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Abstract: Harnessing energy from the sunlight using solar photovoltaic trees (SPVTs) has become
popular at present as they reduce land footprint and offer numerous complimentary services that
offset infrastructure. The SPVT’s complimentary services are noticeable in many ways, e.g., electric
vehicle charging stations, landscaping, passenger shelters, onsite energy generated security poles, etc.
Although the SPVT offers numerous benefits and services, its deployment is relatively slower due to
the challenges it suffers. The most difficult challenges include the structure design, the photovoltaic
(PV) cell technology selection for a leaf, and uncertainty in performance due to weather parameter
variations. This paper aims to provide the most practical solution supported by the performance
prioritization approach (PPA) framework for a typical multilayered SPVT. The proposed PPA
framework considers the energy and sustainability indicators and helps in reporting the performance
of a multilayered SPVT, with the aim of selecting an efficient PV leaf design. A three-layered SPVT (3-L
SPVT) is simulated; moreover, the degradation-influenced lifetime energy performance and carbon
dioxide (CO,) emissions were evaluated for three different PV-cell technologies, namely crystalline
silicon (c-Si), copper indium gallium selenide (CIGS), and cadmium telluride (CdTe). While evaluating
the performance of the 3-L SPVT, the power conversion efficiency, thermal regulation, degradation
rate, and lifecycle carbon emissions were considered. The results of the 3-L SPVT were analyzed
thoroughly, and it was found that in the early years, the c-Si PV leaves give better energy yields.
However, when degradation and other influencing weather parameters were considered over its
lifetime, the SPVT with c-Si leaves showed a lowered energy yield. Overall, the lifetime energy and
CO; emission results indicate that the CdTe PV leaf outperforms due to its lower degradation rate
compared to c-Si and CIGS. On the other side, the benefits associated with CdTe cells, such as flexible
and ultrathin glass structure as well as low-cost manufacturing, make them the best acceptable PV leaf
for SPVT design. Through this investigation, we present the selection of suitable solar cell technology
for a PV leaf.

Keywords: solar energy materials; crystalline solar cells; thin films solar cells; applications of solar
cells; photovoltaic leaf; solar tree; degradation rate; solar tree performance; optimal mounting of
PV leaf
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1. Introduction

Photovoltaic (PV) systems allow consumers to generate useful electricity sustainably from incident
sunlight using the PV devices at the load centers themselves. In addition, PV also offers numerous
other benefits that typically fall under Sustainable Development Goal 7 (SDG?7) of the United Nations
Development Programme (UNDP), i.e., “ensuring affordable, reliable, sustainable, and modern energy
for all” [1]. These benefits within the context of SDG7 were validated in [2]. Overall, in the modern
power sector, PV use has gained much popularity; currently, it is one of the pioneers in renewable power
generation. Day by day, PV and its associated technologies are becoming more mature. Coming to PV
alone, the seen advances mainly lie in installation, mounting configuration, portable PV device design,
on-board energy generation, and many small, medium, and large-scale energy consuming centers [3].

Traditionally, we could see mostly open-mount photovoltaics (OMPV) and roof-mount
photovoltaics (RMPV) power plants, and these are typically classified under two groups: off-grid
and on-grid [4]. The OMPV and RMPV plants are otherwise called an open rack, and rooftop or roof
attached [4]. At present, we could see different types of PV technology-based power generation plants,
and they are visually represented in Figure 1.

FSPV SPV UobSPV Wavevoltaics or Wavoltaics 7 PIPV

Figure 1. Visual representation of different types of solar photovoltaic plants based on
the installation and mounting area. SPVT = solar photovoltaic tree; OMPV = open-mount
photovoltaics; RMPV = roof-mount photovoltaics; BAPV = building attached photovoltaics;
CMSPV = canopy-mounted solar photovoltaics; RIPV = roof-integrated photovoltaics;
FIPV = fagade-integrated photovoltaics; BIPV = building-integrated photovoltaics; VAPV = vehicle
attached photovoltaics; VIPV = vehicle-integrated photovoltaics; RoOAPV = road-attached photovoltaics;
RoIPV = road-integrated photovoltaics; LoMPV = locomotive-mount photovoltaics; RaTIPV = rail
track integrated photovoltaics; FPV = floating photovoltaics or floatovoltaics; FSPV = floating solar
photovoltaics; SPV = submerged photovoltaics; UobSPV = underwater on-board solar photovoltaics;
PMPV = pole mounted-photovoltaics; PIPV = pole-integrated photovoltaics.
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The recent advances in PV installations include roof-integrated photovoltaics (RIPV) [5],
facade-integrated photovoltaics (FIPV) [6], building-integrated photovoltaics (BIPV) [7,8], building
attached photovoltaics (BAPV) [8], canopy-mount solar photovoltaics (CMSPV) [9], vehicle-integrated
photovoltaics (VIPV) [10]; road- and rail-integrated photovoltaics (RRIPV) [11,12], pole-mounted
photovoltaics (PMPV) [13], floating solar photovoltaics (FSPV) or floatovoltaics (FPV) [14], underwater
on-board solar photovoltaics (UobSPV) or submerged photovoltaics (SPV) [15], wavevoltaics [16],
and solar photovoltaic tree (SPVT) [17].

The above-listed PV plants are briefly described in Table 1, which also presents considerations of
the preferred solar cell technologies, the medium of installation (e.g., land, water, and X-integrated),
and land footprints. Here, X-integrated refers to integrating solar PV cells onto the peripherals of the
buildings, fagades, canopies, vehicles, road, rail tracks, poles, etc. Among all the discussed PV plant
types in Table 1, only a few are commercialized and used for power generation, and few others are still
in the research stage. OMPV and SPVTs are installed on the land surface, and they are accountable for
the land footprint [3,4,18,19]. Apart from these two, few other PV plants are generally installed on
the water bodies (e.g., FPV, SPV, UobSPV, etc.) and peripherals of different infrastructures (e.g., BIPV,
PMPV, etc.) such as buildings, poles, roads, and rail tracks [5-23]. Most of these do not cause any direct
land footprint; however, a few of them have an apparent indirect land footprint, which is acceptable
as they provide other benefits based on the inherent nature of the infrastructure (e.g., buildings are
necessary for shelter; poles are required for electrical and communication cabling; street lighting,
roads, and rail tracks allow for transportation). Upon comparing the land footprint of all the listed
PV plant types, the SPVT requires a very minimum land surface (which is negligible compared to
others) and offers many complimentary services [17,18]. The provided services are noticeable in many
ways, e.g., electric vehicle charging stations, landscaping, passenger shelters, onsite energy generation
for powering the public lighting, and these have a variety of usages, such as equipping surveillance
cameras, etc. Overall, it is understood that the offered services by SPVTs help to offset infrastructure
and its material needs. Even though a SPVT provides many benefits, its deployment in the modern
energy sector is relatively slower due to the challenges it suffers. To understand the challenges faced
by SPVTs, a literature review is carried out in this paper.

