reflecting material

The same experimental set-up is used to find out the bifacial gain using SS-sheet as the ground reflecting
material. The SS-sheet for System I and II was placed on 25-02-2022. The System-III being mono-facial, only
natural vegetation and soil are used as the ground reflecting material. The System I and System II are shown
in Fig. 3.

The electricity fed into the grid from 25-02-2022 till 20-05-2022, after filtering out the days with partial/no
grid or grid over-voltage; the effective data available is for 33 days) by the individual system (I, II and III) is
given in Fig. 4. The generation data from System-III is normalized to a 5 kWp equivalent system.
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Fig. 4: Electricity fed into the grid by the three systems with SS-sheet as the ground reflecting material

The bifacial gain (%) of the bPV system with latitude tilt (System-I) compared to its mono-facial counterpart
(System-III) is calculated. Bifacial Gain = {(Energy generated by bPV system — Energy generated by the mPV
system) * 100}/ Energy generated by the mPV system = {(1005 —821.2) *100}/821.2 = 22.4%

This bifacial gain of 22.5% obtained is clearly due to the additional radiation available when SS-sheet is used
as the ground reflecting material, which can be converted only by the bifacial modules. The bifacial gain
obtained is ~ 1% higher as compared to the bifacial gain obtained (21.5%) when natural vegetation and soil
are used as ground reflecting material.

4.3.3 Solar Power Generation and Bifacial Gain on an Arbitrary Sunny Day:

The generation of solar power from all three systems of capacity 5 kWp (the System-III is normalized to 5
kWp equivalent system) on an arbitrary sunny day (02nd Jan. 2022) was considered and depicted in Fig. 5
below.

It was observed that the power generated from System-I is highest followed by power generated from the
System-III and then System-II. It was also observed that in the case of System-II, the maximum power output
occurs two times a day, once in the morning and another in the evening and the power output was minimal
during solar noon. The bifacial gain (%) of the system-I compared to its system-III on that particular day was
calculated: {(21.9 — 18.2) *100}/18.2 =20.3%

4.3.4 Solar Power Generation and Bifacial Gain on an arbitrary cloudy day:

The generation of solar power from the three individual systems of capacity 5 kWp each, throughout an
arbitrary cloudy day (28" Dec. 2021) was considered and depicted in Fig. 6.

As expected, the power generated from System-I is highest followed by power generated from System-III and
then System-II. The bifacial gain (%) of the system-I to system-III on that day is calculated which is {(3.9 —
3.2) *¥100}/3.2 =21.9%.

Thus, the bifacial gain was higher on a cloudy day (21.9%) compared to a sunny day (20.3%). The increase in
bifacial gain with the decrease in sky clearness index is due to the increased absorption of diffused radiation
by the rear surface since on cloudy days the content of diffuse irradiance in the global irradiance is higher. It
also indicates bPV technology is advantageous in fluctuating weather conditions with low irradiance levels. It
is also important to mention that the difference in energy generation between a bifacial vertical system and a
mono-facial latitude tilt system is less on a cloudy day compared to a sunny day.
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Fig. 5: Solar Power Generation from three systems throughout a sunny day (02" Jan. 2022)
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Fig. 6: Solar Power Generation from three systems throughout a cloudy day (28" Dec. 2021)
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4.3.5 Module temperature study and its impact on energy yield:

Module temperatures of the three systems were measured daily at an interval of 10-minute time stamps. The
monthly average temperatures are then determined to study the module temperature variations in various
months. The temperature sensors are placed at the rear side of mono-facial and bifacial modules as shown in
Fig. 7 (a, b & c) below.

(a) (b)
Fig. 7: (a) mPV module temperature sensor, (b) bPV latitude tilt module temperature sensor, (c) bPV vertical tilt module
temperature sensor

In the case of a mono-facial system, two temperature sensors were placed at the rear side of two modules and
their average was taken for the study. In the case of the bifacial latitude tilt and vertical tilt system, the
temperature sensors were placed at the rear side of one module of each system. The maximum temperatures of
the three systems were taken separately for every month of the study (from Nov-2021 to April-2022) and are
shown in Fig. 8.
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Fig. 8: Maximum module temperatures of three systems in different months

From the above study, it was evident that the module temperature of the bifacial latitude tilt system was
comparatively higher (~ 2°C - 5°C) than that of the mono-facial latitude tilt system in various months. The
higher module temperature of the bifacial latitude tilt system is possibly attributed to the absorption of higher
total irradiance compared to the mono-facial latitude tilt system. Absorption of higher total irradiance by the
bifacial latitude tilt system results in the generation of more solar electricity and thereby, an average bifacial
gain of over 20%.

It was also observed that although the morning and evening temperatures of bifacial vertical modules were
higher, the average module temperature of this system (System-II) was lower (~ 10°C) compared to both
bifacial and mono-facial systems with latitude tilt. The less absorption of light in the vertically installed system
(around noon time) is the possible reason for the lower temperature in the vertically installed system. The
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reduction in absorption of incident light for vertical systems also results in a lower generation of solar
electricity compared to mono-facial and bifacial systems with latitude tilt.

4.3.6 Performance study of the vertically installed bifacial system:

The energy generation from the vertically installed bPV system (System-1I) was comparatively lower than both
bPV and mPV systems with standard tilt (System-I & System-III respectively). It was observed that the daily
average specific energy yield from System-II is around 37% and 23% lower than System-I and System-III
respectively from Nov to Feb when the ground reflecting material is natural vegetation and grass; while it was
around 17% lower than System-I and 1.2% higher than System-III during March to mid of May, when the
ground reflecting material was SS-sheet. The higher daily specific average energy yield of the bifacial vertical
tilt system is due to the change in ground reflecting materials and with the
increase in ground reflection (with special preparation), it is possible to achieve
similar energy output compared to mPV systems as can be seen in the
experimental data with SS sheet.

It was observed that the bifacial modules supplied by the vendor were with
standard frame (as in mono-facial modules) as shown in Fig. 9, which was
causing significant shading on the rear side especially when the rear side of
vertically installed modules were facing the sun. That was a possible reason for
the lower energy yield from the vertical bifacial system especially in the second
half of the day. Thus, for a vertical bifacial module, it is recommended to use
specially designed frames to avoid the shading on the rear side and the module
should be with high bifaciality. It was also observed that the daily average
maximum module temperature of the bPV vertical system was comparatively
lower than both bPV and mPV systems with latitude tilt.

Fig. 9: Standard frame shading the rear side of a bPV module

The bifacial vertical system can be set up along the bunds of the agricultural land or along the side of the
national highways. Thus, it can save the cost and hassle of acquiring land for setting up solar PV projects. Even
though the energy generation is comparatively lower, a bifacial vertical system is very useful for Agro-PV or
PV systems installed along the highways.

4.4 Simulation Study for Levelized Cost of Electricity (LCOE):

The LCOE was simulated for the three systems configurations each having capacity of 1 MWg.. The LCOE
calculator of NREL’s System Adviser Model was used for the above assessment. The site selected for carrying
out the study was Bhadla (27.55°N, 71.95°E), District Jodhpur, Rajasthan. The bifaciality = 0.81, albedo = 0.3,
ground coverage ratio = 0.3 and ground clearance height = 0.6 meters have been considered for the calculation
of LCOE. The capital cost of the projects has been considered as per the current market trends. The various
assumptions made for the study including the land cost for the bPV vertical system were assumed to be zero
as vertical plants are generally hosted on the bunds of agricultural fields or along the side of highways. MW-
size vertical PV plants are generally not installed on open fields. This is why the system cost of the bifacial
vertical system is considered the lowest among the three system configurations. The cost of bifacial module
was assumed to be USD cent 0.50/Wp higher than its mono-facial counterpart. Therefore, the system cost
including cost of installation is highest for bPV latitude tilt system followed by mPV latitude tilt system and
then bPV vertical tilt system.

The LCOE calculator of SAM uses the fixed-charge rate (FCR) method to calculate the project-levelized cost
of electricity. The FCR is the revenue required per amount of investment to recover the investment made. After
simulation, the results obtained for all three configurations are tabulated in Tab. 1.

Thus, LCOE= {(FCR x Capital Cost + Annual O&M cost)/Annual Electricity Production} + Variable
Operating cost (if any)
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Tab. 1: Simulated results for LCOE

Annual energy production 18,14,446 kWh 15,85,615 kWh 15,21,172 kWh
Capacity Factor 20.7% 18.1% 17.3%
Energy yield 1,816 kWh/kW 1,587 kWh/kW 1,519 kWh/kW
LCOE (Exchange rate 1 USD Cent 2.53/unit USD Cent 2.86/unit USD Cent 2.92/unit
USD=INR 74 during or or or

that time) INR 1.87/unit INR 2.12/unit INR 2.16 unit

Bifacial Gain = {(Energy yield from bPV system with latitude tilt - Energy yield from mPV system with
latitude tilt)/Energy yield from mPV system with latitude tilt} = {(1816 - 1587)/1587} = ~14%

Thus, it is observed that LCOE is minimum for the bPV system with latitude tilt followed by LCOE for the
mPV system with latitude tilt and then the bPV system with vertical tilt. The LCOE for the bPV system with
latitude tilt is ~12% lower than the mPV system and the LCOE for the bPV system with vertical tilt is ~ 2%
higher than the mono-facial PV system with latitude tilt. Though the LCOE of the bifacial PV with vertical tilt
is the highest among the three configurations, it is useful for niche applications like Agro-PV, fencing, noise
barriers etc.

Further, the LCOE for bifacial PV systems with latitude tilt depends on various parameters like tilt angle,
albedo, ground coverage ratio (GCR), ground clearance height or elevation of the modules from the ground
etc.

4.4.1 Optimized parameters for minimum LCOE:

The optimized various parameters for the minimum LCOE of a bPV power plant (1 MWdc) located at Bhadla,
District-Jodhpur, Rajasthan are given in Tab. 2 as:

Tab 2: Optimized values of various parameters for minimum LCOE

Sub-array tilt angle 350
Ground coverage ratio 0.3
Ground clearance height 1.2 meter
Ground albedo for desert sand 0.3

With the above-optimized parameters, the energy yield and minimum LCOE for 1 MWdc bPV system are
given in Tab. 3 as under:

Tab. 3: Energy Yield and Minimum LCOE for 1 MWp optimized system

Annual Energy 18,61,280 kWh
Capacity Utilization Factor 21.3%
Energy Yield 1863 kWh/kW
Performance Ratio 0.82
Levelized Cost of Electricity USD Cent 2.51/kWh or
(1 USD =INR 74) INR 1.857/kWh

5. Conclusions and Scope of Further Work:

The bPV modules and system undoubtedly generate more energy than their mono-facial counterpart. The
quantum of excess energy generation depends on various parameters like ground albedo, ground coverage
ratio, ground clearance heights, module tilt angle etc. In this study, it is found that the bifacial gain is over 20%
with natural vegetation and grass as the ground reflecting material which increases further when SS-sheet is
used as the ground reflecting material.
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The slightly higher module cost of the bifacial module compared to its mono-facial counterpart is compensated
by the extra energy generated by the bifacial system. The simulation study reveals that the LCOE from the
bPV system is comparatively lower than the equivalent mPV system when the albedo is 0.3 or above. The
albedo of the Ladakh region and desert of Rajasthan is naturally higher than the normal plain as the Ladakh
region is covered with snow for most of the time round the year and the desert areas of Rajasthan are covered
with sand. Thus, these are the natural potential sites in India for setting up MW-scale bPV plants with higher
energy yield and thereby, lower LCOE. Though it is not economically feasible and advisable to change the
ground-reflecting material of the entire solar field, it may be possible for a rooftop solar system. The rooftop
may be white painted once a year to harness more energy from the bPV rooftop solar systems. Thus, the bifacial
modules can also become useful for rooftop solar systems as India has an ambitious target of 40 GW of rooftop
solar systems.

The bPV vertical tilt system is also very useful and it has wide applications. Though it generates comparatively
lower energy than the mPV latitude tilt system, it can be set up along the bunds of the agricultural land or along
the side of the national highways. Thus, it can save the land cost and hassles of acquiring land for setting up
solar PV projects. Therefore, a bifacial vertical system is very useful for Agro-PV or PV systems installed
along the highways.
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Abstract

An experimental setup to evaluate a new 12 VV DC-powered electrical cooker is presented. The DC cooker is
powered by a 450 W solar panel connected to a maximum power point tracking (MPPT) charge controller and
a 12 V AGM 100 AH deep cycle battery. The cooking tests are performed when the DC cooker and the pot
containing food are placed in a closed-insulating wonderbag cooker to reduce heat losses. Four different food
cooking tests are carried out during different times of the day to evaluate the cooking performance of the
system. The cooking tests are boiling rice at night, boiling eggs during midday, preparing chicken and turkey
stew after midday, and frying chicken late in the afternoon. All foods are well cooked within 90 minutes, and
the food that takes the longest time to cook is rice because the energy from the battery is solely used to cook
the food. For all tests, the electrical cooking powers are comparable, implying that the system can be used at
any time of the day which is better than existing solar cookers which operate optimally only under high solar
radiation conditions. There is also no need to include an inverter since the cooker operates in DC mode.

Keywords: Cooking Food; DC Stove; Solar PV

1. Introduction

Solar cookers utilize the sun's energy to cook food and are vital in reducing greenhouse emissions generated
by firewood used for cooking in developing countries. The four main types of solar cookers are concentrating
solar cookers, box solar cookers, panel solar cookers, and indirect solar cookers. All these types of solar
cookers have the disadvantage of not operating properly or very poorly in overcast or cloudy conditions.
Concerted efforts to improve the performance of solar cookers for periods with little or no sunshine have been
made by integrating them with thermal energy storage (TES) systems (Aramesh et al., 2019; Bhave & Thakare,
2018; Bhave & Kale, 2020; Coccia et al., 2020; Lecuona et al., 2013; Mawire et al., 2022; Omaraet al., 2020;
Rekha & Sukchai, 2018). However, there might be continuous days of bad weather which makes short-term
TES null and void. The only option during continuous bad weather days is to resort to electrical cooking,
liquified petroleum gas (LPG), paraffin, firewood, and other polluting fossil fuel-based cooking energy
sources.

