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Abstract. This paper provides an overview of Building-Integrated Photovoltaic
(BIPV) environmental performance in different conditions. Four different tech-
nologies were selected based on their representativeness of the currently availa-
ble systems and on the availability of the necessary data. Their characteristics,
including lifespan, efficiency, and embodied energy and carbon, were identified
through a database search and a review of recently published research. The en-
ergy production was estimated assuming the installation of the systems on the
optimal orientation, a flat roof and fagades facing due to the four cardinal direc-
tions. The simulation considered ten locations in different climates and with dif-
ferent solar irradiations and climates. The final environmental performance is
calculated based on energy and CO: balance, mainly through the Energy Pay-
back Time (EPBT), Carbon Payback Time (CPBT) and Carbon Intensity (CI).
Although limited by the assumptions and simplifications necessary to conduct a
wide-ranging study, the paper offers a representative dataset and insights into
the viability of the main currently available BIPV solutions in different climatic
regions.

Keywords: building integrated photovoltaic, energy payback time, carbon pay-
back time, carbon intensity.

1 Introduction

Roughly 25 per cent of greenhouse gas emissions and 33 per cent of the world's ener-
gy consumption are attributable to the building sector (Gonzalez-Torres et al., 2022).
By 2050, the global population is predicted to reach 9.7 billion people (United Na-
tions Department of Economic and Social Affairs, Population Division, 2022), and as
the population grows, so does the energy demand. There is a need for sustainable
energy alternatives that are closer to the consumers to meet the projected increase in
energy demand (Muteri et al., 2020). Therefore, it is unsurprising that the number of
publications on building integrated photovoltaics (BIPV) has increased in the past 36
years (Kant Paliwal et al., 2024). There are several research publications on how to
improve the energy performance and efficiency of BIPVs and how BIPVs influence
the performance of buildings (building energy demand and users' comfort). Numerous
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studies also address the urban application of BIPVs, their life cycle assessment (LCA)
and environmental impact.

Nonetheless, there are still significant gaps to be filled on the LCA of BIPV,
particularly in terms of the environmental impact of BIPV across different
geographical regions. The location, timing, and nature of the BIPV project all
influence the conclusions of LCA studies. Also, LCA results are often only valid for a
certain number of years because the relevant factors constantly change as
manufacturers upgrade systems and processes. Thus, the LCA for BIPV is an ever-
green topic of interest. After conducting a systematic search in the Web of Science
and Scopus database on publications on the life cycle assessment of BIPVs, it was
observed that the recent review journal publications on the LCA of BIPVs
consolidated findings on the energy payback time (EPBT) and global warming
potential (GWP) of BIPV systems from works published more than five years ago,
which may not be representative of the current values and therefore need an update.
This study aims to overcome this gap by calculating the EPBT, carbon payback time
(CPBT), and carbon intensity (CI) of various PV technologies for 10 study locations,
assuming they are positioned optimally, horizontally integrated into the roof and
vertically spaced on the fagade facing the four cardinal points.

Calculating the EPBT, CPBT, and CI of photovoltaic (PV) systems in a particular
location helps determine if investing in PV is justifiable from an environmental
perspective compared to the existing energy alternatives in such places. Also,
calculating the EPBT, CPBT, and CI of PV systems in different placements helps to
provide helpful information on which building integration placement is most
environmentally friendly, thus avoiding the suboptimal placement of PV panels. The
issue of CPBT of PV panels will become more relevant in the years to come. Already,
Sweden pioneered the climate declaration policy, which requires that the greenhouse
gas (GHG) emissions associated with the construction phase of building projects be
declared (von Malmborg, 2024). Integrating PV systems into buildings would impact
the GHG emissions of buildings and their embodied carbon as well. Therefore, there
is a need to study the CI of BIPV systems. The outcomes of this research will help
investors, developers, and other stakeholders, including policymakers, to make
insightful decisions.

2 Methodology

Ten locations were selected to examine the EPBT and CPBT of different solar PV
technologies under different solar irradiation conditions. Fig. 1. shows the global
horizontal irradiation globally, with annual values ranging from around 750 kWh/m?
to 2750 kWh/m?. For this research, locations were selected around each of the
following intervals: 750, 1000, 1250, 1500, 1750, 2000, 2250, 2500 and 2750
kWh/m?. The PVGIS website was used to identify the coordinates of the study
locations whose annual solar irradiation per meter square fell within the chosen
interval; it was also used to determine the optimal PV panel slope and azimuth for
each site. Photovoltaic energy production is also function of other climatic variables,
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including air temperature, which affects the modules’ temperature and their
efficiency. Therefore, the study locations are to be representative of different
geographical and climatic regions. At least one location was selected from the very
hot, hot, warm, mixed, cool, cold and very cold climatic region from the ASHRAE
thermal zone classification. The extremely hot and arctic regions are excluded as
applications are limited. Locations belong to countries with varied carbon intensity of
grid electricity, from as little as 0.03 kg COze /kWh in Norway to as high as 0.71 kg
COze /kWh in China. Thus, the study provides a dataset representative of a
comprehensive range of technologies and environmental conditions. Four PV panel
technologies, two from the first generation and two from the second generation, were
used to determine the EPBT: monocrystalline, polycrystalline, cadmium telluride, and
copper indium gallium selenide. Only cadmium telluride and copper indium gallium
selenide were selected from the second generation of PV panel technology because of
the availability of current data on their embodied energy and embodied carbon.

d g 4 <=2
Z .