The current research on SPVTs focuses on the design aspects, energy performance, and influence
of weather parameters on the performance. The design of a SPVT is mostly bio-inspired, and the
SPVT is primarily used as an attraction in urban landscaping. Hence, the design is made more of a
decorative tree where the solar PV cells are arranged as leaves to an edifice. This has resulted in layered
structures, depending on the possibility and applicability of the number of layers [17-19]. Hyder et al.
(2018) presented a study comparing the different layer designs of SPVTs, and they observed that as
the layers increase, the output power generated by the SPVT increases [19]. This is because of the
installed PV leaves on the edifice. Considering these layered structures, at present, SPVTs are available
in many designs. These designs include a spiraling phyllotaxy, a Fibonacci pattern, a single trunk with
branches, a 3-axis symmetric design, panels on a natural tree, a solar palm tree, and a hemispherical
semi-dome design [24-29]. After the layer structure and design, the PV leaf arrangement in the SPVT
is essential, and in almost every SPVT, the PV leaf arrangement also varies. In [19], six SPVT designs
were simulated, and the results show that SPVT designs, on average, produce 41% higher energy
yields than the conventional PV system. In [28], an SPVT in a solar palm tree design with 12 leaf-shape
organic PV cells was assembled; the outdoor performance in dual-mode operation is demonstrated,
and the results show that SPVTs are feasible. Overall, the literature states that SPVTs are better in terms
of energy efficiency [18,19,24-28].
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Table 1. Comparing different types of solar photovoltaic plant types based on the installation considering recent advances.

4 of 26

Most Preferred Solar

Photovoltaic Plant Type Installation Medium Brief Description Cell Technology Land Footprint Reference
. Land surface and the Photovoltaics modules are mounted as leaves on tree-like ~ Crystalline silicon and Very minimum land
Solar photovoltaic tree L 2 . [18,19]
existing poles or towers  structures thin-film solar cells footprint
Photovoltaics modules are installed on iron mounting Very high land footprint
Open mount Land surface structures that are laid on the ground surface with . and depends on the plant  [3]
Mono and polycrystalline .
concrete support silicon capacity
Roof mount In roof-mount, building-attached, and canopy-mount [3,4]
Buildi hed solar PV, the photovoltaic modules are attached to the 3
uilding attache building’s outer peripherals using a rail-less or railed (8]
Canopy-mount solar support structure (e.g., windows, roofs, fagades, etc.) [9]
) Building outer In roof-integrated, fagade-integrated, and L
Roof integrated peripherals building-integrated PV, the photovoltaic modules are Crystalline 51.11'c0n, ] (5]
_ integrated into the outer building peripherals by amor Phous silicon, thin
Fagade integrated replacing the building structures, such as windows, roofs, glmfbilke ?dTe,ﬁ?IGS, and (6]
Building integrated facades, etc. exible solar cells [20]
Vehicle integrated or Vehicle outer Photovoltaics modules are installed or integrated into No direct lapd f.OOtPrmt
- - ; . but there exists indirect [10]
vehicle mount peripherals vehicle structures such as window glass, sunroof, etc. .
land footprint
Road and rail integrated Qrfl-rotaad atnd rail track {’holt(ovoltglci ;no?h;les tare integrated into the road, rail Crystalline silicon, [11]
infrastructure racks, and other infrastructure amorphous silicon,
Pole mounted and Outer peripherals of the  Photovoltaics modules are attached or integrated to the ~ thin-film, and flexible [12]
integrated street poles poles, e.g., streetlights solar cells
Floating solar or Surface of the water Photovoltaics modules are mounted onto the floating
. Dual glass solar cells [21]
Floatovoltaics body structures.
irf;:lrerwater on-board Underwater at varying ~ Photovoltaics modules are mounted or integrated onto the ~ Crystalline silicon, [22]
depths of water robot structures or underwater infrastructure peripherals  thin-film, and flexible
Submerged solar cells [14]
Surface of the wave . s
. . Photovoltaics modules are mounted onto the wave energy ~ Thin-film and other
Wavevoltaics energy device or any [23]

floating buoy

devices like a buoy

flexible solar cells
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However, most literature claims have not considered the critical factors that affect PV cell
performance in the long run, such as orientation and tilt, the difference in height for each layer in SPVT
design, wind and temperature effects, degradation rate, and cell technology. In this article, a brief
study is presented to act as the best approach in selecting the best performing PV leaf for an SPVT
design by considering the above-said vital factors.

Overall, it is clear that the most difficult challenges with SPVTs lie with the structure design,
the solar cell technology selection for a leaf, and energy performance. Moreover, academics, researchers,
and the industry workforce are working together to address these challenges to facilitate the deployment
of SPVTs into sectors such as energy, built environments, and others wherever it is applicable. Therefore,
this paper aims to provide the most practical solution for a typical multilayered SPVT, and the following
objectives are undertaken in this study:

e A framework with a performance prioritization approach (PPA) is proposed to report the
performance of a multilayered SPVT intending to select an efficient PV leaf design.

e A three-layered SPVT (3-L SPVT) that has nine leaves—where the upper layer has only one solar
PV leaf, the middle and bottom layers have four solar PV leaves each—is simulated, and lifetime
energy performance is evaluated for three different PV cell technologies, namely crystalline silicon
(c-Si), copper indium gallium selenide (CIGS), and cadmium telluride (CdTe). While evaluating
the 3-L SPVT’s performance, power conversion efficiency, thermal regulation, and degradation
rate are considered.

e  Ananalysis of the investigated results is carried out, and at the same time the best performing solar
PV leaf for a three-layered SPVT is identified among the c-5Si, CIGS, and CdTe PV technologies.

This paper is structured into six sections. In Section 2, a brief description of the proposed 3-L SPVT
is given. Section 3 provides the performance modeling. Section 4 describes the proposed framework,
i.e., the performance prioritization approach. Performance results of the 3-L SPVT with different solar
cell type PV leaves and the related discussion are provided in Section 5. The conclusions are drawn
and presented in Section 6.

2. Description of the Proposed Three-Layered Solar Photovoltaic Tree

This section provides a brief description of the design of the proposed SPVT. The layered structure
of the SPVT was modelled with a provision for mounting different solar cells as PV leaves at fixed tilt
angles and was designed using SolidWorks (which is a computer-aided design and computer-aided
engineering computer program) modeling.

In the SPVT, the primary components include an edifice (generally called a central tower whose
shapes can be varied, but in this study it is of a circular pole), branches, PV leaf holders for each branch,
and the PV leaves. In the proposed SPVT, a total of 9 branches are considered and arranged in 3 layers.

The principal purpose of using a layered structure is to capture the incoming sunlight from the
sun in various directions. The PV modules are well suited for converting the received beam of solar
radiation from all directions into useful energy in such designs. Further, by having adjustments in the
PV-leaf tilt and azimuthal angles, the energy outputs can be optimized. Overall, the PV leaves in the
layered structure allows the SPVT to follow the respective installed site’s sun path. Hence, at first,
all the components of the SPVT are designed separately and later assembled to form the SPVT using
the assembly function in SolidWorks. In Figure 2, the details about the SPVT are shown. The designed
3-L SPVT is shown in Figure 2a. It can be seen that the SPVT structure contains a long edifice, which is
generally referred to as the trunk for SPVT. The trunk is arranged with 3 layers, where the bottom (5 m
above the ground) and the middle layer (7 m above the ground) have 4 strips commonly known as
branches, each branch elevating to one of the eight directions (i.e., north, northeast, east, southeast,
south, southwest, west, northwest). The upper layer (9 m above the ground) has only one branch
facing the open sky. Overall, the designed 3-L SPVT has 9 branches, and each branch holds a PV leaf at
a fixed tilt angle as depicted in Table 2.
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a)

Figure 2. The schematic structure of the solar photovoltaics tree (SPVT): (a) Three-layered SPVT;
(b) SPVT showing the PV leaf arrangement; (c) ¢-Si PV cells; (d) CIGS PV cells; (e) CdTe PV cells.