Instead of relying on these mentioned energy sources, solar photovoltaic (PV) panels can be used. Solar panels
can operate during cloudy conditions although not optimally. PV panels can be used with an inverter and
battery storage for operating small AC electrical cooking hot plates which increases the cost of the system due
to the expensive inverter systems. A possible solution is to operate a DC stove together with a PV panel to
reduce the cost. Some researchers have recently reported on an induction DC-powered cooker (Altouni et al.,
2002) which requires specialized ferromagnetic cooking pots. Other researchers have investigated different
versions of PV cookers with DC-to-DC converters, and storage generally with operating voltages above 12 VV
(Atmane et al., 2020; Lamkaddem et al., 2022). The 12 V option for a DC cooker removes the need for
expensive DC-to-DC converters together with expensive inverters. According to our reviewed literature, a 12
V DC stove which can be powered by a 12 V battery charged with a solar panel has not been reported. In this
article, the cooking performance of a new cheap 12 V DC cooking stove that is sold locally online in South
Africa from Takealot (Takealot, 2023) is evaluated while being powered by a 450 W solar panel connected to
a maximum power point tracking (MPPT) charge controller and a 12 V 100 AH battery. The DC stove and
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cooking pot are tested in an insulated wonderbag slow cooker reported by Mawire et al., (2020) to reduce the
impact of environmental conditions such as windspeed variability which increases heat losses. According to
the knowledge of the authors, no study has ever been reported on a DC cooking stove integrated with a PV
panel, charge controller, and battery storage together with an insulated slow cooker (wonderbag). The novel
aspect of the study is that cooking is tested under different conditions, and this type of cooking setup will
compete with current electrical cookers since cooking is possible any time of the day. Additionally, not only
will the system cook food, but the system can also be a multi-purpose device providing energy for other DC
appliances such as refrigerators and lights without the need for expensive inverter systems, The system can be
used in remote locations without grid connectivity.

2. Experimental method

A photograph of the 12 VV DC cooker with four terminals is shown in Fig. 1 (Takealot, 2023). The cooker has
two coils indicated by the four terminals in Fig. 1. It implements DC heating at two powers of approximately
200 W and 300W. The heating powers are estimated from the measured resistances of the single coil and the
two coils which are 0.8 Q and 0.6 Q, respectively. For 200 W, one coil consisting of two terminals (red and
black) is connected to the 12 V battery/source. For the 300 W setting, the two red terminals are connected to
the positive terminal of the battery/source, and the other two black terminals are connected to the negative
terminal of the battery/source. The cooking surface of the DC stove is 16.7 cm in diameter, and its height is
5.5 cm. The total diameter of the cooker is 23 cm.

@)
7
...

Fig. 1: A photograph of the 12 VV DC cooker used in the experimental test (Takealot, 2023)

Fig. 2 shows a photographic view of the experimental setup. The sun charges the battery via the solar panel,
and the charge controller regulates the amount of electrical energy supplied to the DC stove. A 100 AH battery
was used to cook multiple meals. With a 100 AH battery, the theoretical energy supplied is 1200 WH which
means that it is theoretically possible to cook for 6 H (1200 WH/200 W). The 12 V DC stove is placed in a
wonderbag insulating cooker to reduce heat losses during the experimental trials which prevented most
convection heat losses because of external windspeed variability. Power to the 12 DC stove is supplied from
the charge controller.

12V DC stove
Sun 450W Solar

Panel > /7/—\'\

Charge Controller

Wonderbag

12 V 100 AH battery

Fig.2: A photographic view of the experimental setup and connections.
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Photographs of sections of the experimental setup are shown in Fig. 3. A 450 W solar panel is connected via
the charger controller and battery shown in Fig. 3(a). The tilt angle of the panel was 30 ° which was chosen
based on the balancing the panel to the supporting structure instead of the maximum PV output production.
However, the tilt angle falls between 30-45 ° for maximum PV output production. The panel experienced a bit
of shading, but it was used in the indirect mode to just charge the battery, so this tradeoff was acceptable since
the battery was used to cook. A maximum power point tracking (MPPT) charge controller controls the charging
of the battery providing maximum power to the DC stove. The maximum operating current of the charge
controller is 20 A. Only one coil was used in the cooking tests since the controller could not provide adequate
current to run both coils. The output of the charge controller ensured that maximum power was transferred to
the DC cooker. Each experimental cooking test was run for amaximum period of 90 minutes. Two multimeters
measured the DC voltage and current every five minutes manually to estimate the electrical heating power.
Two other multimeters recorded the cooking and ambient temperatures which were manually recorded every
five minutes. An RS solar power meter was used to measure the global horizontal irradiance (GHI) every five
minutes manually. Ideally, the irradiance on the plane of the array should be measured but only estimated
values were used for the GHI since the DC cooker operated in the indirect mode, and only an estimate was
required. The experiments were carried out in a closed wonderbag shown in Fig. 3(c) where the DC cooker,
the cooking pot, and the food were placed to reduce heat losses. The electrical heating power to the DC stove
can be estimated by multiplying the measured current through and voltage across the stove together, and it
can be expressed as:

P =VI, €Y)
where Py is the electrical heating power, V is the measured DC voltage and I is the measured current.

and DC cooker
placed in ar;é\‘

insulati:f
wonderb

Fig. 3: Photographs of the experimental setup showing (a) the PV panel connected to the DC cooker in a wonderbag, (b) the 12
V AGM battery and the MPPT controller, and (c) a closed wonderbag with the DC cooker and the cooking pot with food.

Fig. 4 shows a photograph of the silver stainless steel cooking pot used as a cooking utensil enclosed in the
wonderbag. It has an outer diameter of 21cm and a height of 10 cm, making its capacity 3.5 litres
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Fig.4: A photograph of the silver stainless steel cooking pot used in the experiments.

The total cost of the system is around R6,000 (USD 314) (Mawire et al., 2024). The PV system seems
expensive, but for South African conditions it is reasonably priced considering that the system can be used
as a multipurpose system with the capability of cooking, heating, cooling, and lighting applications. Only the
cooking application is presented in this paper. Also, quality components and a large charging panel were used
to make the price more expensive. The real price could be 50 % lower (USD 157) if a smaller solar panel and
cheaper components were used (Mawire et al., 2024). The larger panel enables the charging of the battery
faster, and it provides more versatility in terms of operating more DC devices.

3. Results and discussion

Fig. 5 shows experimental results for the cooking tests. The cooking tests were performed from 20-23 March
2023. The first test was boiling 203 g of rice with 500 ml of water at night on 20 March 2023. This was
followed by boiling 285 g of eggs in 300 ml of water around midday on 21 March 2023. The third test was
after lunchtime (14:25-15:55 hrs) on 21 March 2023, and this involved preparing chicken (280 g) and turkey
(233g) stew using 200 ml of water. The last test performed on 23 March 2023 involved frying 425 g of chicken
in 134 g of sunflower oil late in the afternoon.

Midday and after-lunch cooking have the highest solar radiation for cooking and charging the battery, thus
their electrical cooking powers are slightly higher than the other tests. It is important to note that the cooking
tests are terminated when the food has been cooked, thus the electrical cooking powers for all three tests
dropped to zero after the food is cooked well. The only cooking test to last for 90 minutes is boiling of rice at
night which shows the lowest cooking power since the stored energy from the battery is solely used to cook
rice. The cooking powers for all four tests are comparable and fall within 165-210 W implying that food can
be cooked efficiently at any time of the day, unlike traditional solar cookers which require high solar radiation
conditions. Boiling of eggs is shorter than the other cooking processes since the mass of water used is less.
Frying of chicken shows the highest temperatures achieved since sunflower oil with a lower thermal mass is
used to fry chicken instead of water. The temperature drop in the frying of chicken at 35 mins is due to the
opening of the wonderbag to examine whether the chicken is well-fried. The other drops for frying of chicken
and cooking the chicken and turkey stew are due to switching off the power and allowing the food to simmer
and cook slowly in the wonderbag to save power. It must also be stated that, unlike traditional cooking, the
possibility of burning food regularly is drastically reduced due to the lower cooking power involved. Also,
unlike traditional solar cookers, trapped/stored heat inside the wonderbag can be used to extend the cooking
period without power thus saving power for cooking purposes.

The overall average thermal efficiencies of the PV cooker ranged between 4-16 % and the water heating
efficiencies between 38-57 %. More details of the efficiencies have been reported in our related work (Mawire
et al., 2024).
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Fig. 5: Experimental cooking results for the four cooking tests showing: (a) the global solar radiation, (b) the electrical cooking
power, and (c) the temperature profiles of the cooked food.
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Fig.6 shows crispy and well-cooked chicken and chips (fries) using the solar PV-powered DC stove.

Fig. 6: Chicken and chips (fries) cooked using the solar PV-powered DC stove.

4. Conclusion

A new 12 V DC cooking stove powered by a PV panel integrated with battery storage and an MPPT charge
controller was experimentally evaluated for cooking different foods under four different conditions. All the
cooking tests showed that the cooker can cook food well in 90 minutes or less. For all cooking tests, the
electrical cooking powers were comparable, implying that the system can be used at any time of the day which
is better than existing solar cookers which operate optimally only under high solar radiation conditions. The
cooker also does not require an expensive inverter since it operates in the DC mode. Future work will involve
comparing the reported cooker with a parabolic dish cooker which shows the highest cooking temperatures
and the fastest cooking speeds under different weather conditions.
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FLOATING SOLAR — A DEVELOPER PERSPECTIVE

Viktor Dancza
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Abstract

Ground and roof mounted solar PV is well understood and adopted around the world, while placing PV
modules on water surfaces may seem experimental. The benefits of floating PV usually cite cooling effect of
water, evaporation reduction and reduced pressure on arable land, but general knowledge and publications
around this rather niche sector is still holding it back from reaching its full potential. The objective of this work
is knowledge sharing from the development perspective, based on real world learnings and potential solutions
that are independent from products or country specific challenges. By sharing first-hand experience, the author
wishes to contribute not just to FPV development but the broader acceleration of renewable energy uptake.

Keywords: Floating PV, FPV, project development, knowledge sharing, real-world experience

1. Introduction

Although solar photovoltaic (PV) technology is close to 100 years old, floating photovoltaic (FPV) is relatively
new. Despite its modest initial uptake, some sources estimate its global potential in the Terawatts (Jin et al,
2023). Cost remains one of the key obstacles, while lack of standardization of products and availability of
international design standards further hinder uptake. The lack of experience and understanding of the
technology often lead to concerns from local communities and contribute to uncertain permitting timelines.
Meanwhile, there is increasing recognition of how FPV can contribute to the overall renewable energy targets,
as growing number of suppliers and developers enter this nascent sector (NREL, 2021).

2. Prominent FPV Publications

The first notable publication, that tried to summarize the benefits and challenges of this technology was
released in 2019 by The World Bank (The World Bank, 2019), drawing from lessons learned at the world’s
largest floating solar testbed, which is operated by the Solar Energy Research Institute of Singapore (SERIS,
2016). The second publication of global significance came from international consultant DNV (DNV, 2021).
Their document was developed as a joint industry project, with 24 participating companies. A third, albeit
lesser-known guideline was also released in 2021, and updated in 2023, but it is only available in Japanese
language (NEDO, 2021 and 2023). While all three of these documents are a real treasure trove of general
information, they are written from a consultant’ perspective and often lack directly applicable, practical advice
that project developers need.

3. Site Selection Challenges
3.1. Water body

Projects are more often originated with potential water bodies being offered by their owners, rather than
developers choosing the most ideal locations. As such, many of the key considerations like bathymetry, wind
speed, wave height, water level fluctuation will become engineering challenges to solve and not a selection
criterion. While these are necessary information for design, often they are not readily available and mapping a
large lake is very costly; a spending that is not possible at site selection stage. Publicly available data and
assumptions are the best compromise in early development stage, while ascertaining the cost of such surveys
must be identified and captured in the development expenditure (DEVEX). Furthermore, as many of these
parameters change over time, a simple survey cannot measure them, but rather a long-term measurement
campaign needs to be considered, which can be incorporated into a pilot system at the eventual project location.
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3.2. Land

While focusing on the water body, it is easy to lose sight of the importance of suitable land. As lakeside land
parcels are often desirable for leisure or housing purposes, securing them could be costly and challenging. The
size of the permanent land needed will be driven by the project size, location of inverters and electrical
facilities, while the temporary land for construction and launching the system will be driven by the desired
speed of the project deployment. If the permanent land cannot be acquired at the ideal location, there is
possibility to shift the facilities further from the shore, by using horizontal directional drilling for example and
taking cable under roads or other land parcels. In fact, water level changes (including unforeseen changes due
to climate change) may make it a wise choice not to locate electrical facilities directly on the shore. Access for
heavy goods vehicles to the lake and the lakeshore properties can further limit site suitability.

3.3. Grid

Connecting floating PV systems to the grid can be achieved through underwater or floating power cables.
While the latter is cheaper and easier to maintain, it also blocks the water surface from boats and may not be
suitable for larger lakes, where the water body has multiple users. The additional cost and complexity should
be considered from early on, both in CAPEX and OPEX terms.

One of the key technical challenges for FPV systems is grounding, earthing and lightning protection require a
different approach than GPV, which may raise questions around the security and quality of the power supplied
by the plant. While there are recognized methods for lightning protection for PV systems (IEC, 2020), FPV
plants are not yet included. Furthermore, deploying thousands of lightning terminals is not just costly, but also
not practical and a risk-based approach can be a more practical solution here.

4. Development Challenges
4.1. Cost competitiveness

One of the biggest barriers to FPV is the constant comparison to GPV and the expectations to bring their cost
to the same level. At the time of writing this, an approximate USD0.10 /Wp cost difference exists (Frost &
Sullivan, 2023) which makes FPV based offtake opportunities less attractive, than their land-based
competitors. As closing this gap may not be possible for some time, it might be a more realistic target to work
on different offtake options and quantify the additional benefits FPV can bring. Auctions and FIT tariffs have
historically distinguished between roof and GPV and in some countries FPV have also become a separate
category.

4.2. Experienced workforce

The nascent nature and relatively small size of the FPV market also means, there is a general lack of
experienced workforce. This creates two issues; one is the cost premium demanded by the few, experienced
companies and the other is the generally available skill level among PV workers. The good news here is the
leading FPV technology providers include training and supervision among their services, which once again,
makes product selection crucial for the success of the project. As workforce will need to be trained in most
cases, this also creates a great opportunity for community engagement through providing local job
opportunities and long-term skills in construction and maintenance.
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4.3. Community support

Potentially the most crucial and delicate aspect of FPV projects, is convincing the diverse group of stakeholders
(e.g. recreational users, fisherfolks, resort owners, residents, farmers, etc.) about the safety and benefit of the
project. Their concerns range from the visual impact to water quality, electrical safety, impact to wildlife or
their own livelihoods. In many countries obtaining permits will also be dependent on community support,
whether directly or indirectly. Appointing a community engagement officer, making frequent trips to the
project location, and holding community engagement sessions are all key steps, which need to be factored in
both in the project schedule and the cost estimations.

4.4. Accepted standards

At the time of writing this, the only dedicated national (design) standard comes from Singapore (Singapore
Standards, 2022), with IEC, NFPA, VDE, BS, etc. are still yet to release their own guidelines. This gap is often
filled by drawing experience from the marine industry and ground mount PV systems, but differences remain,
which often leads to delays in permitting or doubts by the local community and grid operators.

