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Abstract: Different energy solutions are required to satisfy the energy demand of the world’s ever-
growing population. Photovoltaic Thermal systems (PVT) could propose resolutions to tackle
real-time issues regarding power generation. Life Cycle Analysis (LCA) is performed to compare
the environmental impact and measure the energy across different PVT modules consisting of a-5i,
CdTe, and CIS thin-film solar cells. The authors performed LCA to calculate the energy payback
time (EPBT) and life-cycle CO, emissions of residential rooftop and open-field PVT systems. The
primary energy needed to produce thin-film PVT modules of 1 m? cell area was considered in the
present life cycle analysis studies operated using water as the working fluid. The annual net electrical
energy savings at various Indian weather conditions, such as New Delhi, Jodhpur, and Ladakh, have
been calculated. For the thin-film PVT systems, the calculated values of annual energy yield for three
locations with average solar radiation levels and peak sun hours in the range of 600-1000 W /m?
and 6-8 h were reported. Results show that the CO, emissions for rooftop installation of CdTe and
CIS are around 200 and 156 kg/annually, which is lower than the open field installation of the same,
where CO; emissions were found to be 295 and 250 kg/year.

Keywords: life cycle analysis; photovoltaic/thermal systems; energy payback time (EPBT);
CO; emissions; CO, mitigations; carbon credit earned

1. Introduction

In most parts of the world, fossil fuels are still the primary source of electricity genera-
tion [1]. However, as the global population grows exponentially, it is expected that most of
the population residing in rural areas will migrate to big cities in search of employment or
other opportunities [2]. This will intensify the country’s reliance on finite, non-renewable
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energy reserves to meet future energy requirements [3]. Furthermore, the usage of con-
ventional energy sources results in CO, emissions and environmental damage to many
aspects such as air, water, and land pollution as well as affecting human health [4]. As
a result, research into alternative energy sources has already commenced safeguarding
existing fossil fuel reserves [5]. Coal, oil, and natural gas justify around 33% of global
greenhouse gas releases [6]. India’s desire for energy is intensifying to meet the existing
monetary advancement desires of the country [7]. According to the World Resource In-
stitute’s 2017 report, India is accountable for about 6.65% of total world carbon releases,
ranking after China, the US, and the European Union [8]. Climate change can upset the
world’s environmental stability [9]. The Paris Agreement aimed to keep global warming
under 2 °C [10]. The worldwide need for power will peak in the year 2030, according to the
World Energy Council [11]. Coal and oil provide over 74 per cent of total energy needs [12].
The PVT hybrid solar collector is a system that combines a photovoltaic (PV) module for
solar energy conversion and produces high thermal conversion efficiency with the help of
thermal fluid [13]. This solar conversion technology improvement primarily aims to cool
photovoltaic cells to increase electricity generation while also generating useful thermal
energy from the working fluid, resulting in a cogeneration device [14]. The uses of PVT
can be classified based on their differing magnitudes of temperature. Low temperature
(0 °C to 50 °C), medium temperature (50 °C to 80 °C), and high temperature (over 80 °C).
PVT collectors are suitable for a variety of applications that are dependent on the form of
fluid used in the transfer of heat [15]. PVT liquid collectors can be used for space heating,
water heating, desalination, and space cooling. PVT air collector has usage similar to that
of the PVT liquid collector. PVT technologies have the potential to play an essential role in
global energy generation and they can also be viewed as a viable choice for applications
that deliver power, warmth, etc. [16].

Many researchers have performed studies on the LCA of PVT systems and CO,
emissions that arise due to energy generation from conventional and renewable energy
sources. Alejandro Calderon Diaz et al. [17] established a clear idea of how energy use is
reduced today by comparing an older LCA analysis (1998) of Amorphous silicon with the
results of an LCA obtained in 2009. It was found that energy consumption per meter square
of the amorphous-Si module was 989 MJ/m? and the average Energy Payback Time (EPBT)
was 2.6 years. Vineet et al. [18], from their environmental and economic analysis of several
types of PV technologies used in a rural solar drying system, found that CdTe PV technology
provides constant electricity but low efficiency. Overall efficiency was minimum in the
case of a-Si. It was concluded that using CIGS’s PVT system consumes less energy during
manufacturing and gives out the best payback time of 0.39 years. Noah et al. [19] conducted
a study in which the main objective was to juxtapose life-cycle greenhouse gas emissions,
embodied energy, and monetary investment of solar panels that used mono-crystalline with
solar panels that used a thin-film created with amorphous silicon. According to the findings,
the thin-film panels provided a more significant net ecological gain than the other panel.
PV panels minimize GHG emissions even if manufactured in a nation with high power
emissions, such as China. Hundreds of LCA for various household and utility-scale PV
systems have been completed and published during the last thirty years. These LCAs have
produced a wide range of outcomes. In the NREL [20] LCA, in their Harmonization Project,
a total of 400 papers were evaluated and screened, covering crystalline silicon (mono- and
multi-crystalline) and thin-film (amorphous silicon, CdTe, and CIS). The harmonization
was performed using the below crucial technical constraints:

Solar irradiation, measured as kWh/m?/year, is the average energy flow from the sun.
The PV system and components’ operational lifetime is in (years).