The arrangement of the PV leaf on each branch of the SPVT, along with its direction, is shown in
Figure 2b. A PV leaf is arranged on each branch of the SPVT, as the physical constraints related to
shadowing were also considered. Here, the PV branches are placed to avoid such shadowing, and hence
in each layer, a 2 m height difference is considered; the PV leaves are mounted in different orientations,
having exactly a 45° angle apart in a way that no panel is oriented to same direction, irrespective of the
layer. Finally, these branches are exposed to the sunlight and ultimately generate electricity.

Table 2. Installation configuration of photovoltaic leaves in the three-layered solar photovoltaic tree.

Solar Tree PV Leaf Layer Numb.er of PV PV Leaf  Orientation  Tilt Angle (°)
Leaves in a Layer
Upper layer 1 PV,10s Open sky 0
PV,NE Northeast
Middle layer 4 PV,.ise Southeast 25 4358
Three-layer PV,.sw Southwest
design PV,..nw Northwest
PVyN North
Bottom layer 4 PVyg East 25.4358
PVyg South
PVyw West

Note: PV = photovoltaics; ul = upper layer; ml = middle layer; bl = bottom layer; ® = degree sign; OS = open sky;
NE = northeast; SE = southeast; SW = southwest; NW = northwest; N = north; E = east; S = south; W = west.

However, the generated electricity potentials would vary upon the chosen solar cell technology;
in addition, the exposed weather conditions would have an impact on the overall performance.
To understand the variation in electricity potentials for the chosen solar cell technologies used as the
PV leaf for the SPVT, this study investigates the energy performance and lifecycle-based emissions.
The solar cell technologies considered for the PV leaf are shown in Figure 2c—e, and these include the
crystalline silicon (c-5i), copper indium gallium selenide (CIGS), and cadmium telluride (CdTe).
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The installation configuration of the PV leaves in each layer and the number of PV leaves used in
each layer, along with the mounted tilt angle, is shown in Table 2. Here, the chosen tilt angle is as per
the studied location.

3. Solar Photovoltaic Tree Performance Modelling

In this section, the proposed SPVT performance modeling based on the energy and sustainability
indicators is discussed. The detailed modeling of the weather-parameter-influenced energy outputs
and the lifecycle-based emissions for the three solar cell technologies used in the 3-L. SPVT are presented
in Sections 3.1 and 3.2, respectively.

3.1. Modeling of the Solar Photovoltaics Tree Energy Output

The energy output of an SPVT usually depends on the numerous components used in the energy
conversion process. For example, the use of the inverter device, i.e., direct current-alternating current
(DC-AC), will enable us to harness AC energy outputs from the SPVT. However, the PV modules are
primarily designed to produce DC energy outputs. Hence, in the proposed 3-L SPVT, only DC energy
outputs were considered for the performance. When modeling the energy output of an entire SPVT,
we first modeled the energy outputs for each PV leaf individually. The energy output of a single PV
leaf in the proposed 3-L SPVT design is evaluated using Equation (1) [30].

Epy Leaf —ref X[l - KT(TPV Leaf — Tref)] X Apy Leaf X Gpo-pv Leaf @

where Epy 147 is the energy output of a single PV leaf in kWh; ¢ is the reference efficiency of the chosen
solar cell technology for a PV leaf in percentage; Kr is the temperature coefficient in percentage/°C;
Tpv Leaf is the cell temperature of the PV leaf in °C; T, f is the reference temperature in °C; Apy 1., fis
the area of the PV leaf in m?; and the Gpo_py rea  is the plane of PV leaf irradiance in kWh/m?/day.

As per Equation (1), we need numerous data inputs to model the energy output of a PV leaf.
Solar cell efficiency, temperature coefficient, and the area of the PV leaf are the essential data inputs,
and they can be obtained from the manufacturer datasheets, as shown in Table 3.

Table 3. Power performance modeling specification of the chosen solar cell technologies as a photovoltaic
leaf for the solar photovoltaic tree [31-33].

Solar Cell Technology Efficiency (%)  Area(m?) Temperature Coefficient (%/°C)
Crystalline silicon (c-Si) 14.90 -0.47
Copper indium gallium selenide (CIGS) 12.10 0.72 —-0.45
Cadmium telluride (CdTe) 14.60 -0.34

However, the data related to weather parameters such as the plane of PV leaf irradiance, reference
temperatures, and wind speeds need to be obtained from the meteorological stations. Here, the required
weather data were obtained from the Indian Meteorological Department (IMD) [34]. The humid
subtropical climate is most common to many of the cities in India, and this type of climate is designated
as Cwa in the Koppen climate classification. The chosen location experiences relatively hot weather
in summer conditions, and throughout the year, the temperature is maintained on an average of
29-30 °C. Allahabad (latitude: 25.4299° N and longitude: 81.7712° E) is the specific location for which
we have collected the solar irradiation data, and the data are the averaged values of a one-year period
(2015-2016). However, as per the objective, the proposed PV energy output model accounts for the
thermal regulations, and for this, one needs to consider the PV leaf cell temperature. IMD does
not provide the data on PV leaf cell temperature; hence, it has to be measured or estimated using
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mathematical models. In literature, the nominal operating cell temperature (NOCT) model shown in
Equation (2) is most widely used [8].

NOCT -20
Tpy Leas = Tair + [(T) X GpPO-PV Lea f] )

In the NOCT model, the cell temperature of the open-circuited cells in a PV module is estimated by
assuming the plane of irradiance, reference temperature, and wind speed as 800 W/m?2,20°C,and 1 m/s.
However, in the case of the SPVT, each PV leaf is at different tilt angles, different orientations, and at
different heights. The experienced weather parameters are varied, which ultimately affects the rise in
cell temperatures. In addition, in this study, we used different solar cell technologies; hence, the NOCT
model’s use may not be reliable to estimate cell temperatures.

Using Equations (3)—(5), the effect of cell temperature, the PV leaf mounting height on the
experienced wind speed, and solar cell technology for the PV leaf can be considered while evaluating
the energy outputs. The rise in module temperature is shown in Equation (3) [8,35]:
Gpo-

PO-PV Leaf ] 3)

T =T -
PV Leaf amb‘l'[ul T (uzst)

where T,,,;, is the ambient temperature at the installed site in °C; U; and U, are the Faiman coefficients
for the chosen solar cell technology as the PV leaf shown in Table 4; and W is the wind speed
experienced by the PV leaf in m/s.

Table 4. Faiman coefficients for solar cell technologies used as a photovoltaic leaf [35].

Faiman Coefficients for Different Solar Cell Technologies

Solar Cell Technology
U, U,
Crystalline silicon (c-Si) 30.02 6.28
Copper indium gallium selenide (CIGS) 22.19 4.09
Cadmium telluride (CdTe) 23.37 5.44

In the SPVT, each PV leaf is mounted at different heights, and the wind speeds as per the mounted
height are evaluated using Equations (4) and (5) while considering the base level wind speeds [36]:

Z n
Ws = W, X 4
s s_ref (Zref) ( )
0.37 = 0.0881 X In(W,_.f)
n = = (5)
1-0.0881 x ln( = )

where W;_ is the reference wind speed at the base or reference height in m/s; is the reference height
in m; Z is the height at which wind speed is estimated, i.e., the mounting height of the PV leaf in m;
and n is the coefficient that can be calculated using Equation (5).