Certification and globally accepted standardization of product quality, also lags the roof- and ground-mounted
PV systems, where well established and understood processes exist. Testing procedures and acceptance criteria
are highly arbitrary to each manufacturer, leaving the customers confused and investors nervous. A recognized
and respected name in product testing, released their suggested product testing process, but its application
remains voluntary (TUV, 2020).

4.5. Permitting route

One of the most frustrating consequences of working with emerging technologies, is the lack of clear path for
obtaining approvals. While land parcels are easily divided and boundaries can be drawn, existing land use can
be converted, obtaining rights for lake surface (or part of) is a relatively uncharted territory in many countries.
Furthermore, as anchoring and mooring lines are located under water, it is not just the surface of the lake, that
requires approvals for development. Drawing from more developed FPV markets and proactively meeting
decision makers to suggest solutions, can accelerate discussions and help bring approvals closer.

4.6. Insurability

The relatively small number of operating FPV plants and some famous instances of catastrophes (PV
Magazine, 2019; Recharge, 2020; Offshore, 2021), also present a risk for the insurance industry. Many
insurance companies may decline to provide a cover, others might limit the scope or charge a very high
premium. As project details will not be available in early stage, it is better to go with more conservative
assumptions in cost estimations, while also engaging insurance brokers from the start. Contacting financing
institutes, who engaged in similar projects in the past, is another good source for identifying supportive
insurance providers.

4.7. Environmental concerns

Covering the water surface with PV modules can create both benefits and issues for the local flora and fauna
(e.g. reducing evaporation, cooling the water, creating shade, etc). Likewise, existing biodiversity could be
beneficial or harmful for the PV plant (e.g. soiling by birds, marine life chewing on cables and mooring lines,
etc). The exact requirements for studies, as well as long-term monitoring activities (e.g. water quality, fish
stock, etc) vary from country to country, but some form of environmental impact assessment (EIA) should be
considered among the project activities in any case. There are many experienced consultants available, who
can draw on their international experience, while working with local experts on the ground. Voluntarily
conducting such studies could also help with permitting and community approvals, as the study outcome will
answer many of these stakeholders’ questions and concerns.
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5. Conclusions

FPV technology has been around for nearly two decades, but only started to gain global acceptance in the
past few years. There are increasing number of industry events and market reports, while the sector is still
suffering from skilled-labor shortage, cost competitiveness and lack of knowledge sharing by industry
players. As project development is the real test of all theories and guidelines, it is essential for practitioners
to share their experience and help this sector reach its potential. Making their voices - and often frustrations -
heard, will not only help the growth of the industry, but can also pave the way for more FPV friendly
landscape for all stakeholders.
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Abstract

The objective of the present work is to develop a model to estimate the photosynthetically active
radiation (PAR) under a solar photovoltaic panel located in New Delhi. The proposed model utilises
only the location parameter along with day of the year and time to predict the instantaneous total and
diffuse PAR, monthly average hourly PAR and monthly average daily PAR values. The result is
compared with those reported in the literature which shows considerable agreement in the result for the
winter, summer and monsoon months for the peak value of PAR. The total PAR varies between 0.5-
463W/m? and the diffuse PAR varies between 24.8- 125.7W/m?over the year.

Keywords: Agro-voltaic, PAR, Decomposition model, Sustainable Agriculture

Introduction

With the proliferation of solar energy generation in India, people have started taking interest in
combining farming with solar photovoltaic power generation. The objective of this paper is to estimate
the solar radiation under a ground mounted solar photovoltaic plant located in New Delhi and thereby
estimate the photosynthetically active solar radiation under the solar panels. Mathematical models are
proposed to estimate the instantaneous total and diffuse PAR, monthly average hourly and daily total
PAR and monthly average hourly diffuse PAR.

Small and marginalized farmers in India are unable to earn enough money from the agriproducts and
are selling off their land and taking up other secure job roles to earn money for their livings. This is
leading to loss of agricultural land and loss of skilled manpower ( farmers) whose knowledge and skills
goes a waste as they move into some other profession. Now, the Government of India has provided a
solution to the farmers to increase their revenue from the same piece of land under the KUSUM scheme
by combining solar PV power generation with agriculture(Pulipaka et al. 2021). As per the scheme
farmers can install solar PV power plant in their agricultural field which can be installed at a height of
3 ft above the ground so that the land can be utilized for farming. Sandbox Solar, founded by lan Skor,
PE, has developed an agri-voltaic software modelling tool to optimize the design of collocated solar PV
with crops. Agri-voltaic is seen to be a technology which can increase the revenue of the farmers from
the same piece of land over the entire year. There are three different layouts of the AVPs based on the
arrangement of solar panels and agricultural area (Pulipaka et al. 2021). The first one is the interspace
farming wherein crops are grown in the space between two rows of solar arrays. The second type is
farming below the panels which are installed with a tilt angle equal to the latitude and no special
arrangement is made for growing crops underneath these panels. Manual cultivation is only possible
under these panels. The third type is the farming below elevated structures which are around 3m high
(Casares de la Torre et. al. 2022). The elevation enables farmers to use machineries for farming and
allow sunlight to uniformly spread over the land area. As per the available literature there are sixteen
operational agri-voltaic plants in India (Das 2022) scaling from 1 MW agri-voltaic plant at GPCIL
Amrol Gujrat to 7 kW at Junagadh Agricultural University.

The major challenges that one faces while growing crops underneath the solar panels is of the
availability of solar radiation. Mathematical relations were derived to calculate the fraction of light that
reach the ground under the collector field when collectors are mounted 2m above the ground with row
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spacing equal to three times the height of the collectors (Goetzberger et al. 1982).

Trommsdorff et al. 2022 proposed two categories of agri-voltaic plants viz. Category |- Overhead PV

with vertical clearance > 2.1 m and Farming under the agri-voltaic system Category II- Interspace PV

with vertical clearance < 2.1 m and Farming between the rows of agri-voltaic systems.

Solar radiation is the main source of energy for all natural processes especially photosynthesis and solar

PV performance (Oliphant and Stoy, 2018; Norman and Welles, 1983) Analogous to solar PV system,

plants use solar radiation in the wavelength of 400-700 nm for photosynthesis. This component of the

solar radiation is known as photosynthetically active radiation (PAR). Quantum sensors are utilised for

measuring PAR at any site. But it is difficult to have a ground measured PAR data for all sites which

can be utilized for decision making for the selection of plants that can be grown in the given site. Ghayas

et al. (2022) reported that long term study of PAR for Indian region is not available because of the

absence of dedicated sensor network for regular measurement of PAR over Indian regions. They have

conducted a study to measure PAR for Delhi for four years starting from 2013 to 2016.These calls for

the requirement of models to predict PAR for Indian regions. The present work will focus on developing

a model to estimate PAR for New Delhi.

Gardea (2020) presented a review of the empirical models developed by researchers across the globe to

estimate PAR. PARa is estimated using various parameters like global solar radiation, solar elevation

angle, clearness index, aerosol optical depth to name a few. Salim et al.(2014) developed a non-

reproducible model to estimate PAR at Dehradun, India. Researchers have proposed decomposition

models to estimate PARuitruse @S @ function of parameters like clearness index, diffuse fraction, solar

elevation, PARwtw and these models are compared to check their accuracy in estimating PARuifruse (LU

et al. 2022). Decomposition models are found to be useful in the absence of on-site diffuse

measurements. It is used to predict diffuse horizontal irradiance at any arbitrary locations, which can

be further utilised to estimate PARGituse. LU €t al. (2022) compared seven stand-alone decomposition

models and an EMOS approach model for global horizontal radiation which is used to estimate PAR.
Proposed Model

In an Agri voltaic system decomposition of photosynthetically active solar radiation into diffuse and

direct component is essential because of the shading caused by the solar panels which shows seasonal

and diurnal variation. The diffuse and total PAR values are computed using the following steps:

Step 1: Estimate instantaneous extraterrestrial radiation on a horizontal surface having a

wavelength between 400- 700nm.

The extraterrestrial radiation on a horizontal surface is given by (Duffie and Beckman,:

Go = Gsc (1+0.033 cos 22 cos 6, 1)

where Gsc = 1367 W/m2 is the solar constant, n is the day of the year and is 8,the zenith angle. As per

the World Radiation Centre spectrum (Duffie & Beckman, ) the fractionf,_, of the total energy in the

spectrum that lies between wavelengths zero and 400nm is 0.080 and fy_79onm = 0.469.

Therefore, the fraction of the total spectrum that lies between 400-700nm is given by:

f100-700nm = 0.469 — 0.080 = 0.389 (2)

Thus, the extraterrestrial radiation(PAR,,.) incident on a horizontal surface having a wavelength

between 400-700nm is given by:

PARexe = Go X fa00-700nm 3)

Step 2: Estimate instantaneous Photosynthetically Active Radiation on a horizontal surface on

the earth surface.

The fraction of extraterrestrial radiation that reaches the earth surface on completely clear and overcast

day at an altitude of up to 300m is denoted by f= a+ b where the parameters a and b depends on altitude

of the place and month of the year (Rahman et al. 2013). The values of a and b are tabulated in Table

1.
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Tab 1: The values of the parameter a and b for computing the fraction of extraterrestrial radiation reaching the earth surface
(Rahman et al. 2013)

For altitude up | January, March, June, September,

to 300 m February, | April, July, October,
December | May August November

a 0.18 0.21 0.25 0.25

b 0.51 0.49 0.51 0.51

Therefore, the radiation reaching the earth surface on a horizontal plane having a wavelength between
400-700nm is given by:

PARtotar = f X PARext 4)

Step 3: Estimating monthly average hourly PAR on a horizontal surface

The monthly average hourly extraterrestrial radiation on a horizontal surface (kJ/m2h) can be calculated
using the following two relations reported in literature Duffie (2013) and Sukhatme (2012)
respectively:

I,1 = 123600 G [1 + 0.033 cos (%)] X [cos @ cosé (sinw, —sinw,) +
T(wy—wq) . .
g0 Singsin 5] 5)
360n . .
I, = G, [1 + 0.033 cos (E)] (sin @ sin § + cos ¢ cos § cos w (6)

where Gs= 1.367KW/m?, ¢ is the latitude of the place, & is the declination angle,  is the hour angle
and n is the day of the year.
The monthly average hourly PAR on a horizontal surface (PARy) can be calculated using the following
relation:
PARy ;= f X Iy ;j = 1,2. (7
Step 4: Estimating monthly average daily PAR on a horizontal surface
The monthly average of daily extraterrestrial radiationH, on horizontal surface (kJ/m?-day) can be
calculated using the relation Duffie (2013):

H, =[24 I;.(1+ 0.033 cos (%) )Y{ws sing sind + cos ¢ cos § sinw,}]/m (8)
Here wj is the sunset hour angle. Klein (1977) determined that the value of H, is equal to H, on January
17, February 16, March 16, April 15, May 15, June 11, July 17, August 16, September 15, October 15,
November 14 and December 10.
The monthly average daily PAR on a horizontal surface can be calculated using the following relation:
PAR, = f X Io; ;j = 1,2. 9)
Step 5: Estimate diffuse PAR on a horizontal surface

Lu etal. (2022) calculated PARuiftuse @s a function of diffuse fraction and solar elevation angle using

decomposition method.

PARGiffuse [14+0.3(1-k4?)|kq

kd,PAR = PARtorqr 1+ (1—kdz)cos2 (90—a) cos3 a (10)

Here kq= DHI/ GHI is the diffuse fraction where DHI and GHI are respectively the diffuse and global

horizontal irradiance (W/m?), and « is solar elevation angle measured in degree. The ASHRAE model

can be used to compute DHI and GHI.

Step 6: Estimate the area between the panels which will receive total PAR and diffuse PAR
Estimation of the length of the shadow
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Panel

AG=h1,BC=H,AB=1L

Fig 1: Shadow Analysis

The plants can be grown under the panels (region GE) and in the inter row spacings i.e EF region as
shown in Figl. The region GE is always under shadow but length of the shadow EF’ in the EF region
changes over the day and shows seasonal variation as well. The distance between two panels EF is
calculated based on the day on which the panel will cast the longest shadow i.e. corresponding to the
winter solstice.

Form AABC we get,

AC = ABcosf3 = Lcosf (11)

The length of the shadow (D=CD+ HF’) that the panel will cast on the ground in the region EF is
calculated from ABCD. And ADHF as

CD = L[sinB /tan(90° — 6 — B)] (12)

HF' = [hy /tan(90° — 6 — B)] (13)
where L is the length of the panel AB, B is the tilt angle of the panel, 6 is the angle of incidence of the
beam radiation on the tilted panel at any time of the day and h; is the height AG at which the panel is
installed. The length of the shadow in the inter row spacings vary over the day and shows seasonal
variation.
Thus, on a particular day the plants which are grown under the panel will receive diffuse radiation
throughout the day. On the other hand, plants grown in the inter row spacings will receive both beam
and diffuse radiation based on the time and day of the year. Beam radiation will be in the region F’F
and diffuse radiation will be in the region GF”.

Results and Discussions

In this work, a ground mounted solar PV power plant is stuided which is installed at New Delhi (28°35°
N, 77°12°E) having an average of 8.6 h of sunshine hours per day. The dimensions (length x breadth x
thickness ) of the modules used in the plant is 197.6 x 99.2 x 3.5 cm and are tilted at an angle of 30°
with the horizontal. Applying the proposed model, the photosyntheically active solar radiation is
estimated for the entire year.
The analytical modelling of Photosynthetically Active Radiation is conducted using the formultaion
described above. The instantenous extrateresstrial radiation having a wavelength between 400-700nm
(PARe) is calculated for the entire year and is shown in Fig 2. It has been observed that the mean
PARex is 236.4+170 W/m? for the entire year. Consequently, PARwta incident on a horizontal surface
in New Delhi vary between 0.5- 463 W/m? having a mean equal to 172 +123 W/m? for the year.
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Fig 2: Monthly average of Instanteneous extraterrestrial radiation having a wavelength between 400-700nm, total and diffuse PAR
incident on a horizontal surface at New Delhi..

The monthly average hourly PAR is calculated using equations (5-7) on a horizontal surface located in
New Delhi and is shown in fig 3. The average, range and standard deviation of these values were
calculated for the entire year. It is observed that mean PAR ;= 667+175 kJ/m?h, having a range of 397-
912 kJ/m?h for the entire year. The PAR values computed using eq.6 gives the mean equal to 604+147
kJ/m?h, having a range of 372- 810 kJ/m?h for the entire year. There is a 8.8% difference in the value
of PARy computed using formula 5 and 6.
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Fig 3: Monthly average hourly photosynthetically active radiation, PARy, ; incident on a horizontal surface at New Delhi computed using
two different relations for .