Module efficiency refers to how much solar energy the module converts to direct
current power.

From the above study, the module efficiencies of a-Si, CdTe, and CIS used were
deemed to be 6.3%, 10.9%, and 11.5%. Next, Wu et al. [21] studied the potential application
of Amorphous silicon PV technology. They suggested that flexible laminates created with
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amorphous thin-films will outperform rigid thin-film PV laminates at greater temperatures
and low solar radiation. It was observed that the flexible amorphous thin-film PV laminates
could have up to 20% greater performance in hot environments and up to 12% better
performance in lower and diffused light circumstances.

Though many research findings are available on crystalline silicon-based PVT systems,
as per the author’s knowledge, the LCA on thin-film PVT systems is not reported yet.
Additionally, minimal literature on performance analyses of PVT systems for tropical
climatic regions such as India is available. Therefore, in this study, the life cycle analysis
(LCA) of three different types of PVT systems, i.e., a-Si, CdTe, and CIS, employs water as the
working fluid. In addition, the embodied energy, energy payback time, CO, mitigation, and
carbon credit earnings have also been calculated for rooftop and open field installations.

2. Methodology

The methodology used in PV LCA studies is extended to current PVT modules also,
which follow ISO standard 14044, shown in Figure 1. These ISO standards specify four
steps for conducting an LCA: (a) definition of goals and scope; (b) life-cycle inventory
(LCI); (c) life-cycle impact assessment (LCIA); and (d) interpretation. The first step requires
a clear definition of the problem statement and the respective system boundaries used
for analysis [22]. The inventory step quantifies the materials, energy, and emission flows
during each PV system’s life cycle stage. The environmental impact of energy consumption,
resource consumption, pollutant emissions, and GHG emissions is quantified in the LCIA
and the cumulative impact on the environment is estimated further. During the fourth
and last step of the LCA, as defined by the ISO, the interpretation of the results is critical
because different assumptions can produce different results.
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Figure 1. The four-step LCA analysis as per ISO 14044:2020/ Amd 2:2020 adopted for PV systems [22].

In the present study, the value of the embodied energy of a system includes the amount
of energy spent to manufacture each component of the system [23]. The list of components
present in PV and PVT systems is given in Table 1, where a thermal absorber component is
additionally present in the PVT system. A thermal absorber configuration composed of
copper tubes and an aluminum sheet is assumed for the analysis affixed to the module’s
backside [24]. The Balance of System (BoS) for open field and rooftop installation are nearly
identical, except that a hefty support assembly must be essential for open field installations.
Extreme wind and structural solidity necessitate this massive support structure. The charge
controller, battery, and inverter are among the components of the BoS, which are used to
power AC loads in both types of installations.
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Table 1. PVT components.
S.No PV System PVT System
1 PV Module (a-Si, CIS, CdTe) PV Module (a-Si, CIS, CdTe)
2 BoS components (inverter, battery, etc.) ~ BoS components (inverter, battery, etc.)
3 Thermal absorber

3. Results and Discussion

As per the ISO 14044 methodology, the LCA of three thin-film PVT systems with open
field and rooftop installation conditions was carried out. EPBT, CO, emission, and CCE
analysis were calculated for the three PVT systems and their results are discussed hereunder.

3.1. Embodied Energy Analysis of a PVT System

The embodied energy of a PVT system reveals information about the total energy
required starting from the manufacturing of the individual components till its installation
at the site [22]. The calculated values of the embodied energy for various PVT modules
with an area and packing factor of unity can be found in Table 2.

Table 2. Embodied energy for different PVT Modules of 1 m? area.

Type of PV Cell Packing Temperature Embodied Energy =~ Embodied Energy =~ Module Life Module
Module Efficiency = Factor  Coefficient of Power of PV System of PVT System (Years) Wattage, Wp,/m?
(%) (%/°C) (kWh/m?) (kWh/m?)
a-Si 6.6 —0.2 625 762 5 64
CIS 12.0 —0.28 357 494 10 94
CdTe 10.0 —0.22 498 635 15 118

The embodied energy values for both PV and PVT considering rooftop and open field
structures are shown in Figures 2 and 3. Figure 2 shows that the embodied energy calculations
for rooftop installation of a-Si are highest at 762 kWh/m?. In contrast, the CIS has the least
embodied energy at 494 kWh/m?, which is around 1.5 times lesser than the a-Si module. The
embodied energy for CdTe was found to be 635 kWh/m?, which is 1.2 times lesser than that of
an a-Si module. In addition, Figure 3, shows that the embodied energy for the open field CdTe
module is 935 kWh/m?. This is around 1.2 times greater than the embodied energy of the CIS
module, which was found to be 794 kWh/m?. The reason for the higher energy consumption
for manufacturing the a-Si and CdTe modules are the numerous processes involved in the
extraction of various rare earth raw materials and the preparation of the modules. The
embodied energy values are higher for open field installation than the corresponding rooftop
installation due to the heavy structures required to support the PVT systems. Moreover,
a-5i PVT systems do not suit well for open field applications due to their fast degradation
characteristics and huge installation area requirements.