Using the above-discussed methodology as per Equations (1)-(5), a PV leaf’s energy outputs are
estimated. The proposed SPVT is a combination of 9 PV leaves; hence, each PV leaf’s cumulative
energy outputs will be the overall energy output of the SPVT, as seen in Equation (6):

Espvr = Epv reaf-ui_0s + Zi _ NESEsw, Nw CPV Leaf-mLi + Z]‘ _ NEs, w EPV Leaf-bl_j (6)

where Espyr is the energy output of the SPVT in kWh/day; Epy 1f-u1_os is the energy output of the
open-sky mounted PV leaf in kWh/day; and Epy Lz f—mi_; is the energy output of the PV leaves mounted
in different directions in the middle layer of the SPVT in kWh/day;
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The annual energy outputs of the proposed 3-L SPVT are calculated by summing up the produced

energy daily using Equation (7): e

AEspyr = Z Espvr_a @)
d=1
where AEgpyT is the annual energy outputs of the SPVT in kWh; Egpyr 4 is the daily energy outputs
from the SPVT in kWh; and d is the day number, ie. 1,2,3, ..., 365.

In any PV applications, the overall performance is affected by the degradation, and this will be
specific to the PV technology and operating conditions. Even in the case of the SPVT, each PV leaf
would experience the issue of degradation; hence, it is essential to estimate the degradation-influenced
energy outputs.

The degradation-influenced annual energy outputs are referred to as the effective annual energy
output (i.e., AEgpyT £ ffe) for the SPVT and is evaluated using Equation (8) [37]:

365

AEspyr Effe = [Z (Espvr_a)
i=1

- (DRPV Cell Tech_y) (8)

where DRpy ceii Tec 18 the annual energy degradation in kWh. The PV degradation data should be
climate and solar cell technology-specific. As per the approach described in Refs. [38,39], the data of
solar cell degradation closely associated with a humid tropical climate were taken into consideration.

The lifetime energy output from the SPVT (i.e., LEgpyt ffe) is evaluated using Equation (9),
which is the sum of the effective annual energy outputs for its lifetime (i.e., | = 25 years).

25

LEspyr = Z AEspyT Effe )
=1

3.2. Modeling of the Solar Photovoltaics Tree Lifecycle Emissions

The proposed 3-L SPVT system’s sustainable performance is assessed based on the CO, emissions
released throughout its lifecycle. Here, a comparative assessment of the three different solar cell
technologies (c-5Si, CIGS, and CdTe) was considered, as our goal is to select the best performing solar cell
technology for a PV leaf. For estimating the CO, emissions, the lifecycle environmental assessments
(LCEA) data were used. The goal of the LCEA is to cover the cradle-to-gate life of the c¢-5i, CIGS,
and CdTe, which starts from the extraction of raw materials for producing the 3-L SPVT system and
ends with the use phase where electricity production happens. The LCEA accounts for the possible
materials inputs, energy consumption (that might be from the electricity grid or other thermal fuels),
and effluents throughout the lifetime [40]. Here in this study, the cradle-to-gate lifecycle as seen in
Figure 3 is chosen.

i

Material Energy Material Energy  Material Energy  Material Energy ' Material Energy
Inputl ll’nput Input Input Input Input Input Input I.nputl l].nput

Extraction Processing Use for
of Raw of the Manufacturing Electricity
Materials Materials Generation

End-of-Life
Management

Effluents Effluents Effluents Effluents Effluents

.j
~._ Cradle to gate e

Disposal
Recycling

Figure 3. The lifecycle stages of the typical photovoltaic module and the system.
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The LCEA of various types of solar cells has been well studied in the literature. Peng and Yang
(2013) conducted a detailed review highlighting the energy payback and greenhouse gas emission
of different solar cells. The emission data related to the balance of the system used in various PV
applications were also highlighted [41]. On the other side, the lifecycle inventories for the existing
and emerging solar cells were given by the International Energy Agency-Photovoltaic Power Systems
Programme Task 12 (IEA-PVPS-Task-12) [42].

4. Performance Prioritization Approach Based on Energy and Sustainability Indicators

A performance prioritization approach (PPA) based framework was proposed to select the best
performing solar cell technology for a PV leaf used in the 3-L SPVT. The PPA framework is developed
based on energy and sustainability performance indicators. In this approach, under the energy
performance indicators, degradation-influenced lifetime energy outputs from the 3-L SPVT were
evaluated by considering all the critical parameters. These critical parameters include solar irradiance,
wind speed, ambient temperature, and module or cell temperature.

Likewise, under the sustainability performance indicators, lifecycle-based CO, emissions from
the 3-L SPVT were evaluated by considering the lifecycle inventory data. The estimated lifecycle
CO; emissions are based on the cradle-to-gate assessments for the c-Si, CIGS, and CdTe solar cell
technologies. The lifecycle inventory data for the c-Si, CIGS, and CdTe solar cells include the materials
inputs, energy inputs, and effluents from the raw material extraction stage to PV module manufacturing
and the use phase. Once the lifetime energy outputs and lifecycle-based CO, emissions were evaluated,
the ¢-Si, CIGS, and CdTe solar cell technology PV-leaf based 3-L SPVTs were ranked. Using both the
energy and sustainability indicators, a MATLAB program based on Algorithm A1 (see Appendix A)
was developed to rank the best performing PV leaf in each layer and the best overall 3-L SPVT system.
The proposed PPA framework is shown in Figure 4.

Weather Best
Parameters Data PV Cells Performance Categories and Indicators  Performing

-Solar Irradiance PV Leaf
-Wi : . (Maximum Energy
Wmc! Speed L C’ Degradation Lifetime Energy Outputs and Minieoan
-Ambient Temperature Influenced Outputs issions)
-Module Temperature Energy Performance
- —
Lifecycle Inventory
Data

Lifecycle-based
CO, Emission

-Material Inputs @ Sustainability
> Performance

-Energy Inputs
-Effluents a

Figure 4. A framework based on a performance prioritization approach for selecting the photovoltaic
leaf with maximum lifetime energy outputs and minimum lifetime emissions.

The ranking criteria are based on the maximum energy outputs and minimum emissions
throughout the considered lifetime of the 3-L SPVT system. The criteria for ranking is represented
mathematically using Equation (10):

PPpy 1eas = f(max LEspyt, min LEmgspyr) (10)

where PPpy 1., represents the prioritized photovoltaic leaf or the 3-L SPVT system based on the
performance; maxLEgpyT is the maximum lifetime energy outputs in kWh; and minLEmgpyr is the
minimum lifecycle CO, emissions in tCO;-eq.
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The maxLEspyT is obtained based on solving the conditions presented in Algorithm A2
(see Appendix A) for selecting the maximum lifetime energy outputs. Similarly, minLEmgpyT is
obtained by solving the conditions as represented in Algorithm A3 (i.e., requirements for selecting
the minimum lifecycle emission, see Appendix A). Based on the obtained values from Algorithms A2
and A3 (see Appendix A), the prioritization decision on choosing the best performing solar PV leaf
technology was determined.

5. Results and Discussion

5.1. Analysis of the Weather Parameters

The weather parameters impact is the most difficult challenge with the PV systems. Unlike other
PV applications, the SPVT performance is also influenced by the weather parameters such as solar
irradiance, wind speeds, ambient, and cell temperatures. In the proposed 3-L SPVT, the PV leaves are
arranged with varying installation configurations; hence, the structural design will inform us regarding
the possible performance variations with the exposed weather parameters.