Theaverage value of instantaneous diffuse PAR varies between 24- 125W/m? for the entire year as
shown in fig 2. However, the monthly average hourly diffuse PAR varies from 107-465kJ/m?h and 100-
413 kJ/m?h respectively when I, is computed using eq 5 and 6 as shown in fig 4.
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Fig 4: Monthly average hourly diffuse photosynthetically active radiation, PAR;, incident on a horizontal surface at New Delhi computed
using two different relations for .

It is observed that on an average 47% of interrow spacings between the panels are mostly shaded during
the year. However, the shading in the interrow spacings increases during the winter months and hence
during this time the plants which are grown in this region will receive majorly PARugiruse. Only during
the summer months that 20-30% of the space remains under the shadow and hence plants recives both
direct and diffuse component of PAR.

The results obtained is compared with the observed values reported by Ghayas et al. (2022) for the
range of the peak PAR values for the winter, summer, monsoon and post monsoon season in New Delhi

and presented in Table 2
Tab 2: Comparison of results for peak value of PAR

Winter Summer Monsoon Post monsoon
Propos | Ghay | Propos | Ghay | Propos | Ghay | Propos | Ghay
ed as et ed as et ed as et ed as et
al. al. al. al.
2022 2022 2022 2022
Min of peak PAR,
W/m? 229.2 | 101.8 4485 | 3115 3248 | 378.4 233.7 | 2143
Max of peak PAR,
W/m? 378.3 | 3535 463 | 515.7 459.3 | 560.5 2729 | 4775
%error, min of peak
PAR -1.25 -0.44 0.14 -0.09
%error, max of peak
PAR -0.07 0.10 0.18 0.43

The percentage error for the minimun value for the peak PAR varies between 9-125% showing a
considereable agreement of the result for the monsoon and post monsoom months but there is a positive
bias seen in the PAR values for the summer and winter months using the proposed model. Whereas, the
percentage error for the maximum peak PAR values ranges between 7-43% having the least error during
the winter and maximum error during the post monsoon season.
Conclusions

The proposed model can be utilised to estimate the photosythetcally active solar radiation under a solar
photovoltaic power plant for any location. The information regarding the available PAR can be utilised
to select the variety of plant that can be grown under the solar PV powerplant. The proposed model
shows considerable agreement with the observed maxima of the peak values of PAR during the summer,
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winter and monsoon season. The model is simple and utilizes only the location, date and time of the
day for computing the PAR values.
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ABSTRACT

Agrivoltaics is a promising solution for addressing the growing demand for food and energy in the face of climate
change, land scarcity, and rising populations. This comprehensive study aims to establish design parameters for
agrivoltaic power plants across various geo-climatic regions and soil types in India. The study explores India's major
geo-climatic regions and soil types, examining the multiple crops cultivated in these regions and identifying plant
characteristics critical for agrivoltaics, such as plant physiology, root penetration, growth pattern, sunlight requirement
(Photosynthetically Active Radiation) and Daily Light Integral (DLI) values, plant life, and sowing and harvesting
seasons. The research develops a methodological framework and matrix for determining suitable crops for agrivoltaic
systems in different geo-climatic regions and soil types.

The research establishes design and installation parameters for agrivoltaic setups, considering geographical and climate
conditions, PV modules layout and structure design considering sunlight requirement of plants, foundation type,
selection and matching of equipment, cable layout design, system protection requirements, energy yield estimation,
installation, operation, and maintenance requirements. Moreover, the study explores the cost impact of various design
aspects on agrivoltaic economics, providing valuable insights for stakeholders looking to invest in agrivoltaic power
plants. By understanding the influence of design parameters on the overall cost, stakeholders can make informed
decisions and optimise the development of agrivoltaic systems.

One of the critical outcomes of this study is the development of a method and matrix to determine the amount of
sunlight available in different zones within a solar field segment for different structural configurations in terms of inter-
row spacing, height, width and tilt angle. By knowing the available sunlight in different zones during different seasons
of the year, appropriate crops/ plants can be selected to grow under these zones based on the minimum sunlight required
to produce such plants. The System Advisory Model developed by the National Renewable Energy Laboratory was
used to simulate the results in multiple scenarios.

Keywords: Agrivoltaics, photovoltaics, photosynthetically active radiation, daily light integral
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NSRDB National Solar Radiation Database
O&M Operation and Maintenance

PAR Photosynthetically Active Radiation
PR Performance Ratio

PV Photo-Voltaic
SAM System Advisory Model

List of Units

Units Description

% Percentage

° Degree

°C Celsius

km Kilometre

km/hr Kilometre per hour

kv Kilovolt

kw Kilowatt

kwWh Kilowatt Hour

KW, Kilo Watt peak

m/s Meter per second

MW Megawatt

MW, Megawatt peak

W Watt

Wp Watt peak

1 Introduction

Renewable energy technologies are crucial in addressing the global need for sustainable energy and environmental
conservation. India, a prominent player in this global transition, is undergoing significant changes in its energy
landscape. The nation actively diversifies from its traditional, centralised coal-hydro energy supply towards a broader
portfolio of renewable energy (RE) sources. As of 2022, India held the 4" position worldwide in total renewable power
capacity [1][2][3]. By May 2023, renewable power, including large hydropower, comprised 41.57% of India's total
energy capacity, an equivalent of 173.61 GW out of 417.67 GW [4][5]. However, excluding large hydropower, the
renewable power capacity accounted for 30.35%, amounting to 126.77 GW of the total renewable energy capacity
[4,5]. This progress was spurred by India's ambitious targets to install 175 GW and 450 GW of renewable energy by
2022 and 2030, respectively [6][7].

Agrivoltaics or Agrovoltaics, also known as Agro-photovoltaics, refers to the innovative integration of solar
photovoltaic systems and agriculture, which allows for the simultaneous production of food and renewable energy.
This approach is significant as it can increase land use efficiency, increase crop yields, and improve the performance
of solar panels by providing a cooler microclimate. Notable progress in this field has been made worldwide, with
numerous projects and research studies conducted to understand and optimise the combination of solar energy systems
and agriculture. In India, agrivoltaics has gained traction as a promising solution to meet the growing demand for food
and energy, especially considering the country's vast agricultural land and abundant solar potential.
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The critical issue is the delicate balance between land use for food production and energy generation —the food-energy
nexus. The concept of agrivoltaics offers a promising solution. Agrivoltaics integrates agricultural practices with solar
power production, enabling simultaneous crop growth and solar energy generation on the same plot of land. This
synergistic approach could optimise land utilisation, benefiting farmers by enhancing crop growth conditions and
offering an additional source of income. While the execution of agrivoltaics demands thoughtful planning to meet
agricultural and energy generation needs effectively, it bears substantial potential to boost India's renewable energy
capacity without endangering food supplies [8][9][10][11].

With abundant sunlight, expansive agricultural land, and a rapidly growing solar PV sector, India is an ideal candidate
for implementing agrivoltaics. However, the nation's diverse geo-climatic conditions and variety of soil types present
unique challenges in designing agrivoltaic power plants that can accommodate different crops and optimise energy
production. Although still in its nascent stage, India has seen a growing number of agrivoltaic pilot projects in recent
years. The National Solar Energy Federation of India (NSEFI), in association with the Indo-German Energy Forum
(IGEF), has conducted a study on the current ongoing agrivoltaic projects in India, identifying 21 projects spread across
the country [12]. These diverse projects, located in various geographic and socioeconomic contexts, highlight the
significant potential of agrivoltaics in advancing India's renewable energy objectives and simultaneously offering
substantial advantages to local agriculture. This highlights the necessity for a comprehensive study of the design
parameters of agrivoltaic power plants suitable for various regions across India.

India's extensive geographic and climatic diversity contributes to various geo-climatic regions and soil types, each with
unique agricultural attributes. Recognising this complexity, the Planning Commission of India, in association with the
National Remote Sensing Agency, divided the country into 15 Agro-climatic regions [13]. They stretch from the
Western Himalayan Region to the Islands Region, covering all states and union territories, and offering unique
agricultural challenges and opportunities. A comprehensive understanding of the interrelation between these geo-
climatic zones, soil types, and cultivated crops was established using many resources [14][15]. These resources
provided a detailed delineation of India's 15 Agro-climatic zones, soil types, temperature ranges, rainfall, and major
crops cultivated in each zone. They also offered an agricultural contingency plan outlining the agricultural profile of
each zone.

This paper aims to thoroughly analyse these design parameters in differing geo-climatic and soil conditions. By
investigating the factors influencing the design, construction, and operation of agrivoltaic systems, this study aims to
identify suitable crop types and best practices for effective agrivoltaic project implementation in India. It is expected
that the outcomes of the study will provide valuable insights and guidelines for developing agrivoltaic projects in India
with a better understanding of technical design aspects.

The introductory section of this paper provides the growth scenario of solar PV in India and the study's objective. The
second section offers critical plant characteristics in terms of height, sunlight requirement, root penetration, plant life
and cultivation time and method of sowing and harvesting. The third section discusses agrivoltaic design
considerations, which cover the design of the mounting structure, plant layout, and selection of crops based on structure
heights and available sunlight. The matrices for selecting crops for different agrivoltaic setups in other geo-climatic
regions of India have been presented in this section. The fourth section of this paper offers the aspects of system
performance and the cost impact of different design aspects. The conclusion of the study is included in section 5.
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2 Critical characteristics of crops for agrivoltaic

2.1 Height

The height of crops is one of the most critical factors for agrivoltaic setup. When crops are cultivated in an agrivoltaic
setup, solar panels should not obstruct their growth, and they should not cast any shadow on the solar panels. Cultivated
crops should be able to grow well in the space beneath and between the solar arrays/panels, and any possibility of
damaging solar modules during sowing and harvesting time should be taken into consideration. It is equally crucial
that crops grown in front of the solar arrays should not cast any shadow between 9 a.m. and 4 p.m. (This time should
be adjusted based on solar time). Table 1 below provides a classification of typical crops cultivated in India based on
typical maximum height [16][17].

Table 1: Classification of crops based on the typical maximum height

Typical maximum

height Typical crops

Herbs: Gucchi (Himalayan Mushroom), Sugar Beet, Carrot, Radish, Cabbage,
Less than 50 cm Cauliflower, Spinach, Black Gram, Sankhpuspi, Groundnut, Lettuce, Cumin, Isabgol etc.
Creepers: Watermelon, Zucchini, pumpkin, Ash gourd etc.

Herbs: Aloe vera, Mustard, Ginger, Green Gram, Mungbean, Onion, Kariyatu
(Andrographis paniculata), Cow Pea, Parsley, Poppy, Stevia Leaves, Rye, Oats, Chick
Less than 100 cm Pea (Gram or Bengal gram), Mothbean, Cluster Bean, Fenugreek, Mari Gold, Mint
Leaves, Brinjal (eggplant), Capsicum, Chilli, Geranium, Coriander, Garlic etc.

Shrubs: Tea, Patchouli, Sarpagandha, Berseem Clover, Potato etc.

Herbs: Arrowroot, Asparagus, Soybean, Turmeric, Ashwagandha, Rice, Linseed, Wheat,
Less than 150 cm Elephant Foot (Yam), Tomato etc.

Shrubs: Jethimadh, Tobacco etc.

Herbs: Cotton, Fennel, Sesame, Indigo, Maize etc.

Shrubs: Raspberry, Senna etc.

Less than 200 cm Climber (controlled): Betel Leaves, Black Pepper, Indian Bean, Long bean, French Bean,
Ash gourd (Pusa Urmi), Snake Gourd, Bitter gourd, Bottle Gourd, Blonde cucumber etc.
Grass: Citronella, Vetiver etc.

Herbs: Ladies Finger (Okra)
Less than 300 cm Shrubs: Sonamukhi, Pearl millet (Bajra), Guava Hybrid etc.
Grass: Hybrid Napier Grass, Lemon Grass etc.

Herbs: Banana, Cardamom, Jute etc.

Shrubs: Coffee, Castor, Annatto dye, Sunn Hemp etc.

More than 300 cm Grass: Guinea Grass, Sugarcane etc.

Trees: Papaya, Pomegranate, Kiwi, Mango, Pigeon Pea, Sapota (Chiku) etc.

2.2 Sunlight Requirement

All crops need sunlight for photosynthesis, but the amount required can vary significantly. Some crops require full
sun, while others can tolerate or even prefer partial shade. In an agrivoltaic system, solar panels can create shaded
areas, which can be beneficial for shade-tolerant crops but detrimental for those needing full sun. Table 5 below
categorises the crops into four groups based on their DLI requirements: low light (3-6 mol-m-2-day), medium light
(6-12 mol-m2-day™), high light (12-18 mol-m2-day™), and very high light (exceeding 18 mol-m2-day™) crops Error! R
eference source not found.Error! Reference source not found..
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Table 2: Classification of crops based on sunlight requirement

Typical sunlight
requirement

Typical crops

Low light crops

Daily light integral (DLI):
3 to 6 (mol/m?/day)

Solar Radiation:

0.41 to 0.83 kwh/m?/day

Herbs: Centella asiatica (Brahmi Booti/ Mandukaparni), Himalayan
Mushroom (Gucchi), Arrowroot

Medium-light crops
Daily light integral (DLI):
6 to 12 (mol/mz2/day)
Solar Radiation:

0.83 to 1.66 kwh/m?/day

Herbs: Carrot, Cauliflower, Mustard, Parsley, Cow Pea, Radish, Mungbean,
Green Gram, Parsley, Cow Pea, Cotton, Vetiver, Okra/ Ladies finger/
Bhindi, Sugar beet, Ginger, Aloe vera, Kariyatu (Andrographis paniculata),
Poppy, Asparagus, Soybean, Turmeric, Aswagandha, Cotton, Fennel,
Asparagus, Soybean, Turmeric, Jute

Shrubs: Peas, Sonamukhi, Sarpagandha, Tea, Patchouli, Jethimadh,
Cardamom,

Climbers: Black Pepper (climber), Betel Leaves

Grass: Guinea Grass, Citronella, Vetiver (grass)

Tree: Papaya

High light crops

Daily light integral (DLI):
12 to 18 (mol/m?/day)
Solar Radiation:

1.66 to 2.48 kwh/m?/day

Herbs: Black Gram, Cabbage, lettuce, Spinach, Onion, Coriander, Rye,
Fenugreek, Garlic, Mint, Wheat, Lettuce, Spinach, Onion, Chilli, Eggplant,
Stevia Leaves, Coriander, Garlic, Rye, Sesame, Chicory,