Several methods are available for reclaiming solar energy that is incident on the Earth’s
surface [25]. The incident solar energy is directly absorbed or channeled through a thermal
absorber [26]. This absorbed energy can be used for heating or cooling rooms, generating
thermal electricity, cooking, drying, etc. The electrical energy that is generated is used for
a variety of purposes, including cooling and water pumping. As a result, in addition to
reducing CO; emissions, significant fossil fuel savings have been documented in previous
studies [27]. The module life cycle analysis involves determining the net energy offered
by a PV module by subtracting the total power developed from the PV module’s input
energy. The input energy includes the process energy required by various elements used in
the system, such as raw material extraction and the processing of the same, production of
the components, its servicing, etc. [28]. This total energy demand is analyzed against the
electrical and thermal yield of the PVT system (Eout).
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Figure 3. Comparison of embodied energy values of different thin-film PV and PVT modules under

3.2. Annual Electrical Yield from PVT System

open field installation.

@

The annual PVT system’s energy generation is determined by considering the amount
sunshine X number of days with clear sun in a year

of solar radiation and possible cell temperature prevailing over the specific location shown
in Tables 3 and 4. The PVT system’s electrical energy yield (Eoyut) was estimated using the
average yearly solar radiation value for the three locations considered in the analysis using

Equation (1).
Yearly average Insolation (kWh/m? /year) = Insolation on the panel (W/m?) x number of hours of peak
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Table 3. Average solar insolation in W/ m? for different locations [29].

Location Climate Zone PVT Module Insolation Sunshine Latitude Elevation above
Inclination (W/m?2) Hours (Pp) Mean Sea Level
. Composite Horizontal 636 8
New Delhi F Latitude (¢) 954 8 28.61° N 216 m
Jodhpur Hot Dry Horizontal 745 8
Latitude (¢) 1187 8 26.23° N 224 m
Cold Horizontal 815 10
Ladakh Latitude () 1222 10 3422° N 3542 m

Table 4. Annual average insolation on an inclined plane at a tilt angle of latitude for the regions.

Insolation Received on an Duration of Number of Clear Annual Average

Inclined Plane (W/m?) Sunshine Hours (6) Sunny Days Insolation (kW-h/m?)
600 6 300 1080
800 6 300 1440
1000 6 300 1800
600 8 300 1440
800 8 300 1920
1000 8 300 2400

Eout = The average annual insolation X electrical efficiency of the PVT module.

The cell efficiencies for a-Si, CdTe, and CIS PV modules have been considered as 6.6%,
10%, and 12%. Considering the packing factor of the cells in the PVT module, the efficiency
of the module is given by Equation (2).

PVT module efficiency (npyt) = (Packing factor) x (solar cell efficiency) 2)
The packaging factor was taken as 1 for the present study for calculations. Furthermore,
the combined electrical losses of 19% are commonly attributed to individual contributions

by inverters, transformers, etc. Therefore, in this study, the assessment of the capacity of
the PVT system BoS is computed using Equation (3).

MBos = (100 — all electrical losses) = 0.81 3)
The annual electricity output of an a-Si module of 1 m? area is given by Equation (4).
Eout (electrical) = Annual insolation average X efficiency of the solar cell x packing factor x BoS efficiency
= 1440 x 0.066 x 1 x 0.81 @)
=76.982 kWh/m? /year

Similar calculations have been repeated for CdTe and CIS, considering the efficiency
of 10% and 12% module efficiencies. Over the module’s lifetime, dust deposition, changes
in humidity conditions, and cell deterioration impact the efficiency neglected in this study.
The energy generation estimates for a-Si module for the sunshine hours of 6 and 8 h and
different insolation levels are shown in Table 5.

Table 5. Annual energy output (electrical) for a-Si PV system @ (1e| = 6.6%).

Insolation on an Inclined Plane, (W/m?2) Duration of Sunshine Hours Eout Electrical, Watt

600 6 57.736
800 6 76.983
1000 6 96.228
600 8 76.983
800 8 102.643
1000 8 128.304
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3.3. Annual Thermal Energy from PVT
The present analysis assumes the Bi-Symmetrical web flow thermal absorber configu-
ration for PVT systems [30]. Hence, as per the literature, the typical thermal efficiency of this
PVT configuration was reported as 45% with water as the working fluid [23]. Equation (5)
provides the calculation for the amount of thermal energy generation possible from the
PVT system.
Eout (thermal) = Mean daily insolation x thermal efficiency
= 1440 x 0.45 ®)
= 648 kWh/m?/ year

Since most of the energy in a PVT module exists as exergy energy, the electrical and
thermal power outputs should be changed to exergy energy given by Equation (6) [31].