The monthly average of daily solar irradiance incident on each PV leaf in the three layers was
analyzed for the 3-L SPVT and shown in Figure 5.

The range of the monthly average of daily solar irradiance incident on different PV leaves varied
between 2.88 and 7.06 kWh/m?/day. For the PV leaf oriented to the open sky, the monthly average of
daily solar irradiance ranges between 4.83 and 6.78 kWh/m?/day. In the middle layer, the observed
ranges of variation of the monthly average of daily solar irradiance for the PV leaves mounted in
NE, SE, SW, and NW are 3.31-6.02, 4.62-6.53, 4.67-6.93, and 3.58-6.68 kWh/mz/day, respectively.
Similarly, in the bottom layer, the observed ranges of variation of the monthly average of daily
solar irradiance for the PV leaves mounted in N, E, S, and W are 2.88-6.51, 4.37-6.15, 4.55-7.06,
and 4.8-6.68 kWh/m?/day, respectively.

mJan mFeb mMar mApr mMay mJun mJul mAug mSep mOct mNov mDec

[3%]

Solar Irradiance (KkWh/m?*/day)
— [ - T T-*}

o

PVul-OS | PVmI-NE PVml-SE PVml-SW PVml-NW| PVbl-N PVbl-E PVbl-S  PVbl-W

UL ML BL
Photovoltaic Leaf in Different Layers of Solar Tree

Figure 5. Incident solar irradiance on the photovoltaic leaves in the proposed three-layered SPVT
(3-L SPVT) system. Data source: Indian Meteorological Department (IMD).

The yearly average daily incident solar irradiance on the solar PV leaf mounted in the open sky
configuration in the upper layer of the SPVT is 5.64 kWh/m?/day. The solar PV leaves in the middle layer
of the SPVT mounted in NE, SE, SW, and NW receives a yearly average daily incident solar irradiance
of 4.72,5.62,5.93, and 5 kWh/mz/day, respectively. It is understood that the incident solar irradiance
on the PV leaves in the middle layer is varied highly, and around 22.76% of a variation is observed
when compared to other leaves in the same layer. Similarly, solar PV leaves in the bottom layer of the
SPVT receives a yearly average daily incident solar irradiance of 4.63, 5.14, 5.95, and 5.5 kWh/m?/day
for the N, E, S, and W orientations, respectively. The incident solar irradiance on the PV leaves in
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the bottom layer also varies highly, and around 24.95% of a variation is observed compared to other
leaves in the same layer. Among all the three layers and the nine installation orientations, the solar PV
leaf oriented in the south direction in the bottom layer experiences high incoming solar irradiance
(i-e., 5.95 kWh/m?/day). Similarly, the PV leaf oriented in the north direction in the bottom layer is
identified to have the least incoming solar irradiance (i.e., 4.63 kWh/m?/day).

The effect of wind speed and temperatures was considered while evaluating the energy outputs of
each PV leaf. The sheer wind speeds at each solar PV leaf were estimated by considering the reference
height’s collected reference wind speeds. Figure 6 shows that wind speeds and temperatures are varied
every month.

mm Ws_ref Ws_ul Ws_ml Ws_bl ==de=T amb ==@=T ref
45 - 35
4 F 30
3.5
2 g L 25
g E
T 25 r 20?;
7 5
Q_. -
w2 L 15 §
et ]
515 ~
3 F 10 N
1 -
05 -5
0 0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 6. The observed wind speeds are the height variation of the three different layers of the proposed
3-L SPVT system and the ambient temperatures.

From Figure 6, it is understood that the sheer wind speeds at each PV leaf, which are based on
its orientation and height at which they are mounted, are varied. The reference wind speed at 50 m
is varied in the range of 2.29 to 4.07 m/s. The lowest observed reference wind speed is in October,
and the highest is in May and June. The wind speeds at the upper layer (height = 9 m), middle layer
(height = 7 m), and bottom layer (height = 5 m) are estimated using the power law described in
Equations (4) and (5). In the upper layer, the estimated wind speeds vary from 1.2 to 2.4 m/s on an
annual basis; in the middle layer, it ranges between 1.15 and 2.3 m/s, and in the bottom layer, it goes
between 1.03 and 2.1 m/s. The considered reference temperature is 25 °C as per the standard testing
condition. Figure 6 shows the ambient temperatures, and they are observed to vary from 16.71 to
32.35 °C. The minimum temperature was observed in January, and the maximum was in May.

5.2. Energy Analysis

Using the solar PV leaf modeling approach presented in Section 3.1, each PV leaf’s energy outputs
were quantified based on their mounting conditions. In Tables 5-7, the monthly average of daily
energy outputs of c-Si, CIGS, CdTe PV leaves of 3-L SPVT is presented.
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Table 5. Monthly average of daily energy outputs of c-Si photovoltaic leaves in the three different
layers of the solar photovoltaic tree.

Monthly Average of Daily Energy Outputs of C-Si Photovoltaic Leaf (kWh)

Month Upper Layer Middle Layer Bottom Layer
Pu10s PuiNE  Pmi-se Pumisw Pminw Porn Pore Pprs  Porw

January 0.53 0.37 0.60 0.64 0.40 032 048 0.67 053
February 0.63 0.47 0.68 0.72 0.50 044 057 074 0.63
March 0.71 0.58 0.70 0.75 0.62 057 064 075 0.69
April 0.75 0.66 0.69 0.74 0.71 0.68 068 0.72 0.74
May 0.74 0.69 0.65 0.70 0.74 072 066 0.67 073
June 0.64 0.62 0.56 0.58 0.64 0.64 059 056 0.62
July 0.55 0.53 0.50 0.51 0.54 054 051 049 0.53
August 0.54 0.50 0.50 0.52 0.52 051 050 051 0.52
September 0.60 0.51 0.59 0.62 0.55 051 055 0.61 0.59
October 0.56 0.45 0.59 0.61 0.46 042 051 0.62 0.54
November 0.54 0.39 0.61 0.64 0.41 034 049 067 053
December 0.50 0.34 0.57 0.61 037 029 045 0.64 0.50

From Table 5, it is noted that the c-Si PV-leaf based 3-L SPVT can generate electricity that varied
approximately between 0.29 and 0.75 kWh. The c-SI PV leaf in the upper layer that is oriented to
the open sky generates monthly average daily energy outputs that are ranged between 0.50 and
0.75 kWh. In the middle layer, the observed range of variation of the monthly average of daily energy
outputs for the c-Si PV leaves mounted in NE, SE, SW, and NW are 0.34-0.69, 0.50-0.70, 0.51-0.75,
and 0.37-0.74 kWh, respectively. Similarly, in the bottom layer, the observed range of variation of
the monthly average of daily energy outputs for the c-Si PV leaves mounted in N, E, S, and W are
0.29-0.72, 0.45-0.68, 0.51-0.75, and 0.50-0.74 kWh, respectively.

Table 6. Monthly average of daily energy outputs of CIGS photovoltaic leaves in the three different
layers of the solar photovoltaic tree.