Sankhpuspi, Groundnut, Isabgol, Cumin, Stevia Leaves, Oats, Chick Pea,
Moth bean, Cluster Bean, Fenugreek, Marigold, Mint Leaves Chicory (herb),
Brinjal, Capsicum, Elephant foot yam, Linseed, Tomato, Raspberry, Senna,
Indigo

Shrubs: Potato, Tobacco, Pearl millet (Bajra), Guava Hybrid, Berseem
Clover, Senna, Sunn Hemp, Annatto dye, Castor

Creeper: Ash gourd

Climbers: Snake Gourd, Bitter gourd, Indian Bean, Ash gourd, Long bean,
French Bean,

Grass: Sugar Cane

Tree: Pigeon Pea, Kiwi, Mango, Pigeon pea

Very high-light crops

Daily light integral (DLI):
More than 18 (mol/m?/day)
Solar Radiation:

More than 2.48 kwh/m?/day

Herbs: Paddy Rice, Maize, Poppy, Geranium
Creepers: Pumpkin, Watermelon, Zucchini
Climber: Bottle Gourd, Blonde cucumber

2.3  Root Penetration

The depth and spread of a plant's roots can significantly impact agrivoltaic systems. Crops with deep root systems may
not be suitable if underground cables and other infrastructure are present. Moreover, root systems also affect soil
erosion and water uptake, which can have implications for the maintenance and efficiency of agrivoltaic systems
[16][17].
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Table 3: Classification of crops based on root penetration

Typical root depth and Typical crops

spread
Herbs: Centella asiatica (Brahmi Booti/ Mandukaparni), Gucchi (Himalayan Mushroom),
Root depth: . . . . .
Arrowroot, Aloe vera, Ginger, Radish, Fenugreek, Cumin, Mint Leaves, Capsicum,
Less than 50 cm . .
Geranium, Garlic etc.
Root spread:

Shrubs: Patchouli, Potato

Climber: Betel Leaves

Herbs: Mustard, Green Gram, Mungbean, Kariyatu (Andrographis paniculata), Soybean,
Turmeric, Aswagandha, Fennel, Parsley, Sesame, Spinach, Stevia Leaves, Rye, Linseed,

Less than 100 cm

Root depth: Wheat, Indigo, Mari Gold, Brinjal (eggplant), Chilli, Maize

Less than 100 cm Shrubs: Tea, Jethimadh, Peas, Berseem Clover, Raspberry, Tobacco

Root spread: Grass: Citronella grass, Hybrid Napier Grass

Less than 100 cm Climber: Black Pepper, Indian Bean, Long bean, French Bean, Snake Gourd, Bitter gourd,

Blonde cucumber, Ash gourd, Bottle Gourd,
Creeper: Ash gourd

Root depth: . .
P Herbs: Cow Pea, Cotton, Jute, Chick Pea (Gram or Bengal gram), Cluster Bean, Chicory
Less than 150 cm )
. Shrubs: Sonamukhi, Castor, Sunn Hemp etc.
Root spread: Grass: Vetiver
Less than 100 cm ass. vetive
Root depth: Herb: Banana, Asparagus, Cardamom, Elephant Foot (Yam)

Shrubs: Coffee, Senna, Annatto dye, Guava Hybrid
Grass: Guinea Grass, Sugarcane

Creepers: Pumpkin, Watermelon, Zucchini

Tree: Kiwi, Papaya, Pigeon Pea, Sapota (Chiku), Mango,

Less than 150 cm
Root spread:
More than 100 cm

2.4  Crop life and growing season

The lifespan of the crops and how that aligns with the solar panel lifecycle is another factor to consider. Perennial
crops that don't require yearly replanting could benefit an agrivoltaic system. The cropping system (annual or
perennial) will influence the design of the agrivoltaic system in terms of panel height, orientation, and arrangement
[16][17].

Table 4: Classification of crops based on life cycle

Plant Life Typical crops

Herbs: Sugar Beet, Mustard, Green Gram, Radish, Mungbean, Kariyatu (Andrographis
paniculata), Soybean, Cauliflower, Cow Pea, Cotton, Jute, Lady Finger (Okra), Poppy,
Paddy Rice, Sesame, Cabbage, Black Gram, Oats, Chick Pea (Gram or Bengal gram),

Annual (crops which Linseed, Wheat, Groundnut, Mothbean, Cluster Bean, Fenugreek, Lettuce, Cumin,
completes their life Isabgol, Mari Gold, Mint Leaves, Tomato, Chilli, Coriander, Garlic, Maize
Cyde_Withi” one Shrubs: Peas, Berseem Clover, Pearl millet (Bajra), Sunn Hemp, Tobacco

growing season) Creeper: Watermelon, Zucchini, Pumpkin, Ash gourd

Climber: Long bean, French Bean, Ash gourd, Snake Gourd, Bitter gourd, Bottle Gourd,
Blonde cucumber

Biennial Herbs: Carrot, Parsley, Onion, Rye, Indigo
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(crops which complete
their life cycle in two
years)

Herbs: Centella asiatica (Brahmi Booti/ Mandukaparni), Gucchi (Himalayan
Mushroom), Banana, Arrowroot, Aloe vera, Ginger, Asparagus, Turmeric,
Ashwagandha, Cardamom, Fennel, Spinach, Stevia Leaves, Sankhpuspi, Chicory,
Elephant Foot (Yam), Brinjal (eggplant), Capsicum, Geranium

Shrubs: Coffee, Tea, Patchouli, Sarpagandha, Jethimadh, Sonamukhi, Raspberry, Senna,
Castor, Annatto dye, Guava Hybrid, Potato

Grass: Guinea Grass, Hybrid Napier Grass, Lemon Grass, Vetiver, Citronella grass,
Sugarcane

Climbers: Betel leaves, Black pepper, Indian bean

Trees: Papaya, Pomegranate, Kiwi, Mango, Pigeon Pea, Sapota (Chiku)

Perennial (crops that
live for more than two
years)

2.5 Method of sowing and harvesting

Sowing and harvesting methods and the tools and equipment used are to be considered in designing agrivoltaic systems.
The method of sowing and harvesting and the types of tools and equipment used in these processes are essential to
understand to assess if any specific design considerations are required for agrivoltaic systems.

Impact of sowing methods on agrivoltaic design

For methods such as transplanting, agrivoltaic structures should facilitate easy access for workers, necessitating wider
pathways between solar panels. Broadcasting demands even panel spacing, with the potential for movable setups to
ensure uniform light distribution across the field. The dibbling technique requires the design to be non-obstructive,
ensuring precision in seed placement and adequate sunlight penetration. Meanwhile, the drilling method stresses the
importance of solar panel alignment to prevent shadowing on the sown rows and provide ample space for the operation
and movement of drilling equipment.

Tale 8 below presents sowing methods of different crops cultivated in India [18][19][20][21][22][23][24][25].

Table 5: Classification of crops based on the method of sowing

Method of sowing Typical crops

Herbs: Centella asiatica (Brahmi Booti/ Mandukaparni), Banana, Arrowroot, Aloe vera,
Sugar Beet, Asparagus, Kariyatu (Andrographis paniculata), Aswagandha, Cardamom,
Parsley, Onion, Stevia Leaves, Lettuce, Mint Leaves, Elephant Foot (Yam), Brinjal
(eggplant), Tomato, Chilli, Geranium

Transplanting Shrubs: Coffee, Tea, Patchouli, Sarpagandha, Jethimadh, Raspberry, Annatto dye, Guava
Hybrid, Tobacco

Climber: Betel Leaves, Black Pepper

Trees: Papaya, Pomegranate, Kiwi, Mango, Sapota (Chiku)

Grass: Guinea grass, Lemon grass, Sugarcane

Herbs: Green Gram, Radish, Fennel, Jute, Poppy, Rice, Sesame, Spinach, Black Gram,
Rye, Linseed, Wheat, Indigo, Sankhpuspi, Cluster Bean, Fenugreek, Cumin, Isabgol,
Broadcasting Mari Gold, Chicory

Shrubs: Sonamukhi, Berseem Clover, Senna, Sunn Hemp

Grass: Hybrid Napier Grass, Vetiver

Herbs: Carrot, Ginger, Mung bean, Soybean, Turmeric, Cauliflower, Cotton, Lady Finger
Dibbling (Okra), Cabbage, Chick Pea (Gram or Bengal gram), Capsicum, Coriander, Maize
Shrubs: Pearl millet (Bajra), Castor
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Method of sowing Typical crops

Creeper: Watermelon, Zucchini

Climber: Indian Bean, Long bean, French Bean, Snake Gourd, Bitter gourd, Bottle
Gourd, Blonde cucumber

Tree: Pigeon pea

Herbs: Mustard, Cow Pea, Oats, Groundnut, Moth bean, Garlic

Drilling Shrubs: Peas, Potato

Creeper/ Climber: Pumpkin, Ash gourd

Impact of harvesting methods on agrivoltaic design

Harvesting by hand emphasises the need for an agrivoltaic design that supports the free movement of workers around
panel structures. When harvesting with hand tools, the design must provide adequate space between the panels to
prevent any accidental damage during the use of tools. In contrast, machine harvesting demands a design with even
more spacious setups to accommodate large machinery. The structures must also be robust and possibly elevated,
ensuring they can withstand potential contact with the machines and provide the necessary clearance.

Tale 6 below presents harvesting methods of different crops cultivated in India [18][19][20][21][22][23][24][25].

Table 6: Classification of crops based on the method of harvesting

Method of harvesting Typical crops

Herbs: Cardamom, Cow Pea, Cotton, Onion, Cluster Bean, Lettuce, Isabgol, Mari Gold,
Chicory, Tomato, Capsicum, Chilli, Coriander, Garlic

Shrubs: Tea, Patchouli, Sonamukhi, Peas, Raspberry, Annatto dye, Guava Hybrid
Harvesting by hand Creeper: Ash gourd

Climber: Betel Leaves, Black Pepper, French Bean, Ash gourd, Bitter gourd, Bottle
Gourd, Cucumber

Trees: Papaya, Pomegranate, Kiwi, Mango, Sapota (Chiku)

Herbs: Centella asiatica (Brahmi Booti/ Mandukaparni), Gucchi (Himalayan
Mushroom), Banana, Arrowroot, Aloe vera, Carrot, Mung bean, Asparagus, Kariyatu
(Andrographis paniculata), Soybean, Cauliflower, Fennel, Jute, Lady Finger (Okra),
Parsley, Poppy, Rice, Sesame, Cabbage, Spinach, Black Gram, Stevia Leaves, Rye,
Oats, Chick Pea (Gram or Bengal gram), Linseed, Wheat, Indigo, Sankhpuspi, Moth
Harvesting with hand bean, Fenugreek, Mint Leaves, Elephant Foot (Yam), Brinjal (eggplant), Geranium,
tools Maize

Shrubs: Coffee, Sarpagandha, Berseem Clover, Senna, Pearl millet (Bajra), Castor,
Sunn Hemp, Tobacco

Climbers: Indian bean, Long bean, Snake gourd

Grass: Hybrid Napier Grass, Lemon Grass, Guinea Grass, Vetiver, Citronella grass,
Sugar Cane

Herbs: Sugar Beet, Mustard, Ginger, Green Gram, Radish, Turmeric, Ashwagandha,
Groundnut, Cumin

Shrubs: Jethimadh, Potato

Harvesting with
machines
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rivoltaic systems design considerations

There could be two broad approaches to developing agrivoltaic projects:

M)

)

A brownfield agrivoltaic project — planning for utilisation of existing solar power plant sites for agricultural
purposes and selecting crops that will be suitable for the site and can co-exist with the solar power plant
without impacting its performance and with no significant changes or investment required.

A greenfield agrivoltaic project — A new site where a PV power plant and agricultural activities are planned
together. Such sites may already be used for agricultural purposes and PV power plants are planned to use the
land for dual purposes to enhance productivity (agriculture and energy).

For both approaches, as mentioned above, the following fundamental considerations are necessary for designing an
agrivoltaic project.

)
@)

©)

(4)

®)

Structure and crop height: Matching crop height to a mounting structure of a PV power plant to avoid
hindrance to crop growth and any shadow on the PV modules.

Access to sunlight: Solar fields (placement of PV arrays) and agricultural fields shall be placed so crops get
adequate access to sunlight according to their DLI (daily light integral) requirement. As different zones in the
solar field site will have different levels of sunlight, crops shall be selected based on minimum DLI
requirements and sunlight availability due to shading from PV modules.

Safety of personnel: In solar power plants, PV modules are connected in series, resulting in a DC voltage of
300 V to 1500 V, depending upon the size of the plant and the type of inverters used. The string and array
cables carrying such voltage are laid across the solar field and mounting structure. Similarly, the output of PV
inverters is around 400 VV AC, which will be further stepped up to 11 kV or 33 kV in a utility-scale plant.
Exposure to such voltages is hazardous and fatal. In an agrivoltaic setup, in addition to the personnel working
for the power plant, other personnel will also be involved in agricultural activities. Therefore, utmost care
must be taken in designing electrical safety considerations for agrivoltaic projects.

Safety of power plant and equipment: The life and performance of PV power plant and equipment can be
affected due to electrical faults (such as over current/over voltage/arcing), mechanical damage (damage of
cables/PV modules/structure) and poor maintenance practice. In an agrivoltaic setup, PV plants will be
exposed to multiple agricultural activities during sowing, nursing and harvesting. Depending upon the method
of sowing/nursing/harvesting and tools and equipment used for such activities, the risk of mechanical damage
is to be assessed and appropriate measures considered in the design for the protection of PV modules, cables
and other equipment.

Design optimisation for cost: To achieve the desired return on investment, carrying out a life cycle cost-
benefit analysis for agrivoltaic projects, particularly greenfield projects is essential. Based on the priority of
expenditure vs. income for the project life cycle, the design approach should be optimised for maximum return
on investment.

The following section discusses the design considerations of ground-mounted PV plants in an agrivoltaic setup.

3.1

Mounting structure design considerations

Ground-mounted PV systems are generally installed with fixed structures with a suitable tilt angle facing south (facing
north in the southern hemisphere), fixed structures with a provision to change the tilt angle a few times in a year and
single-axis tracking systems rotating east to west on a horizontal N-S axis. Two-axis tracking arrays are also employed
in selective projects where the structure rotates both the N-S and E-W axis, aligning the PV array to the direct beam
angle of the sun throughout the day in all seasons. General guidelines for PV array mounting structures are given in

IS/IEC

62548: 2016 Photovoltaic array design requirements and IS/IEC TS: 62738: 2018 Ground-mounted

photovoltaic power plants — Design guidelines and recommendations [26][27][28][29].
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The following are the essential factors in designing a structure for ground-mounted PV arrays.
« Adequate space between two rows must be kept to avoid shadow.
» Access must be there to reach each module without stepping on it.
« Optimum tilt angle for maximum generation for a fixed tilt structure.
* A minimum tilt of 10° to reduce material accumulation (dust, etc.) on the PV array.
» Use of corrosion-resistant materials suitable for the lifetime of the system.
« Shall be rated for minimum wind loading as per the basic wind speed of the site.
« Design consideration to allow thermal expansion/ contraction of the PV modules as per site conditions.