Eout (Exergy) = Eout (thermal) X [1 - 2751227759’]
=648 x [1- 2] ©)
= 59.268 kWh/m? /year

where T is the fluid outlet temperature from the thermal absorber. For this study, T has
been considered as 55 °C [23].

The collective sum of the electrical power and thermal energy output taken annually
is the overall annual energy output.

Total annual energy output = (Electrical) + (Thermal Exergy).
= (76.982 + 59.268) @)
=136.25 kWh/m?/year

The overall annual energy output for an a-Si module is represented in Table 6. Solar
radiation availability can be understood to rise by approximately 1.6 times and the sun
hours to increase to 8. The overall energy is almost twice that of 600 W/m? and 6 sunshine
hours. Likewise, if the availability of solar radiation increases by approximately 1.3 times
and the sun hours increase to 8, the overall energy is almost 1.7 times when likened to
600 W/m? and 6 sun hours.

Table 6. Total annual energy output from rooftop system for a-Si PV and a-SiPVT @ (nep = 6.6%).

Insolation on an Inclined Duration of Total Eqyt, a-Si PV Total Egyt, a-Si PVT
Plane, (W/m?) Sunshine Hours (Watt) (Watt)
600 6 57.737 102.188
800 6 76.983 136.250
1000 6 96.228 170.313
600 8 76.983 136.251
800 8 102.643 181.668
1000 8 128.304 227.085

3.4. Energy Payback Time (EPBT)

The energy payback time (EPBT) is calculated by dividing the embodied energy
required (E;;) by the annual total energy output (Eoyt). The EPBT estimates how long it
will require for twelve-monthly energy generations (Eqyt) to become equivalent to yearly
energy expenditure. The ratio between the output and total energy needed for a given
lifespan is known as the energy yield factor. This factor specifies the amount of energy
attained for every energy investment unit [29].

Gross energy requirement (kWh/m?)

EPBT = (8)

Overall energy output (kWh/m?2 /year)
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Lifetime energy output(kWh/m?))

Embodied energy (kWh/m?2) ©)

Energy yield factor =

Lifetime of the total system(years)
Energy payback time (EPBT) (years)

Energy yield = (10)

For a photovoltaic thermal system, the annual energy yield factor must be larger than
zero, which means that over a given lifespan, the PVT system’s power output is compelled
to be more than the embodied energy of the system. The EPBT of a PVT system is used to
analyze the energy demand gap between the actual need and total energy produced; the lesser
the EPBT, the better the PV system’s alternative to fossil fuel-based energy production.

Figure 4 depicts the EPBT values for rooftop installation of all three PVT systems
discussed. It is clear that a-Si has the largest EPBT which is 4.9 years (for 600 W/m?) and
CIS, with the lowest amount of 1.48 years (for 1000 W/ mz), which is around 3.3 times lesser
than that of a-Si. The EPBT for CdTe values was found to be 2.16 years at a solar radiation
value of 1000 W/m?, which is 1.45 times greater than that of the CIS module. This figure
shows that the CIS module is better suited at a solar radiation value of 1000 W/m? due to
its low EPBT value.

Figure 5 shows the EPBT values for open-field installation for the three thin-film PVT
systems. The EPBT value was again observed to be least in the case of the CIS module,
coming out to be 2.39 years at a solar radiation of 1000 W/m?. In contrast, the EPBT for the
CdTe module was 1.33 times greater than that of the CIS module, calculated as 3.18 years
for the same solar radiation value. The CIS module can be preferred due to its low EPBT
value in open-field installations.

3.5. Carbon Dioxide Emissions

The mean CO, intensity per kWh for power plants run on coal is about 0.98 kg CO;.
Therefore, if 40% of the transportation and distribution are lost, 20% of domestic devices are lost.

6

Solar Radiation, W/m?

5L 600

-1800

1000

N
T

EPBT (Years)
w
I

N
T

Figure 4. Rooftop EPBT values of different PVT systems for solar insolation levels of 600, 800, and
1000 W/m?.
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Figure 7. Annual Open field CO, emissions of the photovoltaic thermal systems.

The emission value obtained for the a-Si module was 240.79 kg/year, which is
1.54 times greater than the CO, emissions obtained for the CIS module, i.e., 156.04 kg/year.
The CO, emissions for the CdTe module were found to be 200.66 kg/year, i.e.,1.28 times
greater than that of the CIS module. It is clear that the annual CO, emissions of the CIS
module were lowest in comparison to all three thin-film module PVT rooftop systems.

Figure 7 shows the annual CO, emissions for open field installation of CdTe and
CIS PVT systems. The CO; emissions for CdTe were found to be around 295.46 kg /year
over five year period, which is around 1.18 times higher than that of the CIS module
(250 kg/year). In the case of the open field installation, the CIS PVT system has also
achieved lower annual CO, emissions.

3.6. Carbon Dioxide Mitigations and Carbon Credit Earned (CCE)

The yearly carbon dioxide emissions of PVTs (kg of CO;) equals Ey,r x 1.58, where
Eout signifies the PVTs annual energy gain [33].