Monthly Average of Daily Energy Outputs of CIGS Photovoltaic Leaf (kWh)

Month Upper Layer Middle Layer Bottom Layer

Puios PuiNE  Pmi-se Pmisw Pminw Porn Pore Pois  Porw

January 0.43 0.30 0.49 0.52 0.32 026 039 0.55 0.43
February 0.51 0.38 0.55 0.59 0.41 036 047 0.60 0.51
March 0.57 0.47 0.57 0.61 0.51 047 052 0.61 0.57
April 0.61 0.54 0.57 0.60 0.58 055 055 0.59 0.61
May 0.60 0.56 0.53 0.57 0.60 059 054 054 060
June 0.52 0.50 0.46 0.47 052 052 048 045 050
July 0.45 0.43 0.41 0.41 0.44 044 042 040 0.43
August 0.44 0.41 0.41 0.42 0.42 041 041 o041 0.42
September 0.49 0.42 0.48 0.51 0.45 042 044 050 0.48
October 0.45 0.36 0.48 0.49 0.38 034 042 051 0.44
November 0.44 0.32 0.50 0.52 033 028 040 054 043
December 0.41 0.28 0.47 0.50 0.30 024 037 052 0.41

From Table 6, it is understood that the monthly electricity productions from the CIGS PV-leaf
based 3-L SPVT are varied between 0.24 and 0.61 kWh. The monthly average daily energy outputs of
the CIGS PV leaf in the upper layer oriented to open sky are varied between 0.41 and 0.61 kWh. In the
middle layer, the observed range of variation in the monthly average of daily energy outputs for the
CIGS PV leaves mounted in NE, SE, SW, NW are 0.28-0.56, 0.41-0.57, 0.41-0.61, and 0.30-0.60 kWh,
respectively. Similarly, in the bottom layer, the CIGS PV leaves mounted in N, E, S, and W orientations
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generate monthly average of daily energy outputs whose range is varied at 0.24-0.59, 0.37-0.55,
0.40-0.61, and 0.41-0.0.61 kWh, respectively.

Table 7. Monthly average of daily energy outputs of CdTe photovoltaic leaves in the three different
layers of the solar photovoltaic tree.

Monthly Average of Daily Energy Outputs of Cdte Photovoltaic Leaf (kWh)

Month Upper Layer Middle Layer Bottom Layer
Py1.0s PuiNE  Pmi-se Pmisw Puinw Porn Pore Pois  Porw
January 0.52 0.36 0.60 0.64 0.39 032 048 0.67 0.52
February 0.62 0.47 0.67 0.71 0.50 043 056 0.73 0.62
March 0.70 0.57 0.69 0.73 0.61 056 063 0.73 0.68
April 0.73 0.65 0.68 0.72 0.69 0.66 066 0.70 0.72
May 0.72 0.67 0.63 0.68 072 070 065 0.65 071
June 0.62 0.60 0.55 0.57 0.62 062 057 054 0.60
July 0.54 0.52 0.49 0.50 053 053 050 048 052
August 0.53 0.49 0.49 0.52 0.51 0.50 049 050 0.51
September 0.59 0.50 0.57 0.61 0.54 050 054 0.60 0.58
October 0.55 0.44 0.57 0.60 046 041 052 0.61 0.53
November 0.53 0.38 0.60 0.63 0.41 034 049 066 052
December 0.49 0.34 0.57 0.61 0.37 030 045 0.64 0.50

Similar to the other two types of PV leaves, the energy outputs of CdTe are observed. From Table 7,
it is noted that the CdTe PV-leaf based 3-L SPVT can generate electricity that varied approximately
between 0.30 and 0.73 kWh. The CdTe PV leaf in the upper layer oriented to the open sky generates
monthly average daily energy outputs whose range is between 0.49 and 0.73 kWh. In the middle
layer, the observed range of variation of the monthly average of daily energy outputs for the CdTe
PV leaves mounted in NE, SE, SW, and NW are 0.34-0.67, 0.49-0.69, 0.50-0.73, and 0.37-0.72 kWh,
respectively. Similarly, in the bottom layer, the observed range of variation of the monthly average
of daily energy outputs for the CdTe PV leaves mounted in N, E, S, and W are 0.30-0.70, 0.45-0.66,
0.48-0.73, and 0.50-0.72 kWh, respectively.

In Figure 7, the correlation between the incident solar irradiance and the daily energy outputs is
shown for the three solar cell technology based 3-L SPVTs. Pearson’s correlation coefficient (R?) is
used to show the relationship between the solar irradiance and the daily energy outputs. Pearson’s
correlation coefficient measures both the linear relationship’s strength and direction between two
considered variables. It varies between —1 and +1. A high absolute value means that the relationship is
very strong. If the value ranges between 0 and +1/-1, a relationship exists, but some points are out of
the line. Furthermore, the sign of the correlation coefficient indicates the direction of the relationship.
If the coefficient is positive, when a variable increase, the other variable also increases, getting an
upward slope line, unlike the case where if the coefficient is negative, the other variable decreases
when the variable increases, getting a downward slope line. Looking at Figure 7a—c, we can see that
the R? values are 0.98 for all three technologies. This means that a strong (i.e., R? value around 1) and
a positive correlation exists between the solar irradiance and energy outputs. Therefore, when the
solar irradiance increases, the energy output of the 3-L SPVTs with the three solar cell technologies
increases in a linear manner, and such a linear relationship’s strength is the same for three types of PV
leaves. The governing equations showing the relation between solar irradiance and energy outputs
for the three types of PV leaves are different. This is due to the variation in the modeling parameters,
including the temperature coefficient, efficiency, and Faiman coefficient.
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Figure 7. Relationship between the energy outputs and the incident solar irradiance (a). c-Si PV-leaf
based 3-L SPVT; (b) CIGS PV-leaf based 3-L SPVT; (c) CdTe PV-leaf based 3-L SPVT.
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The monthly energy outputs for each PV leaf are evaluated using the daily generated energy
outputs as per the investigated solar cell technologies (c-Si, CIGS, and CdTe) are evaluated, as seen in
Figure 8. From Figure 8, it is understood that the three solar technologies demonstrated deviation
in terms of energy generation for the same weather inputs and by using the same SPVT structure.
Upon investigating the c-Si solar cell technology based 3-L SPVT, it is understood that the c-Si PV leaf
oriented to open sky in the upper layer generates a monthly sum of energy outputs that vary between
15.50 and 22.96 kWh. In the middle layer, the observed range of variation of the monthly sum of energy
outputs for the c-Si PV leaves mounted in NE, SE, SW, and NW are 10.62-21.34 kWh, 15.50-21.83,
15.80-23.17, and 11.49-22.99 kWh, respectively. Similarly, in the bottom layer, the observed range of
variation of the monthly sum of energy outputs for the c-5i PV leaves mounted in N, E, S, and W are
between 9.24-22.41, 14.03-20.62, 15.39-23.30, and 15.54-22.72 kWh, respectively.

Similarly, the CIGS-based 3-L SPVT reveals that the PV leaf oriented to the open sky in the
upper layer generates a monthly sum of energy outputs that vary between 12.61 to 18.62 kWh. In
the middle layer, the observed range of variation of the monthly sum of energy outputs for the CIGS
PV leaves mounted in NE, SE, SW, NW are 8.64-17.31, 12.58-17.73, 12.82-18.82, and 9.34-18.65 kWh,
respectively. Similarly, in the bottom layer, the observed range of variation of the monthly sum
of energy outputs for the CIGS PV leaves mounted in N, E, S, and W are 7.52-18.17, 11.41-16.72,
12.49-18.84, and 12.64-18.43 kWh, respectively. Likewise, the analysis of the CdTe-based 3-L SPVT
reveals that the PV leaf oriented to open sky in the upper layer generates a monthly sum of energy
outputs that vary between 15.34 and 22.29 kWh. In the middle layer, the observed range of variation of
the monthly sum of energy outputs for the CdTe PV leaves mounted in NE, SE, SW, and NW is 10.
51-20.72,15.11-21.36, 15.41-22.67, and 11.37-22.32 kWh, respectively. Similarly, in the bottom layer,
the observed range of variation of the monthly sum of energy outputs for the CdTe PV leaves mounted
inN, E, S, and W are 9.14-21.75, 13.88-20.01, 15.01-22.71, and 15.37-22.05 kWh, respectively.