For an agrivoltaic setup, the following factors should be considered based on the site location and type of crops to be
grown in the solar field areas.

3.1.1 Height of the structure

The structure's height is one of the most critical factors for greenfield agrivoltaic projects. Structure height should be
selected based on the typical maximum height of the crops and vice versa to avoid any obstruction to the growth of
crops and there should not be any shadow on the solar panels from the grown crops. It is also essential to consider if
there is any possibility of damaging solar modules during sowing, nursing and harvesting crops due to the lower height
of the solar panels. Avoiding shadow from the crops on the solar arrays should be considered from 9 a.m. to 4 p.m.
(This time should be adjusted based on solar time). Table 1 in the previous section provides a classification of typical
crops cultivated in India based on typical maximum height.

For brownfield agrivoltaic projects, existing PV plants' ground clearance (height of the lowest part of PV modules) is
typically kept at 50 cm to 100 cm. For such projects, increasing the height of the structure or rearranging the solar field
for agricultural purposes may not be justified for economic reasons. Therefore, the selection of crops according to the
maximum typical height and placement of agricultural fields based on the availability of sunlight should be considered.
The availability of sunlight and subsequent daily light integral (DLI) for crops at different zones of solar fields is
discussed in the next section.

For greenfield agrivoltaic projects, it is crucial to understand whether certain crops must be grown on the site due to
local climate, soil or economic reasons. If the choice of crops is limited, the mounting structure for the PV power plant
shall be as required for the growth of proposed crops. However, it is worth mentioning that the higher the structure
height, the higher the structure cost due to increasing wind loading and weight of the structure materials. Therefore,
structure height should be finalised based on overall techno-economic analysis and the power plant's safety in the event
of higher wind loading conditions.

Figure 1 below shows different possible heights for equator-facing fixed tilt structures in an agrivoltaic setup. This
figure shows two configurations of structure — one with two PV modules in portrait orientation and the other with one
PV module in portrait orientation or two in landscape orientation. For both configurations, six different possible heights
are considered. Maximum ground clearance is considered 3 m. The availability of sunlight and subsequent daily light
integral (DLI) for crops at different zones of solar fields are simulated using the System Advisor Model (SAM) for
both configurations at all different heights [25].
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Figure 1: Different possible heights for equator-facing fixed tilt structure in agrivoltaic setup

Similarly, Figure 2 shows an east-west facing single-axis tracker and vertically installed fixed structure. In the single-
axis tracking system, one module is installed in portrait orientation and 70 to 80 modules are fixed in one tracker. Two
modules can be installed in landscape orientation for a vertically installed fixed structure. Ground clearance is kept
between 50 cm to 100 cm for both cases. The availability of sunlight and subsequent daily light integral (DLI) for
crops at different zones of solar fields are simulated using the System Advisor Model (SAM) for both configurations
at 50 cm ground clearance. The results of the simulations are presented in the next section.

225 cm N M
Two PV modules in
One PV module in landscape orientation
portrait orientation
@ | 235cm
G N
Rotation ‘K‘ = i W .
=60° :
v s L
Ground b / Ground
50 -100 cm 50 -100 cm
Clearance Ground Level Clearance
Single-axis tracking system Vertically installed fixed structure

Figure 2: East-West facing single axis tracker and vertically installed fixed structure

3.1.2 Table size and placement of modules

It is recommended not to lay DC cables across roads or pathways in an agrivoltaic setup. Therefore, the table size
should be such that it accommodates the modules connected in series (a string). The inverter input voltage and the
minimum and maximum temperature of the site determine the number of modules in a string. The same needs to be
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determined in accordance with IS/IEC 62548: 2016 Photovoltaic array design requirement [26][27]. For a fixed tilt
structure, when two modules are installed in portrait orientation, around 20 modules can be installed in one table, and
when one module is installed in portrait orientation, around 10 modules can be installed in one table, as presented in

Figure 3.

- - - - - - - - - - One PV mOdule ln portrait
225 cm orientation or two PV modules

- - - - - - - - - - =

: .

1150 cm
N
R w E

450 cm portrait orientation

1150 cm

Figure 3: Placement of modules in two different tables in fixed tilt structures

In a single-axis tracking system, one PV module is fixed in portrait orientation and 70 to 80 PV modules are installed
per tracker. PV modules will be facing east in the forenoon and west in the afternoon. The axis of the tracker will be
in the North-South direction. Similarly, when two bifacial PV modules are installed vertically in landscape orientation.
Modules will be facing east and west direction and not more than 2 strings (around modules per string based on the
inverter input voltage) shall be used to make one table. These are illustrated in Figure 4 and Figure 5.

In a single-axis tracking system, one PV module is fixed in w
portrait orientation and 70 to 80 PV modules are installed per
tracker. PV modules will be facing east in the forenoon and S N
west in the afternoon. The axis of the tracker will be in the
North-South direction. E

8100 to 9300 cm

Figure 4: Placement of modules in a single-axis tracking structure
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Two bifacial PV modules are installed vertically in landscape
orientation. Modules will be facing east and west direction
and not more than 2 strings (around modules per string based
on the inverter input voltage) shall be used to make one table.

e ----------

2250 cm

Figure 5: Placement of modules in a vertically installed fixed structure.

3.1.3 Thetiltangle of the structure

The PV arrays are mounted on a structure in the following manners:

(1) Equator-facing fixed-tilt arrays

(2) Equator-facing adjustable tilt arrays

(3) East-West facing single-axis tracking arrays
(4) Two-axis tracking arrays

The main objective of choosing a type of structure is to generate maximum energy at a location based on the sun's
position and sun movement during the year. However, a decision is made to achieve performance and cost objectives
for a particular site.

Fixed tilt arrays are installed at a fixed tilt angle facing south (facing north in the southern hemisphere). The optimum
tilt angle for annual energy generation is equal to the latitude angle up to 20° per IS/IEC TS 62738: 2018 Ground
mounted photovoltaic power plants design guidelines and recommendations [28][29]. However, a lower tilt angle in
the range of 5° to 20° is used to reduce wind loading and the cost of the structure.

When PV modules are installed at a lower tilt (less than 10°), there will be more accumulation of dust or dirt as wind
or rain will not efficiently remove specks of dirt. In such cases, rainwater or cleaning water remains accumulated at
the bottom of the modules when the module frame does not have drainage slots at the corners. In an agrivoltaic setup,
more dust will likely be generated from agricultural activities, particularly during crops' sowing and harvesting time.
Therefore, a minimum tilt of 10° and preferably 15° or more should be considered to maximise the self-cleaning of
modules.

Equator-facing adjustable tilt arrays are fixed-tilt arrays with a provision to change the tilt angle once or more in a year
based on the sun's position. A higher tilt angle is set for the winter months and a lower one for the summer months.
This type of system is generally not used in large PV power plants due to increased wind load in the higher tilt position
and maintenance cost.

Single-axis tracking arrays are installed on a structure which rotates on a horizontal north-south axis to follow the sun’s
path from morning to evening. PV modules will face east in the morning and west in the afternoon. The maximum tilt
towards east and west with respect to the horizon is 60°.

Two-axis tracking arrays are installed on a structure that rotates PV modules on the north-south and east-west axes,
allowing PV modules to always follow the sun during the day. This type of structure is not widely used due to its high
cost, higher self-consumption and vulnerability to wind loading.
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For an agrivoltaic project in India, tilt angles are recommended for fixed-mounting structures based on the geographical
location of the Agro-climatic zones, as presented in Figure 6 and Table 7 below.

76

Longitude
70°E T4°E 78°E 82°E 86°E 90°E 94°E 98°E
36 °N 36 N
34°N 34°N
32N 2N
30 °N 30 °N
28°N 280N
26 °N 26 °N
o
3
S N 24N
i
22N 22°N India’s Agro-climatic zones
1.  Zonel-Western Himalayan
20 °N 20 °N 2. Zone 2 — Eastern Himalayan
3. Zone 3 — Lower Gangetic Plains
18°N 18°N 4.  Zone 4 — Middle Gangetic Plains
5. Zone 5 — Upper Gangetic Plains
16 °N 16 °N 6.  Zone 6 — Trans-Gangetic Plains
7.  Zone 7 — Eastern Plateau and Hills
14N 14N 8. Zone 8 — Central Plateau and Hills
9.  Zone 9 — Western Plateau and Hills
12°N 12°N 10.  Zone 10 — Southern Plateau and Hills
11. Zone 11 - East Coast Plains and Hills
10°N 10°N 12.  Zone 12 — West Coast Plains and Ghat
13.  Zone 13 — Guijarat Plains and Hills
&N &N 14. Zone 14— Western Dry
70°E T4°E 78°E 82°E 86°E 90°E o°E 98°E 15. Zone 15— The Islands Region
Figure 6: Latitude and Longitude of India’s Agro-climatic zones (Indicative)
Table 7: Recommended tilt angle for fixed mounting structures
Geo-climatic Agro-climatic & . Recommended
. - - Latitude :
regions Geographical regions Tilt angle
Zone 1: Western Himalayan Region: Jammu and | Lat: 27°E to 37°E 20° to 30°
Kashmir, Himachal Pradesh and Uttarakhand Lon: 73°N to 81°N
;Zeil(;llzmalayan Zone 2: Eastern Himalayan Region: Sikkim,
g Darjeeling (West Bengal), Assam Hills, Lat: 22°E to 29°E 20° to 25°
Arunachal Pradesh, Nagaland, Manipur, Lon: 84°N to 98°N
Mizoram, Tripura and Meghalaya
Zone 3: Lower Gangetic Plains: Eastern Bihar, Lat: 22°E to 28°E 200 to 25°
West Bengal, and Assam valley. Lon: 87°N to 95°N
Zone 4: Middle Gangetic Plains: Eastern Uttar Lat: 24°E to 28°E 20° to 25°
- . [o] 0
The Northern Pradesh and Bihar (except Chotanagpur plateau) | Lon: 82°N to 88°N
Plains Zone 5: Upper Gangetic Plains: Central and Lat: 25°E to 30°E 20° to 25°
western parts of Uttar Pradesh. Lon: 73°N to 81°N
Zone 6: Trans-Gangetic Plains: Punjab, . 500 o
Haryana, Delhi, Chandigarh and Ganganagar t22-27875\|t?03822°$\1 20° to 25°
district of Rajasthan '
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Geo-climatic Agro-climatic & . Recommended
. . - Latitude X
regions Geographical regions Tilt angle
gzem\/\f?ﬁ:grp‘“d Zone 14: Western Dry Region: Lat: 25°E to 27°E 20° to 25°
Degert) Western Rajasthan west of the Aravallis Lon: 69°N to 76°N
Zone 7: Eastern Plateau and Hills: Chotanagpur . 100 o
plateau Rajmahal hills, Chhattisgarh plains and Lat..18 E to 25°F 15° to 20°
Lon: 80°N to 88°N
The Central Dandakaranya.
Highlands Zone 8: Central Plateau and Hills: Bundelkhand, 50 o
Bhander plateau, Baghelkhand, Malwa plateau Lat..22 E to 28°F 20° to 25°
. . Lon: 72°N to 83°N
and Vindhyachal hills.
Zone 9: Western Plateau and Hills: Southern 10 o
part of the Malwa plateau and Deccan tgt;'l773‘$\|t?02850°$\l 15°to 20°
The Deccan plateau (Maharashtra) ’
Plateau Zone 10: Southern Plateau and Hills: Southern 1o o
Maharashtra, Karnataka, western Andhra Il:iz-lﬁlfﬁ\]t?ozsozolf\j 10° to 20°
Pradesh and northern Tamil Nadu. '
Zone 11: East Coast Plains and Hills: 0o o
Coromandel and Northern Circar coasts, coasts t?)tri??g)lt\? t§288E°N 10° to 20°
of Andhra Pradesh and Orissa. '
Zone 12: West Coast Plains and Ghat Region: Lat: 8°E to 21°E 10° to 20°
The Coastal Malabar and Konkan coasts and the Sahyadris Lon: 72°N to 77°N
Plains and Islands | Zone 13: Gujarat Plains and Hills: Kathiawar
. . ) Lat: 21°E to 26°E o o
?ilz/(lrgertlle valleys of the Mahi and Sabarmati Lon: 68°N to 74°N 15°to 25
Zone 15: The Islands Region: Andaman-Nicobar | Lat: 10°E to 16°E 10° to 15°
and Lakshadweep Lon: 70°N to 95°N

3.2 Agrivoltaic plant layout and site planning

For ground-mounted PV power plants, the main criteria and design objectives for layout planning and equipment
positioning considered are:
»  Field segments are placed such that there is no variation in orientation and tilt angle;
+  Obstruction-free access to each PV module installed in the field segment;
»  Provision for access to roads for the movement of equipment, goods and personnel;
»  Access roads have adequate turning radius for the free movement of vehicles;

»  Provision for cable trench and drainage system alongside the road;

+  Tablesare placed such that DC string cables do not cross any pathway;

» DCCB and inverter should be placed to ensure minimum crossover of DC cables;

« DCCB and inverter stations are placed such that they are easily accessible during the time of operation and
maintenance and situations of fault;

» Inverters are installed such that the overall DC cable voltage drop is less than 3%;

*  Adequate free areas are kept for the installation of containerised inverter-transformer stations.

In an agrivoltaic setup, the planning of solar and agricultural field segments is equally important.

321

Solar fields are planned for optimum utilisation of available area, minimum cable loss, and strategic operation and
maintenance of the plant. For large utility-scale power plants, the land parcel is divided into several solar field segments
to accommodate 1 MW to 2 MW in each field segment. Table 8 shows the land area required by solar field segments

Planning of solar field segment

for different structure types. The indicative field segment also includes boundary areas and a road on one side.




78

D. Boruah et. al. / SWC 2023 / ISES Conference Proceedings (2023)

Table 8: Land area required by solar field segment for different structure types

S 8 Interrow gap el Field segment area

" | Structure type and table size segment
No. (meter) : (Hectare)

capacity
1 Fixed tilt array with 2 x 10 modules per table 4 1 MW, 1.22
2 Fixed tilt array with 1 x 20 modules per table 4 1 MW, 1.74
3 Single axis tracking with 80 modules per tracker 4 1 MW, 1.75
4 Fixed tilt array vertically installed 2 x 10 modules 76 1 MW, 191
per table

While planning solar field segments, it is essential to consider appropriate interrow gaps to avoid shading. The interrow
spacing required to avoid shadow will be variable based on the latitude of the place. Considering the longest shadow
on 21 December (after 9:30 am and before 3:30 pm), the maximum gap between two rows for different locations has
been determined for different locations as shown in Table 9.