CO; emission throughout the lifespan of the PVT system (kg) = Eout x 1.58 x LT  (12)

For calculation, the lifetime for a-Si, CIS, and CdTe systems are assumed as 5, 15 and
10 years. Therefore, the total CO, emission/mitigation of the PVT systems throughout their
lifetime in tons of Carbon dioxide is given by Equation (13).

((Eout X LT) — Ein) x 1.58
1000

NCEM = (13)

The cost of CO, reduction is currently appraised to be around USD 20 for every
tonne [34]. CCE = NCEM X Price of CO; traded for every ton.

From the above tables, the CIS has the highest CCE value at USD 87.83 [1 ton of
CO, = USD 20 (July 2022)]. This is 1.23 times the CCE value of the CdTe module, which
amounts to USD 71.09 for rooftop installation at 1000 W /m? solar radiation with a lifespan
of ten years. The net CO, emissions for rooftop installation were found to be 3.7 tonnes for
the CdTe module, which is 1.13 times smaller than that of the CIS module (4.19 tonnes) at
1000 W/m? solar radiation.

For open field installation, the net CO, emissions for the CdTe module were calculated
to be 3.08 tonnes at 1000 W/m? solar radiation. This value is 1.7 times less than the CIS
module (5.24 tonnes). The Carbon Credit Earned was calculated to be USD 104.93 for the
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CIS module at the same solar radiation value. This is 1.7 times higher than that of the CdTe
module, which was found to be USD 61.61. Therefore, it concludes that the CIS module
has a higher CCE and NCEM value at 1000 W/m? compared to the CdTe module for both
rooftop and open field installations shown in Tables 7 and 8.

Table 7. Rooftop results for CO, emissions, NCEM and CCE for 800 and 1000 W/ m? solar radiation
for CdTe and CIS PVT systems for a 10-year life span.

Solar Radiation 800 w/m? Solar Radiation 1000 w/m?
PVITModule o, Mitigation NCEM CCE (USD) CO, Mitigation NCEM CCE
(Tonnes) (Tonnes) (Tonnes) (Tonnes) (USD)
Cd-Te 3.70 2.62 52.56 4.63 3.55 71.09
CIS 4.19 3.34 66.84 5.24 4.39 87.83

Table 8. Open field results for CO, emissions, NCEM and Carbon Credit earned for 1000 W/ m? solar
radiation for CdTe and CIS PVT systems for a 10-year life span.

PVT Module CO; Mitigation (Tonnes) NCEM (Tonnes) CCE (USD)
CdTe 4.63 3.08 61.61
CIS 524 524 104.93

Generally, based on the experimental data collected on the PVT system for overcast and
sunny conditions, the performance varies with ambient and other operating conditions [24].
Since the regions selected for this study have varied diurnal conditions, the overall efficiency,
i.e., the sum of electrical and thermal efficiency, will also vary. In the New Delhi region,
during summer, the thermal absorber will help to reduce the cell temperature; hence,
electrical efficiency increases with considerable thermal efficiency. Similarly, during winter,
the region experienced the least ambient temperatures, so overall efficiency may drop due
to lower thermal efficiency values. An analogous scenario also follows for the Jodhpur
region and introducing a thermal absorber will increase the cell life [23]. Ladakh is a
typical cold arid region with high incoming solar insolation levels, with an average value of
5 kWh/m?/day; hence, higher solar cell temperatures might prevail. Therefore, PVT
systems will be effective in attaining lower cell temperatures during summer months and
thus a reliable overall efficiency can be ascertained.

3.7. Validation of Results

In this section, the outcomes of the present LCA analysis performed for different PVT
systems are validated with LCA performed for PV-based systems available in the literature.
Alsema and Raugei et al. [35,36] performed studies using ISO 14044 LCA methodology
considering thin-films and CdTe PV systems in the past with module efficiencies of 10% and
9%. However, this study was analyzed based on the latest commercial module efficiency
available for a-5i, CdTe, and CIS systems as 6.6%, 10%, and 12%, respectively, and other
technical data for supporting components. The comparison tables for PVT system EPBT and
CO, emission reduction outcomes obtained from the present analysis to that of the PV system
reference values reported by [35,36] Alsema and Raugei et al. are shown in Tables 9 and 10.

The results show that the EPBT values of thin-film PVT systems are 26% and 6% lower
than PV system results of Alsema et al. in open field and rooftop conditions. The reason for
this variation is due to the increase in cell efficiency by 1% and a three-times reduction in
the lower embodied energy of the PVT system in the current case. Similarly, the present
research achieved 36.9 g-CO,/kWh CO, emissions, which is 23% lower than the results of
Raugei et al. for rooftop conditions.
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Table 9. Validation results of EPBT for PVT systems under rooftop and open field conditions.

Module Type of Solar Radiation EPBT (Year) EPBT (Year)
Solar Cell (kWh/m?/year) Rooftop Openfield

PV [35] Thinfilms 1700 2.1 4
PVT (Present Si 2400 3.35 -
Study) a1 1800 4.47 -

2400 2.16 3.18

CdTe 1800 2.88 425

2400 1.48 2.39

15 1800 198 3.18

Table 10. Validation results of EPBT for PVT systems for CdTe PV system.