Considering that the three technologies have different efficiencies and temperature coefficients,
in order to perform a meaningful comparison, the energy outputs were normalized to the corresponding
value of the crystalline PV leaf as plotted in Figure 9. It can be seen that the crystalline PV leaf and
the CdTe PV leaf show quite a similar energy performance with differences up to 3% during spring.
The CIGS PV leaf underperforms with a difference in the energy output of 19% with respect to the c-Si
PV leaf.

Based on the monthly sum of energy produced by each PV leaf, the annual energy outputs are
evaluated, and they are discussed in Sections 5.2.1 and 5.2.2, while considering the effect of PV leaf
mounting aspects and the possible degradation rate for each solar cell technology.

5.2.1. Effect of Orientation, Layered Structure, and Solar Cell Technology Annual Energy Outputs

This section discusses the effect of orientation, the layered structure, and the solar cell technology
on the 3-L SPVT system’s annual energy outputs. Figure 10 shows the yearly energy outputs of each PV
leaf. From Figure 10, it is understood that the effect of orientation on the energy outputs is noticeable,
and the same was thoroughly analyzed in Section 5.2, as the daily variations were also considered.
Here, 9 PV leaves installed in different orientations are analyzed. Among these 9, the solar PV leaves
oriented in the southwest (i.e., in the middle layer) and south (i.e., in the bottom layer) directions
produced the maximum energies annually, and the minimum was by the PV leaf mounted in the north
direction for the three different solar cell technologies.

The observed difference between the maximum energy-producing PV leaf to minimum
energy-producing PV leaf is 23.88%, 23.98%, and 24.05% for c-Si, CIGS, and CdTe solar cell technology
based SPVTs, respectively. In addition, we observed that the difference in energy production between
the middle and bottom layers is quite negligible, which is less than 0.025%.
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Figure 8. Comparison of monthly energy outputs of a solar photovoltaic tree in three different layers for the three different c-Si, CIGS, and CdTe solar cell technologies.
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Figure 9. Comparison of normalized monthly energy outputs of a solar photovoltaic tree in three different layers for the three different c-Si, CIGS, and CdTe solar

cell technologies.
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Figure 10. Comparing the solar PV leaves’ annual energy outputs based on their installation orientation:
(a) c-Si solar cell technology; (b) CIGS solar cell technology; (c) CdTe solar cell technology.

Upon comparing the solar cell technologies, it was observed that the c-Si technology based PV
leaves perform well, followed by CdTe and CIGS. Regarding the annual energy outputs, the SPVT
with ¢-Si, CIGS, and CdTe produces 1893.09, 1537.41, and 1853.14 kWh, respectively.

5.2.2. Effect of Degradation Rates on the PV Leaf Annual Energy Outputs

Degradation is one of the most affecting parameters on SPVT performance, and this is possible
due to many factors (e.g., faults, breakdown, rust, and other risks) [43]. The degradation will vary
differently for different weather conditions and operating patterns and will be more specific to the solar
cell technology [44]. Here, the degradation data shown in Table 8 for the solar cell technology type
were collected from the literature sources [45-47]. For degradation data collection, we only focused on
the literature that compiled the data from various studies. One such study is the compendium of PV
degradation rates (DRs) where Jordan et al. (2016) compiled 200 studies conducted across 40 different
countries, in which approximately 11,000 DRs values resulted [45]. Similarly, a few other literature
sources also reported DRs based on various sources, which can be seen in Refs. [46,47].

Table 8. The degradation rate of the chosen solar cell technologies as a photovoltaic leaf for the solar
photovoltaic tree.

Solar Cell Technology Degradation Rate (%/Year) = Reference
Crystalline silicon (c-5i) 0.80
Copper indium gallium selenide (CIGS) 1.86 [45-47]
Cadmium telluride (CdTe) 0.60

Using the data shown in Table 8, the degradation influenced energies are estimated for the 3-L
SPVT system lifetime. The considered lifetime is 25 years. In Table 9 the lifetime energy outputs with
and without considering the degradation for the c-Si, CIGS, and CdTe solar PV-leaf based 3-L SPVT
systems are given.

Table 9. Lifetime energy outputs from the 3-L SPVT using the c-Si, CIGS, and CdTe solar PV leaves.

Solar Cell Technology Lifetime Energy Outputs (kWh)
Without Degradation With Degradation
Crystalline silicon (c-Si) 47,325.98 43,049.48
Copper indium gallium selenide (CIGS) 38,435.34 30,963.96

Cadmium telluride (CdTe) 46,328.66 43,141.49
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In Figure 11, the degradation influenced lifetime energy outputs are illustrated for the c-Si, CIGS,
and CdTe solar PV-leaf based 3-L SPVT system.
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Figure 11. Comparison of degradation influenced energy outputs of a 3-L SPVT for the three different
PV technologies.

From Figure 11, it is understood that the first year’s observed energy outputs are 1893.09,
1537.41, and 1853.14 kWh for the c¢-5i, CIGS, and CdTe solar cell technology based SPVTs, respectively.
Upon considering the degradation, the CdTe PV-leaf based 3-L SPVT was observed to perform well,
followed by c-Si and CIGS, which is in line with the literature [45,46]. The overall observed difference
in degradation-influenced energy outputs between CdTe and c¢-5i, and between CdTe and CIGS is
0.21% and 32.87%, respectively. Similarly, the CIGS performs worst with 32.65% of the difference in
energy outputs to its successor, i.e., c-Si. In considering the three solar cell technologies, it is understood
that they have different degradation behavior throughout their lifetime, which is evident based on
the literature [38,39,45-47]. To perform a meaningful comparison, the degradation-influenced energy
outputs were normalized to the corresponding value of the c-Si PV-leaf based 3-L SPVT, as plotted
in Figure 12.
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Figure 12. Comparison of normalized degradation influenced energy outputs of a 3-L SPVT for the
three different PV technologies.
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It can be seen from Figure 12 that the normalized value dropped to 0.82, 0.52, and 0.84 from 1 in
the case of the ¢-5i, CIGS, and CdTe PV-leaf based 3-L SPVTs, respectively. The CdTe PV-leaf based
3-L SPVT shows a favorable energy performance due to its lower degradation rates when compared
to other two as per the current scenarios. The observed difference between the c-Si and CdTe is
almost negligible.

5.3. Emissions Analysis

An emission analysis of the 3-L SPVT was carried out by considering the lifecycle-based CO,
emissions. In this study, emissions were evaluated based on the literature data [41-43]. We collected
data on emissions per kWh of electricity production for the three solar technologies per the depicted
lifecycle in Figure 3. The collected data from the literature are presented in Table 10.

Table 10. Lifecycle greenhouse gas emissions for the chosen solar cell technologies as a photovoltaic
leaf for the solar photovoltaic tree.