Table 9: Minimum gap requirement between two rows for different locations

Minimum gap between two rows (meter)
Sl. Geo-climatic region Tilt Fixed tiltarray | Fixed tiltarray Single axis Vertically
No. | and specific Location | Angle with 2 x 10 with 1 x 20 tracking with | installed array 2
modules per modules per | 80 modules per x 10 modules
table table tracker per table

Region 1: Srinagar

1 Lat: 34.089 N 30 4.98 2.49 431 4.98
Region 2: Delhi

2 Lat: 28.7°N 25 35 1.75 3.59 414
Region 3: Jaisalmer

3 Lat: 26.9° N 25 3.22 1.62 3.30 3.81
Region 4: Raipur

4 Lat: 21.25° N 20 222 111 281 3.25
Region 5: Ratnagiri

5 Lat 16.99° N 15 1.47 0.73 2.46 2.84
Region 6: Kozhikode

6 Lat 11.26° N 10 0.73 0.36 1.81 2.09

However, the gap between two rows is not only determined to avoid shadow but also to fulfil the requirement of
movement of vehicles/equipment for operation and maintenance and safe access to personnel to carry required tools
and materials. A minimum interrow spacing of 4 m is recommended for fixed-tilt mounting systems for maintenance
requirements. The tracker manufacturers recommend the centre-to-centre spacing of 6.3 m between two rows for the
single-axis tracking systems.

3.2.2 Planning of agricultural field

The following factors must be considered for planning agricultural fields in an agrivoltaic setup.

(1) The maximum typical height of the crops
(2) The minimum daily light integral (DLI) requirement
(3) Typical root penetration/ spread
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(4) Plant life and sowing and harvesting time
(5) Method of sowing and harvesting and tools and equipment used
(6) Method of land preparation and tools and equipment used

These critical plant characteristics for agrivoltaic setup have been discussed in the previous section of this paper.
Different crops are classified based on typical maximum height (Table 1), minimum DLI requirement (Table 2), typical
root penetration (Table 3), plant life and sowing /harvesting time (Table 4) and method of sowing and harvesting
(Table 5 & Table 6).

In an agrivoltaic setup, crops can be cultivated within the solar field segment and in open areas, unused areas and
boundaries. Most agricultural field segments will be planned around the solar field segment. Therefore, it is essential
to understand the availability of sunlight and corresponding DLI in different locations of solar field segments. For
planning agricultural field segments in unused open areas and boundaries, shadow analysis must be carried out to avoid
shadows from the crop on the solar modules.

System Advisor Model (SAM) developed by the National Renewable Energy Laboratory (NREL) was used to perform
simulation modelling for different configurations of agrivoltaic setup across six geo-climatic regions of India to derive
available sunlight and corresponding DLI in solar field segments. Region-wise specific locations and different design
configurations for performance modelling are presented in Table 10 below.

Table 10: System performance modelling with different design configurations for different locations

Number of designs simulated with
structure height (ground clearance) variation
Sl | Geo-climatic region | Tilt o Fixedtiltarray | Single axis | AUElLY
No. | and specific Location | Angle Fixed tilt array with 1 x 20 tracking with installed array
with 2 x 10 2x10
modules per 80 modules
modules per table modules per
table per tracker
table
1 Region 1: Srinagar 30 0.5mto3m 0.5mto3m i 0.5m
Lat: 34.05° N (six designs) (six designs) (one design)
2 Region 2: Delhi o5 0.5mto3m 0.5mto3m 0.85m )
Lat: 28.65° N (six designs) (six designs) (one design)
3 Region 3: Jaisalmer o5 0.5mto3m 0.5mto3m i i
Lat: 26.95° N (six designs) (six designs)
4 Region 4: Raipur 20 0.5mto3m 0.5mto3m ) )
Lat: 21.25° N (six designs) (six designs)
5 Region 5: Ratnagiri 15 0.5mto3m 0.5mto3m i i
Lat: 16.95° N (six designs) (six designs)
6 Region 6: Kozhikode 10 0.5mto3m 0.5mto3m 0.85m 0.50 m
Lat: 11.25° N (six designs) (six designs) (one design) (one design)

The System Advisory Model, by default, divides the space between two successive PV array rows into ten evenly
distributed zones and provides irradiance values at the midpoint of each of these zones as illustrated in Figure 7 below.
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Figure 7: llustration of fixed tilt array with 20 modules per table with 2 modules in portrait
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Figure 8: Illustration of temperature difference under PV arrays

The entire area in the solar field segment cannot be used for agricultural activities. The most critical areas to exclude
from agricultural activities are — both sides of the structure foundation and the ground above cable trenches. Excluding
at least 50 cm on both sides of the foundation/ piles is recommended. Similarly, at least 100 cm exclusion on each side
of all major cable trenches is recommended. The roads and drainages will always be kept from any other activities. It
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is also important to keep a pathway always free on the lower side of the PV array for inspection and maintenance
purposes. These provisions are illustrated in Figure 9 and Figure 10 below.
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Figure 10: Plan view of agricultural field segments and excluded areas in a solar field with fixed tilt array with 2
x 10 modules per table
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Figure 12: Hlustration of single axis tracking system with 80 modules per tracker installed in portrait
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Figure 13: Illustration of a vertical array with 20 modules per table, 2 modules installed in landscape

3.3 Selection of crops based on structure height and available sunlight

The critical characteristics of different crops are presented in the previous section of this paper. In this section, Table
1 presents the typical maximum height, Table 2 presents the minimum DLI requirement, Table 3 presents typical root
penetration, Table 4 shows plant life and sowing /harvesting time and Table 5 & Table 6 presents methods of sowing
and harvesting of different crops cultivated in different geo-climatic regions. Based on these parameters, a selection
index for crops for agrivoltaic projects based on sunlight requirement, growing season & height has been prepared and
presented in Table 11.

Performance modelling has been carried out for six geo-climatic regions considering different design parameters such
as table size, structure height, tilt angle, fixed tilt arrays, single axis tracker and vertically installed PV arrays, as
presented in Table 10. The performance modelling provides the sunlight available within the solar field segments by
dividing the space between two successive PV array rows (including the area underneath the PV array) into ten evenly
distributed zones. The outcome of the performance modelling is solar radiation available in each zone of the solar field
segment hourly for the entire year, total energy generation, specific energy yield and performance ratio of the PV
power plant. The hourly solar radiation values have been converted to the daily average monthly and the same has
been converted into equivalent DLI. This exercise has been carried out for all six geo-climatic regions for different
design configurations. Matrices have been prepared for the selection of crops based on plant height, DLI and
cultivation months for all six geo-climatic regions. The selection matrix for Srinagar (Lat: 34.05°N, Lon: 74.85°E, Tilt
30°) is presented in Figure 14 as an example.
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Zone 10 Open Field

Ground Clearance Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 Zone 8 Zone 9 :

05m| A6 (10) 1 2 4 A6 (8) A9 (20) | Al2 (26) | Al2 (29) | A12 (32) : Al2 (33) 36
:_Eo; 1.0m| B9 (16) B3 (5) 3 4 B6 (8) B9 (18) | B12 (24) | B12 (28) | B12 (30) : B12 (30) 36
g 15m| Ci2 (19) C6 (9 5 4 Cé6 (7) C9 (16) | C12 (21) | C12 (25) | C12 (28) : C12 (28) 36
g 20m| D12 (19) D6 (11) 7 6 D6 (7) D9 (15) | D12 (20) | D12 (24) | D12 (26) : D12 (26) 36
§ 25m| D12 (20) D6 (12) 9 8 D6 (8) D9 (14) | D12 (20) | D12 (23) | D12 (26) : D12 (26) 36
3.0m| E12 (21) E9 (13) 10 9 E6 (9) E9 (14) | E12 (19) | E12 (22) | E12 (24) : E12 (25) 36

Ground Clearance Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 Zone 8 Zone 9 : Zone 10 Open Field
05m| A5 (8 2 3 5 A5 (13) | A1l (34) | All (41) | A1l (43) | All (43) : All (42) 45
g [10m| B8 (14) 3 3 5 B5 (12) | B11 (31) | B11 (39) | B1l (42) | B11 (43) : B11 (41) 45
? 15m| Ci1 (19) C2 (5 4 6 C5 (11) | C11 (28) | C11 (35) | Cl1 (39) | C11 (41) : C11 (38) 45
-g:)lf 20m| D11 (22) D5 (7) 5 6 D5 (10) | D11 (26) | D11 (34) | D11 (37) | D11 (40) : D11 (37) 45
2 25m| D11 (26) D5 (9) 6 7 D5 (10) | D11 (24) | D11 (35) | D11 (38) | D11 (40) : D11 (39) 45
3.0m| E11 (28) E5 (11) 7 7 E5 (10) E11 (22) | E11 (33) | E11 (37) | E11 (39) : E11(38) 45

Ground Clearance Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 Zone 8 Zone 9 : Zone 10 Open Field
- 05m| A7 (13) 1 2 3 Al (4 Al (5 A4 (11) A7 (16) | A10 (21) : A10 (23) 27
; 1.0m| B10 (18) B4 (7) 2 3 Bl (4) B1 (5) B4 (9) B7 (14) B7 (18) : B10 (20) 27
'?IL) 15m| C10 (20) C4 (13) 5 3 Cl ¥ Cl (5 C4 (7) C7 (12) C7 (15) : C10 (23) 27
% 20m| D7 (16) D7 (15) 10 5 D1 (4 D1 (4 D1 (6) D4 (10) D7 (13) ; D7 (14) 27
‘z’i;_ 25m| D7 (16) D7 (15) 12 9 D1 (5) D1 (5 D1 (5 D4 (8) D4 (11) : D4 (12) 27
° 3.0m| E7 (14) E7 (14) 12 11 E4 (8) El (5 El (5 E1 (7) E4 (10) : E4 (12) 27

Excluded zones for Excluded zones for PV

structure safety plant maintenance access

Figure 14: Matrix for selection of crops based on plant height, DLI and cultivation months for Srinagar
considering fixed tilt array with 2 x 10 modules per table

How to read this Matrix?

Refer to Table 11: Crop selection index based on sunlight requirement, growing season & height. In this table, a crop
can be selected using a two-character index. The first character of the index is represented by an English capital letter
A, B, C, D, E and F. The second character of the index is represented by a number 1, 2, 3,4, 5,6, 7, 8,9, 10, 11 and
12. The first index (capital letter) represents the typical maximum height of different crops, i.e. A (less than 50 cm),
B (less than 100 cm), C (less than 150 cm), D (less than 200 cm), E (less than 300 cm) and F (more than 300 cm).
These are placed in six columns on the right side of the table. The second index (number) represents the typical sunlight
(DLI) requirement for the crop and cultivation months. For example, 1, 2, and 3 represent low-light crops that require
daily light integral (DLI) of 3 to 6 mol/m#/day or equivalent solar radiation of 0.41 to 0.83 kWh/m?/day. Number 1
represents crops cultivated during September- February, number 2 represents crops cultivated during March-August,
and number 3 represents crops cultivated during all months (perennial).

Now follow Figure 14, where cells are filled with a two-character index and a number within a bracket or with only a
number without a two-character index. The number within a bracket or without an index is the DLI value derived from
the solar radiation available in a particular zone, at a specified height (ground clearance) of the structure during
specified months or yearly. For example, the first cell on the top left is A6 (10), which refers to the Sugar beat in Table
11. This means sugar beet is a medium-light perennial crop with a typical maximum height of less than 50 cm, which
can be cultivated in Zone 1 and Zone 5 under a PV array structure having minimum ground clearance of 50 cm.
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Typical maximum height of crops

|
- . - N
Typical sunlight Cultivation | 5| [essthan Less than Less than Less than Les:
requirement months E | 50cm 100 cm 150 cm 200 cm 300
XA B C D E
) Centella asiatica
Low light crops September - 1 (Brahmi Booti/
February Mandukaparni)
Daily light integral (herb)
(DLIy: Himal
3106 (mol/m?day) March - 2 MLTﬁrgz?: ArTowroot
August (Gucchi) ( herb) (herb)
Solar Radiation:
0.41t0 20-83 All months 3
kWh/m?/day (perennial) Coff
Mustard (herb)
September - 4 Carrot (herb) Parsley (herb) So
Medium-light crops February Cauliflower (herb) ggg\;slzeg] éf;g;b) Peas (shrub) (
Daily light integral
(DLI):
6to 12 (mol/m3/day)
Mung bean (herb)
Solar Radiation: March - ; Grsgpsiramé:‘g)rb) Cotton (herb) ﬁak:
0.83t0 1.66 August y Vetiver (herb) g
kWh/m?/day Cow Pea (herb) 1
Sarpagandha (shrub)
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Typical maximum height of crops

|
Typical sunlight g Less than Less than Less than Less than Les:
requirement months E | 50cm 100 cm 150 cm 200 cm 300
X 1A B C D E
Black Pepper
(climber) A
Ginger (herb) Asparagus Betel Leaves '
Tea (shrub) (herb) (climber) S
Aloe vera (herb) Soybean (herb) Sunamukhi '
All months Guinea Grass Turmeric (shrub) T
ial) 6 | Sugar beet (herb) Patchouli (shrub) (herb) Cardamom '
(perennia Kariyatu Ashwagandha (shrub) Ash
(Andrographis (herbs) Citronella S
paniculata) (herb) Jethimadh (grass) Je(I
Poppy (herb) (shrub) Cotton (herb)
Fennel (herb) (
Vetiver (grass)
Onion (herb)
Rye (herb)
September - g Sﬁ';gcérg?g r(bh)erb) Coriander (herb) Tobacco Snake Gourd
February 7 lettuce (herb) Fenugr_eek (herb) (shrub) (climber)
High light crops Spinach (herb) Garlic (herb) Wheat (herb) Bitter gourd
Potato (shrub) (climber)
Daily light integral Mint (herb)
(DLI):
12to 18 (mOl/mZ/day) Sesame (herb)
. Snake Gourd
Solar Radiation: (é?]'_f_n r(1hetr)b) (climber) oe
1.66 to 2.48 E III( er: )b Bitter gourd &
KWh/m?/day ) lettuce (herb) ggplant ( o )b (climber) (
March - August| 8 Spinach (herb) SteV|e_1 Leaves (herb) Indian Bean (
Coriander (herb) limber) Gua
Garlic (herb) A(Ch' ) (
Rye (herb) Sh gour
(creeper/

climber)
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Typical maximum height of crops

|
Typical sunlight Cultivation g Less than Less than Less than Less than Les:
requirement months E | 50cm 100 cm 150 cm 200 cm 300
X 1A B C D E
Stevia Leaves (herb)
Chicory (herb)
Oats (herb)
Chick Pea (herb) Rasp Berry
Berseem Clover (shrub)
Sankhpuspi (herb) M h(ghrub)h b Elephant foot Secr;_na (Sﬁrus)
All months Groundnut (herb) othbean (herb) yam (Herb) Indigo (herb) Sul
. 9 Cluster Bean (herb) ’ Senna (shrub)
(perennial) Isabgol (herb) = K (herb Linseed (Herb) Lond bean (
Cumin (herb) enugreek (herb) | oot (Herb) | 50N Pea
Marigold (herb) (climber)
Mint Leaves (herb) French Bean
Chili (herb) (climber)
Chicory (herb)
Brinjal (herb)
Capsicum (herb)
Pumpkin (creeper) Maize (herb)
S September - 10 Watermelon Poppy (herb) Bottle Gourd
Very high light crops February (creeper) (climber)
Daily light integral
(DLI): Maize (herb)
More than 18 Pumpkin (creeper) Blonde
(mol/m?/day) March - 1 Watermelon Paddy Rice cucumber
August (creeper) (herb) (climber)
Solar Radiation: Zucchini (creeper) Bottle Gourd
More than 2.48 (climber)
kWh/m?/day
AIImon_ths 12 Geranium (herb)
(perennial)
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4 Performance evaluation and cost impact