Module Solar Radiation CO; Emissions (g-CO»/kWh)
" (kWh/m?/year) Rooftop
PV [36] 1700 48
PVT (Present Study) 2400 36.9

4. Conclusion

This study analyzed estimates of energy payback time, CO, emissions, and CCE for
three different PVT systems, i.e., a-Si, CdTe, and CIS, in two distinct installation conditions,
i.e., rooftop and open field. In this study, diverse climatic locations such as New Delhi,
Ladakh, and Jodhpur were considered to determine the best choice among a-Si, CdTe,
and CIS PVT systems. The results observed that the payback period was estimated to be
between 1.48 and 5.59 years for the PVT systems with productive energy output. This
is because EPBT calculations reveal a considerable improvement in energy output per
year from rooftop installation for all three individual PVT systems, where the values were
lower than the open field conditions. Additionally, it was observed that as the average
solar radiation at a location increases, the EPBT value gets lower. With reference to the
CO, emissions, higher emissions were recorded for a-Si to be 212 kg/year. Additionally,
for CdTe and CIS PVT systems, the annual CO, emissions were calculated as 108/85 kg
(rooftop) and 155/132 kg (open field). Similarly, the highest carbon credits earnings of USD
104 were achieved using CIS thin-film PVT systems in open field conditions.

With the increased performance attributes of the thin-film-based PVT systems, predom-
inantly in tropical areas, achieving fewer CO, emissions and NCEM is possible with the
accomplishment of higher CCE. In the future, if the cell efficiency improves and the cost of en-
ergy per kWh utilized for embodied energy reduces, EPBT and CCE will continue to enhance,
allowing for their expansion in domestic applications. The UN sustainable development goals
can be easily achieved as these systems demand upkeep and will pave the way to improved
societies as excess energy is transferred to the nearby grid via net metering.

Author Contributions: V.T.R. and Y.R.S.—Methodology and Supervision, H.M., A K.M. and D.C.
—writing—original draft preparation, N.LA. and A.M.M.L.—Conceptualization and visualization,
M.H. and A.M.G.—Formal analysis, Validation, R.S., JW.H., SK.H. and A.T.P.—validation and
editing, investigation. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Incheon National University Research Concentration
Professors Grant in 2021.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Available upon request from the corresponding author.

Acknowledgments: This work was supported by Incheon National University Research Concentra-
tion Professors Grant in 2021. This work is a part of the SEED grant (RGEMS/VIT/SMEC) awarded



Sustainability 2022, 14, 14209 13 of 14

to Y. Raja Sekhar, Centre for Disaster Mitigation and Management, Vellore Institute of Technology,
Vellore, India. The fabrication and partial support are provided by OLITEC. The solar energy com-
pany Vellore is gratefully acknowledged. This work was supported by Incheon National University
Research Concentration Professors Grant in 2021.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bello, M.O.; Solarin, S.A. Searching for Sustainable Electricity Generation: The Possibility of Substituting Coal and Natural Gas
with Clean Energy. Energy Environ. 2022, 33, 64-84. [CrossRef]

2. Trask, B.S. Migration, Urbanization, and the Family Dimension; Department of Economic and Social Affairs (UNDESA): New York,
NY, USA, 2022.

3. Adekoya, O.B; Oliyide, ].A.; Fasanya, 1.O. Renewable and Non-Renewable Energy Consumption—Ecological Footprint Nexus in
Net-Oil Exporting and Net-Oil Importing Countries: Policy Implications for a Sustainable Environment. Renew. Energy 2022, 189,
524-534. [CrossRef]

4. Rahman, A; Farrok, O.; Haque, M. Environmental Impact of Renewable Energy Source Based Electrical Power Plants: Solar,
Wind, Hydroelectric, Biomass, Geothermal, Tidal, Ocean, and Osmotic. Renew. Sustain. Energy Rev. 2021, 161, 112279. [CrossRef]

5. Icaza, D.; Borge-Diez, D.; Galindo, S.P. Analysis and Proposal of Energy Planning and Renewable Energy Plans in South America:
Case Study of Ecuador. Renew. Energy 2022, 182, 314-342. [CrossRef]

6. Nandimandalam, H.; Gude, V.G.; Marufuzzaman, M. Environmental Impact Assessment of Biomass Supported Electricity
Generation for Sustainable Rural Energy Systems—A Case Study of Grenada County, Mississippi, USA. Sci. Total Environ. 2022,
802,149716. [CrossRef] [PubMed]

7. Mukherjee, M. India’ s Progress on Its Climate Action Plan an Update in Early 2022. 2022. Available online: https://www.econstor.
eu/bitstream /10419 /253285/1/1797767100.pdf (accessed on 5 July 2022).

8. Sumathi, S.; Dinesh, G.; Thenmozhi, M.; Vinesh, V.G. Present and Prospects of Renewable Energy in India. Int. . Adv. Res. Eng.
Technol. 2019, 10, 312-321.