Lifecycle-Based CO; Emissions

Solar Photovoltaic Cell Technology (8CO2-eq/kWh) Reference
Solar PV Leaf + Mounting Structure
Crystalline silicon (c-Si) 23.64
Copper indium gallium selenide (CIGS) 24.47 [48]
Cadmium telluride (CdTe) 16.94

The emissions from the 3-L SPVT system with three different solar PV leaf technologies were
estimated by considering the case without degradation. The main reason for considering this is to
quantify the actual emissions associated with the system. If degradation is accounted, the emissions
associated with the lost energy due to degradation are simply ignored, but the total embodied
emissions for the actual possible amount of energy will remain. Hence, the emissions are calculated
for the 3-L SPVT without considering degradation. Emissions for c-Si PV leaves are observed as
1,118,786.22 gCO,-eq, which are relatively high when compared to the other two solar cell technology
based SPVT. The 3-L SPVT that uses CIGS PV leaves emits approximately 940,512.84 gCO,-eq, and the
3-L SPVT with CdTe-based PV leaves emits 784,807.43 gCO;-eq. In Figure 13, the released emissions in
tCO;-eq for the produced electricity by the 3-L SPVTs using the three different solar cell technologies
for the cases with degradation and without degradation are shown.
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Figure 13. Lifecycle-based CO, emissions per the produced electricity by the 3-L SPVT system with
and without degradation.
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5.4. Selection of Solar Cell Technologies for SPV'Ts Based on Energy and Sustainability Indicators

In this section, the PV leaf selection based on the energy and sustainability indicators is discussed.
The selection was based on the PPA under which the main criteria are maximum energy output and
minimum emission (see Table 11). We observed that when degradation is considered, the conventional
c-Si tends to perform more or less similarly to the CdTe. The c-Si PV-leaf based 3-L SPVT generated
approximately 0.21% lower energy outputs than the CdTe PV-leaf based 3-L SPVT. The lifetime energy
outputs of an SPVT with c-Si, CIGS, and CdTe are 43,049.48, 30,963.96, and 43,141.49 kWh, respectively.
The emissions released from the 3-L SPVT with CdTe PV leaves are a lot lower when compared to the
other two. Comparing specifically with the c-5i, the CdTe performs far better under the sustainability
category. The energy and sustainability indicator-based ranking comparison between the three PV
technologies confirms that the use of CdTe solar cells would be most beneficial for SPVT applications.

Table 11. Selection of solar cell technologies for SPVT leaves based on energy and sustainability indicator.

Degradation-Influenced Lifecycle-Based Rank
3-L SPVT Lifetime Energy CO, Emissions
Outputs (kWh) (tCO,-eq) Energy  Sustainability Overall
¢-Si PV leaf 43,049.48 1.12 2 3 2
CIGS PV leaf 30,963.96 0.94 3 2 3
CdTe PV leaf 43,141.49 0.79 1 1 1

6. Conclusions and Future Research Scope

Overall, this study presents a brief analysis of the selection of solar cell technology for PV leaves
used in the SPVT application. To understand the selection procedure, a multilayered case was proposed
and investigated. In addition, an investigation of three different PV technologies was carried out,
and the following conclusions were drawn:

e  -Si PV cells perform better when all the factors that affect performance are taken into account;
however, this is found to be true for only a few years.

e  When the DR is considered, the CdTe cells are observed to perform better for SPVT applications
due to its lower degradation rates.

e It was observed that the PV cell degradation rate plays a crucial role in identifying the best
performing PV technology for SPVTs.

e  The CdTe solar PV leaves produced lower CO, emissions when compared to the other two.

e Inaddition, the benefits associated with CdTe cells, such as a flexible structure, a ultrathin glass
structure, and low-cost manufacturing, make them the best acceptable PV leaves for a SPVT design.

This study only focused on a direct current analysis; there is greater scope for conducting an
alternating current analysis. Limiting this work to DC scope is to understand the sustainable selection
process for PV leaves. On the other side, the considered case has 9 leaves, whose energy outputs vary
with approximately a 23% difference; hence, feeding all the inputs to the power converter might have
an impact. Therefore, we suggest the use of string inverters for each PV leaf depending upon its size.
In most cases, the large-size SPVT systems might need such concepts.
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Appendix A

The approach used for evaluating the energy and sustainability indicators is shown in Algorithm AT.
Based on the obtained indicators, the solar cell technology that produces the maximum lifetime energy
and minimum lifecycle emission is selected using the approach presented in Algorithm A2 and A3.

Algorithm A1: Algorithm for evaluating the energy and sustainability indicators

Start

// Reading the data related to energy indicators

AEgspyt = csv.Read(AnnualEnergyOutputs)//read annual energy outputs in kWh

DRpy celi Techh = csv.Read(DegradationRate)//read performance degradation in %

Lifetime = 25//lifetime of the solar photovoltaics tree in years

// Computing degradation influenced lifetime energy outputs using Equations (8) and (9)

AEspyt _Effe = csv.Compute(EffectiveAEgpyT)/compute effective annual energy outputs in kWh
Lifetime = 25//lifetime of the solar photovoltaics tree in years

LEspyt = csv.Compute(LifetimeEnergyOuputs)//compute lifetime energy outputs in kWh

// Reading the GHG emission data related to cradle to gate sustainability indicators

GHG = csv.Read(GHGEmissonsPerUnitElectrictiyProduction)//read GHG emission per electricity production
in gCO»-eq/kWh

Lifetime = 25//lifetime of the solar photovoltaics tree in years

// Computing lifecycle-based CO, emissions

LEmgpyT = csv.Compute(Lifecycle-basedCO,Emission)//compute lifecycle-based CO, emission in tCO,
End

Algorithm A2: Algorithm for selecting the solar cell technology that produces maximum lifetime energy

Start

// Conditions for selecting the maximum lifetime energy outputs

a = LEgpyT_c—si//lifetime energy outputs of 3-L SPVT using c-Si solar cell technology in kWh

b = LEspyr_cigs//lifetime energy outputs of 3-L SPVT using CIGS solar cell technology in kWh
¢ = LEspyT_cgre//lifetime energy outputs of 3-L SPVT using CdTe solar cell technology in kWh
ifa>b & & a>c

disp(a)//display 3-L SPVT using c-Si solar cell technology produces maximum energy outputs
elseif b>a && b>c

disp(b)//display 3-L SPVT using CIGS solar cell technology produces maximum energy outputs
else

disp(c)//display 3-L SPVT using CdTe solar cell technology produces maximum energy outputs
end

End

Algorithm A3: Algorithm for selecting the solar cell technology that produces minimum lifecycle emission

Start

// Conditions for selecting the minimum lifecycle emission

d = LEgpyT_._si//lifecycle-based CO, emission of 3-L SPVT using c-Si solar cell technology in kWh
e = LEspyT—cics//lifecycle-based CO, emission of 3-L SPVT using CIGS solar cell technology in kWh
f = LEspy7_carel//lifecycle-based CO, emission of 3-L SPVT using CdTe solar cell technology in kWh
if d<e & & d<f

disp(d)//display 3-L SPVT using c-Si solar cell technology produces minimum CO, emission

elseif e<d && e<f

disp(e)//display 3-L SPVT using CIGS solar cell technology produces minimum CO, emission

else

disp(f)//display 3-L SPVT using CdTe solar cell technology produces minimum CO, emission

end

End
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