Specific yield and performance ratios (PR) have been derived for different design variations for all six sites using the
System Advisor Model (SAM) using solar radiation data from the NREL National Solar Radiation Database. Values
of specific yield and PR for all design variations are presented in Table 12. It is noted that the specific yield and
performance ratio for fixed tilt arrays with two different table sizes and six different structure heights is the same for
a single location. The performance ratio in a specific location is the same for all designs and varies for other locations
due to variations of loss in the system due to temperature. Using a single-axis tracking system enhances energy
generation by 10% in New Delhi with a capacity utilisation factor (CUF) of 19.95% and 19% in Kozhikode with a
CUF of 22.89% compared to fixed tilt arrays. This indicates that using a single-axis tracking system is more beneficial
for the locations near the equator. On the other hand, the energy generation of vertically installed bi-facial solar arrays
was reduced by 21% in Srinagar (CUF 15.15%) and 40% in Kozhikode (CUF 11.44%). This indicates that vertically
installed bi-facial modules perform better in locations away from the equator than near the equator.

The design variations used for the performance evaluation are:

Design 1 — Fixed tilt with a table for 20 modules with two modules installed in portrait (Figure 7)

Design 2 — Fixed tilt with a table for 20 modules with 1 module installed in portrait (Figure 11)

Design 3 — Single-axis tracker with a tracker table with 80 modules installed in portrait (Figure 12)

Design 4 — Vertical bifacial with a table for 20 modules with two modules installed in landscape (Figure 13)

Table 12: Specific yield and performance ratio of different designs at different locations in India

Geo-climatic region Table | Row Tilt Specific Yield | Annual PSH PR CUE
and design variation size spacing | Angle | (KWh/kWply) (KWh/m?/y)

Region 1: Srinagar 2x10| 5m | 30° 1680 2024 83% | 19.18%
Design - 1 (Fixed array)

Region 1: Srinagar 1x20 | 4m | 30° 1680 2024 83% | 19.18%
Design - 2 (Fixed array)

Region 1: Srinagar o o 0
Design - 4 (Vertical) 2x10 7.6m 90 1327 1598 83% 15.15%
Region 2: Delhi 2x10 | 4m | 25° 1589 2037 78% | 18.14%
Design - 1 (Fixed array)

Region 2: Delhi o 0 0
Design - 2 (Fixed array) 1x20 4m 25 1589 2037 78% 18.14%
Region 2: Delhi o o 0
Design - 3 (Tracking) 1x80 4m 0 1748 2241 78% 19.95%
Region 3: Jaisalmer 2x10 | 4m | 25° 1781 2283 78% | 20.33%
Design - 1 (Fixed array)

Region 3: Jaisalmer 1x20 | 4m | 25° 1781 2283 78% | 20.33%
Design — 2 (Fixed array)

Region 4: Raipur 2x10 | 4m | 20° 1682 1998 84% | 19.20%
Design — 1 (Fixed array)

Region 4: Raipur 1x20 | 4m | 20° 1682 1998 84% | 19.20%
Design — 2 (Fixed array)




D. Boruah et. al. / SWC 2023 / ISES Conference Proceedings (2023)

Geo-climatic region Table | Row Tilt Specific Yield | Annual PSH CUE
and design variation size spacing | Angle | (KWh/kWply) (KWh/m?/y)

Region 5: Ratnagiri 2x10 | 4m | 15° 1681 2033 83% | 19.19%
Design - 1 (Fixed array)

Region 5: Ratnagiri 1x20 | 4m | 15° 1681 2033 83% | 19.19%
Design - 2 (Fixed array)

Region 6: Kozhikode 2x10 | 4m | 10° 1682 2063 82% | 19.20%
Design - 1 (Fixed array)

Region 6: Kozhikode o o 0
Design - 2 (Fixed array) 1x20 4m 10 1682 2063 82% 19.20%
Region 6: Kozhikode 1x80 | 4m | 0° 2005 2445 82% | 22.89%
Design - 3 (Tracking)

Region 6: Kozhikode 2x10 | 7.6m | 90° 1002 1222 8296 | 11.44%
Design - 4 (Vertical)

4.1 Theimpact on cost parameters in agrivoltaic projects

The project design approach, selection of equipment site parameters and geographic locations highly influence the cost
of developing solar projects. Therefore, the cost of developing solar projects may vary from site to site. Similarly, the
cost of developing greenfield agrivoltaic projects is also determined by design approach, selection of equipment site
parameters and geographic locations. The level of impact on cost parameters compared to conventional PV projects is

presented in Table 13.

Table 13: The level of impact on cost parameters in comparison to conventional PV projects

Estimated cost in comparison to conventional PV projects
ol Cost parameters Brownfield Level of Greenfield .
No. A h " A : Level of impact
agrivoltaic impact on agrivoltaic
- : on cost
projects cost projects

1 | Land None None None/High None/Low

2 | PV Modules None None None None

3 | Inverters and inverter housing None None None None

4 | DCside electrical None None None/High None/Moderate

5 AC system, substation and grid None None None None
integration

6 PV array mounting structure & None None High Moderate
foundation
Site development and civil

7 infrastructure None None None None

8 System protection (over current & None None None None/Low
overvoltage)

9 gystem safety from mechanical Upgradation Low High Low

amage
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Estimated cost in comparison to conventional PV projects

Sl. : :

No. Cost parameters Broyvnfle_ld _Level of Grgenflel_d Level of impact
agrivoltaic impact on agrivoltaic on cost
projects cost projects

10 I_Drotec.non for personnel sa_fety Upgradation Low High Low
including signages & markings

11 | Installation cost None None None None

12 | Operation and maintenance None None High Moderate

5 Conclusion

Agrivoltaics is not a 'one-size-fits-all' solution. With its potential to synergise renewable energy production and
agriculture, it calls for careful customisation, considering regional specifics such as geographical locations, climatic
and soil conditions, and agricultural practices. This study explores the prospective implementation of agrivoltaics
across India's diverse geo-climatic zones, offering valuable insights and technical guidelines. It emphasises the viability
of dual land use and integrating energy generation with agricultural production. A detailed analysis of crop suitability,
PV array configurations, and region-specific solar irradiance data sheds light on the critical design parameters for
optimising agrivoltaic systems.

The design and operation of agrivoltaic systems should factor in crop characteristics such as height, sunlight
requirements, root penetration, and growth cycle. These characteristics have been systematically documented in this
study. Advanced simulation tools like the ‘System Advisory Model” demonstrate the interaction between diverse PV
designs and the resultant solar irradiance across various regions. These insights facilitate optimal crop selection, paving
the path towards achieving the maximum land equivalent ratio.

Performance ratios and specific yields, influenced by PV array configurations and geographical location, have revealed
remarkable trends. For instance, in New Delhi and Kozhikode, single-axis tracking systems enhanced energy
generation by 10% and 19%, respectively, compared to fixed tilt arrays, indicating a preference for locations closer to
the equator. Conversely, energy generation diminished by 21% in Srinagar and 40% in Kozhikode with vertically
installed bi-facial solar arrays, suggesting better performance in locations further from the equator.

The cost of developing agrivoltaic projects, akin to conventional solar projects, is contingent on several factors,
including project design approach, equipment selection, site parameters, and geographic location. As a result, costs
tend to vary from one site to another. While compared to conventional PV plant set-up, there will be a low to moderate
increase in cost for agrivoltaic setup based on the design approach. The principal factors that influence agrivoltaic
project cost are optimum uses of land for both purposes, PV array mounting structure design for specific crops, DC
cables, additional protection required for the safety of personnel and system/equipment and enhanced operation and
maintenance activities of PV plant.

In this paper, the methodology employed a two-step process to assess the feasibility of agrivoltaics. Initially, solar
irradiation data was simulated under and behind the PV arrays. Subsequently, a thorough evaluation of suitable crops
was conducted, considering the global trend of most agrivoltaic plants being extensions of pre-existing PV
installations. As an alternative approach, a predetermined list of crops would be prepared, and the PV system could
then be designed to optimise available space without compromising agricultural yield. This approach is preferable
when cultivated crops hold substantial commercial value and farming is the primary income source. In such cases, the
focus is balancing conserving agricultural productivity and enhancing land-use efficiency through PV generation.
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Integrating agrivoltaics into India's renewable energy strategy holds significant promise for yielding substantial
benefits. This study lays a strong foundation for such a transition, presenting a roadmap for the smooth integration of
agricultural productivity and renewable energy generation. The study's outcomes are expected to provide valuable
insights and guidelines for developing agrivoltaic projects in India, enriching understanding of the technical design
aspects. However, the key to success lies in adopting a region-specific approach and cultivating a continuous learning
and adaptation culture. Further research is required on implementing different design approaches and their impact on
PV system performance and agriculture production.
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Abstract

This paper analyzes the significance of solar cells interconnection in a module to improve the module shading
tolerance. Different PV module configurations are considered in this paper — series, series-parallel and total cross
tied. Corresponding PSpice models are developed to simulate the power loss for different module configurations.
Simulations are performed for various shading patterns to understand the effect of cells interconnection scheme
leading to higher power loss. Shading tolerance with respect to power loss, maximum reverse voltage drop and peak
power dissipation in a shaded cell is analyzed and was observed that series configuration is more prone to power
losses compared to series-parallel and total cross tied configuration.

Keywords: Partial shading, PV module configuration, solar cell, solar module, series connection, series parallel
connection, total cross tied connection

1. Introduction

The demand for electricity has enhanced over the years depleting the resources and also causing harmful effects to
the environment due to the release of greenhouse gasses. Among the available resources, solar has been one of the
reliable solutions as it is available in abundance and is a natural resource. Wherever sunlight is available, solar panels
can be deployed and the electricity can be extracted. This allowed the government to launch schemes leading to
massive deployment of PV modules globally including urban environments. However, PV modules installed in urban
environments are often subjected to non-uniform irradiation due to partial shading caused by birds, trees, buildings
etc. Under non-uniform irradiation conditions, the performance of a PV module is significantly affected as the current
generated by the solar cells is proportional to the incident irradiation. In the conventional modules, due to the series
configuration, the module current gets limited by the cell that generates the least current. In the presence of bypass
diodes, the mismatch in the current generation by different cells would lead to multiple peaks in the power curve.
Though maximum power point tracking techniques try to maintain the module at peak power point, there is still some
loss incurred due to the module configuration. Also, during partial shading, the cells receiving lower irradiation
would develop hotspots and start degrading in the long term. Therefore, partial shading not only affects the PV
module performance but also the reliability of the module. This implies that there is a need for mitigating the negative
effects of the partial shading by deploying modules that possess high shading tolerance. This is important as it is very
difficult to avoid shading in urban environments.

Several researchers are working on developing shade tolerant modules by modifying interconnection between the
cells and bypass diodes in the modules. Numerous module topologies are listed in the literature like series-parallel,
total cross tied etc. This might necessitate the complexity in the manufacturing process. However, the unavoidable
shading from the structures in the surrounding, has a huge negative impact on the solar module peak power output.
To understand the need for different configurations (Pannebakker et al., 2017) (Calcabrini et al., 2021), we aim to
show the different configurations' shading tolerance with PSpice simulation results.

In this paper, the PSpice models are developed for the three configurations, then the simulations are performed for
different shading scenarios. The power loss, reverse voltage and the power dissipation has been considered and
compared for different shading layouts to analyze the significance of module configuration and its role in enhancing
the module performance.

2. Solar Module Configurations

The interconnection of the cells in the module has a huge potential impact in degrading or improving the module
performance. Based on the different interconnection layouts, three different configurations are considered — series
connection (SC), series-parallel connection (SP) and total cross tied connection (TCT). The interconnection of the
cells in all the three configurations is shown in fig.1. In series connection topology, all the 72 full size cells(6°x6”)
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are connected in series with three bypass diodes each across 24 cells as illustrated in fig.1(a). The series-parallel
configuration has 144 half cut cells with two groups of 72 half cut cells. Each group has 72 half cut cells connected
in series and the two groups are connected in parallel with three bypass diodes as shown in fig.1(b). Half cut cells
are considered for SP configuration instead of full-size cells as the current would be doubled due to parallel
connection of the two groups. Higher currents might be difficult to handle and would also lead to power loss near
the connections. Therefore, half cut cells are preferred over full size cells in SP configuration. The other configuration
is the total cross tied connection where all neighboring cell junctions are tied as shown in fig.1(c).

(@) (&) «

Fig. 1: Solar module topologies (a) series connection (SC) (b) series-parallel connection (SP) (c) total cross tied connection (TCT)

3. Partial Shading Patterns

The partial shading in the urban environment can be of different types. Four shading patterns are considered in this
paper- only one cell is shaded, two cells are shaded, a row of cells are shaded, a column of cells are shaded as shown
in Fig.2. In this figure, all the shading patterns for the considered topologies are illustrated. Fig.2(a) depicts the
situation when only one cell is shaded. For better comparison among the different configurations, two half cut cells
are shaded whenever one cell is shaded. In order to analyze the effect of partial shading, when two cells from different
sub-strings are shaded, a second shading pattern is considered as shown in Fig.2(b). In this situation, two bypass
diodes would be activated in SC and SP configuration. TCT has no bypass diodes. In the presence of building
structures or poles, there could be a long horizontal or vertical shading. This is examined by considering row of cells,
column of cells as shaded as can be seen in fig.2(c) and fig.2(d). Simulations are performed for all these shading
patterns in PSpice to observe the power loss for dif