9.  Sarrasin, O.; von Roten, F.C.; Butera, F. Who's to Act? Perceptions of Intergenerational Obligation and Pro-Environmental
Behaviours among Youth. Sustainability 2022, 14, 1414. [CrossRef]

10. Durga, S.; Evans, M.; Clarke, L.; Banerjee, R. Developing New Pathways for Energy and Environmental Decision-Making in
India: A Review OPEN ACCESS Developing New Pathways for Energy and Environmental Decision-Making in India: A Review.
Environ. Res. Lett. 2022, 17, 6. [CrossRef]

11.  Oskouei, M.Z,; Seker, A.A ; Tungel, S.; Demirbas, E.; Gozel, T.; Hocaoglu, M.H.; Abapour, M.; Mohammadi-Ivatloo, B. A Critical
Review on the Impacts of Energy Storage Systems and Demand-Side Management Strategies in the Economic Operation of
Renewable-Based Distribution Network. Sustainability 2022, 14, 2110. [CrossRef]

12.  Li, W,; Yu, X.;; Hu, N.; Huang, F.; Wang, J.; Peng, Q. Study on the Relationship between Fossil Energy Consumption and Carbon
Emission in Sichuan Province. Energy Rep. 2022, 8, 53-62. [CrossRef]

13. Kazemian, A ; Salari, A.; Ma, T.; Lu, H. Application of Hybrid Nanofluids in a Novel Combined Photovoltaic/Thermal and Solar
Collector System. Sol. Energy 2022, 239, 102-116. [CrossRef]

14. Hajjaj, S.S.H.; Aqeel, A.A.K.A.; Sultan, M.T.H.; Shahar, ES.; Shah, A.U.M. Review of Recent Efforts in Cooling Photovoltaic Panels
(PVs) for Enhanced Performance and Better Impact on the Environment. Nanomaterials 2022, 12, 1664. [CrossRef]

15. Tembhare, S.P.; Barai, D.P.; Bhanvase, B.A. Performance Evaluation of Nanofluids in Solar Thermal and Solar Photovoltaic
Systems: A Comprehensive Review. Renew. Sustain. Energy Rev. 2022, 153, 111738. [CrossRef]

16. Ram, M.; Osorio-Aravena, J.C.; Aghahosseini, A.; Bogdanov, D.; Breyer, C. Job Creation during a Climate Compliant Global
Energy Transition across the Power, Heat, Transport, and Desalination Sectors by 2050. Energy 2021, 238, 121690. [CrossRef]

17. Calderén, A.; Batalle, ].A. Energy Life Cycle Assessment (LCA) of Silicon-Based Photovoltaic Technologies and the Influence of
Where It Is Manufactured and Installed. Master’s Thesis, Universitat of Barcelona, Barcelona, Spain, 2014.

18. Saini, V.; Tiwari, S.; Tiwari, G. Environ Economic Analysis of Various Types of Photovoltaic Technologies Integrated with
Greenhouse Solar Drying System. J. Clean. Prod. 2017, 156, 30—40. [CrossRef]

19. Kittner, N.; Gheewala, S.H.; Kamens, R.M. An Environmental Life Cycle Comparison of Single-Crystalline and Amorphous-Silicon
Thin-Film Photovoltaic Systems in Thailand. Energy Sustain. Dev. 2013, 17, 605-614. [CrossRef]

20. National Renewable Energy Laboratory. Life Cycle Greenhouse Gas Emissions from Solar Photovoltaics; NREL: Golden, CO, USA,
2012.

21. Wu, EWK,; Iris, PL.L. The Potential Application of Amorphous Silicon Photovoltaic Technology in Hong Kong. In Proceedings of
the HKIE (Electrical Division) 25th Annual Symposium on Sustainability and Environmental Challenges in Electrical Engineering,
Hong Kong, China, 23 October 2007.

22. Fthenakis, V.; Raugei, M. Environmental life-cycle Assessment of Photovoltaic Systems. In The Performance of Photovoltaic (PV)
Systems; Woodhead Publishing: Sawston, UK, 2017; pp. 209-232.

23. Rao, V.T,; Sekhar, Y.R. Comparative Analysis on Embodied Energy and CO2 Emissions for Stand-Alone Crystalline Silicon

Photovoltaic Thermal (PVT) Systems for Tropical Climatic Regions of India. Sustain. Cities Soc. 2022, 78, 103650. [CrossRef]


http://doi.org/10.1177/0958305X20985253
http://doi.org/10.1016/j.renene.2022.03.036
http://doi.org/10.1016/j.rser.2022.112279
http://doi.org/10.1016/j.renene.2021.09.126
http://doi.org/10.1016/j.scitotenv.2021.149716
http://www.ncbi.nlm.nih.gov/pubmed/34455272
https://www.econstor.eu/bitstream/10419/253285/1/1797767100.pdf
https://www.econstor.eu/bitstream/10419/253285/1/1797767100.pdf
http://doi.org/10.3390/su14031414
http://doi.org/10.1088/1748-9326/ac6f13
http://doi.org/10.3390/su14042110
http://doi.org/10.1016/j.egyr.2022.01.112
http://doi.org/10.1016/j.solener.2022.04.016
http://doi.org/10.3390/nano12101664
http://doi.org/10.1016/j.rser.2021.111738
http://doi.org/10.1016/j.energy.2021.121690
http://doi.org/10.1016/j.jclepro.2017.04.044
http://doi.org/10.1016/j.esd.2013.09.003
http://doi.org/10.1016/j.scs.2021.103650

Sustainability 2022, 14, 14209 14 of 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Rao, V.T.; Raja Sekhar, Y. Exergo-Economic and CO; Emission Analysis of Bi-Symmetrical Web Flow Photovoltaic-Thermal
System Under Diurnal Conditions. J. Energy Resour. Technol. 2022, 145, 032001.

Shafeian, N.; Ranjbar, A.A.; Gorji, T.B. Progress in Atmospheric Water Generation Systems: A Review. Renew. Sustain. Energy Rev.
2022, 161, 112325. [CrossRef]

Rao, V.T.; Raja Sekhar, Y. Hybrid Photovoltaic/Thermal (PVT) Collector Systems with Different Absorber Configurations for
Thermal Management—A Review. Energy Environ. Dec. 2021. [CrossRef]

Adun, H.; Adedeji, M.; Ruwa, T.; Senol, M.; Kavaz, D.; Dagbasi, M. Energy, Exergy, Economic, Environmental (4E) Approach to
Assessing the Performance of a Photovoltaic-Thermal System Using a Novel Ternary Nanofluid. Sustain. Energy Technol. Assess.
2022, 50, 101804. [CrossRef]

Aghaei, M.; Fairbrother, A.; Gok, A.; Ahmad, S.; Kazim, S.; Lobato, K.; Oreski, G.; Reinders, A.; Schmitz, J.; Theelen, M.; et al.
Review of Degradation and Failure Phenomena in Photovoltaic Modules. Renew. Sustain. Energy Rev. 2022, 159, 112160. [CrossRef]
Tiwari, A.; Raman, V.; Tiwari, G.N. Embodied Energy Analysis of Hybrid Photovoltaic Thermal (PVT). Int. ]. Ambient. Energy
2007, 28, 37-41. [CrossRef]

Raja Sekhar, Y.; Rao, V.T. Bi-Symmetrical Web Flow Thermal Absorber for Photovoltaic Thermal System. India Patent No.
IN202241030388, 6 October 2022.

Vokas, G.; Christandonis, N.; Skittides, F. Hybrid Photovoltaic-Thermal Systems for Domestic Heating and Cooling-A Theoretical
Approach. Sol. Energy 2006, 80, 607-615. [CrossRef]

Dwivedi, V.K.; Tiwari, G.N. Thermal Modeling and Carbon Credit Earned of a Double Slope Passive Solar Still. Desalination Water
Treat. 2010, 13, 400-410. [CrossRef]

Prabhakant; Tiwari, G.N. Evaluation of Carbon Credits Earned by Energy Security in India. Int. ]. Low-Carbon Technol. 2009, 4,
42-51. [CrossRef]

Wong, ].H.; Royapoor, M.; Chan, C.W. Review of Life Cycle Analyses and Embodied Energy Requirements of Single-Crystalline
and Multi-Crystalline Silicon Photovoltaic Systems. Renew. Sustain. Energy Rev. 2016, 58, 608-618. [CrossRef]

Alsema, E.A. Energy Pay-Back Time and CO, emissions of Photovoltaic Systems. In Practical Handbook of Photovoltaics: Fundamen-
tals and Application; Elsevier: Amsterdam, The Netherlands, 2003; pp. 1097-1117.

Raugei, M.; Bargigli, S.; Ulgiati, S. Life cycle assessment and energy payback time of advanced photovoltaic modules: CdTe and
CIS compared to poly-Si. Energy 2007, 32, 1310-1318. [CrossRef]


http://doi.org/10.1016/j.rser.2022.112325
http://doi.org/10.1177/0958305X211065575
http://doi.org/10.1016/j.seta.2021.101804
http://doi.org/10.1016/j.rser.2022.112160
http://doi.org/10.1080/01430750.2007.9675042
http://doi.org/10.1016/j.solener.2005.03.011
http://doi.org/10.5004/dwt.2010.856
http://doi.org/10.1093/ijlct/ctp004
http://doi.org/10.1016/j.rser.2015.12.241
http://doi.org/10.1016/j.energy.2006.10.003

	Introduction 
	Methodology 
	Results and Discussion 
	Embodied Energy Analysis of a PVT System 
	Annual Electrical Yield from PVT System 
	Annual Thermal Energy from PVT 
	Energy Payback Time (EPBT) 
	Carbon Dioxide Emissions 
	Carbon Dioxide Mitigations and Carbon Credit Earned (CCE) 
	Validation of Results 

	Conclusion 
	References