Long-term average of global horigental irradiation (GHI)
Daily totals: 22 26 30 34 38 42 46 SO 54 58 62 66 20 74
KWh/m'
Yearlytotals: 803 949 1095 1241 1387 1534 1680 1826 1972 218 2264 2410 2556 2702

Fig. 1. Global horizontal irradiation (GHI) (Global Solar Atlas 2.0, 2020).

Data on the embodied energy of the monocrystalline and polycrystalline PV panels
were obtained from the Environmental Product Declarations (EPDs) obtained from
the One Click LCA database. The embodied energy for the cadmium telluride and
copper indium gallium selenide panels was obtained from published research as their
EPDs were unavailable in the One Click LCA database. The mounting system and the
balance of system (BOS), which includes inverters, electric cables, circuit breakers,
and electric meters, were captured in this study through data from the One Click LCA
database. The embodied energy of the ‘Mono-Si - SPR-MAX3-400" PV panel was
1838.62 MJ/m? (SunPower, 2021), and for the ‘Poly-Si - JAP6-60-280/4BB/RE’, it
was 2309.59 MJ/m? (JA SOLAR, 2019). According to (Wikoff et al., 2022), the
embodied energy of a cadmium telluride PV panel was 762 MJ/m?, and according to
(Stamford & Azapagic, 2019), the embodied energy of one copper indium gallium
selenide panel (141WP/ 0.939m?) was 126 MJ. Care was taken to use EPDs and data
not older than five years, to ensure the results are up to date.
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This study did not include the energy used in transporting the PV panels and BOS
to the project site, for installation and for disposal or recycling in the EPBT
calculations. A 3 kWp inverter capacity was assumed; as such, the PV panels were
sized to be a little below the inverter capacity (see Table 1 for the details). To attain
the desired PV capacity, seven, ten, six and seventeen numbers of the
monocrystalline, polycrystalline, cadmium telluride and copper indium gallium
selenide PV panels, respectively, were used. The energy production for the identified
coordinates was estimated using RETScreen clean energy management software with
the assumption that the PV panels were placed in the optimal position, horizontally on
a flat roof and vertically on fagades facing the four cardinal directions. It was also
assumed that the PV panels were not shaded in their respective positions to provide
the bases for comparing the results across all the study locations This setting is
designed to compare the selected technologies in different climatic and energy
contexts, not to evaluate specific building sites or architectural configurations. The
EPBT was calculated using Equation 1 without taking into account the annual
degradation rate of the PV panels.

PV embodied energy + BOS embodied energy

EPBT = , (1)
Annual PV system energy generation
Table 1. PV panel description.
Installed
Panel capacity ~ Number

PV type Product name efficiency  (kWp) of panels
Monocrystalline mono-Si - SPR-MAX3-400 22.60% 2.8 7
Polycrystalline poly-Si - JAP6-60-280/4BB/RE 17.12% 2.8 10
Cadmium telluride (CdTe)  CdTe - FS-6480A-C 19% 2.88 6
Copper indium gallium

selenide (CIGS) CIS - SF175-S - 175W 14.25% 2.975 17

To calculate the CPBT, One Click LCA was used to calculate the embodied carbon
of each PV system. All the data used to calculate the embodied energy was also
obtained from the One Click LCA database. A time horizon of 40, 25, 30 and 25 years
was used for the monocrystalline, polycrystalline, cadmium telluride, and copper
indium gallium selenide, respectively, which corresponds to the lifetime of each PV
panel as specified by their manufacturers. The results of the net embodied carbon
obtained from the One Click LCA software were then used to calculate the CPBT
using Equations 2 and 3. For the CPBT, the PV panels' annual degradation was
considered. The functional unit for comparing the CI of each PV technology is kWh.

PV system life cycle CO 7eq. emissions

CPBT=

(2)(Muthu et al., 2014)

Avoided CO ; eq. emissions per year
Avoided CO; eq. emissions per year =

average yearly electricity of PV system x CO2 eq. emission of the grid electricity (3)
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3 Results and Discussion

3.1 Annual Electricity Generation

Table 2 shows the annual electricity generation per kWp for the monocrystalline and
polycrystalline PV panels. Though the annual energy generation of the
monocrystalline and polycrystalline are the same, the number of panels needed to
generate the same amount of electricity from the polycrystalline PV panels was
higher. The results confirmed that the annual electricity generation generally increases
proportionally with the GHI, except for Akure, Ondo state, Nigeria, where less
electricity was generated despite having a higher GHI than Helena, USA. Akure,
Nigeria, has a very hot, humid climate, which causes an increase in the temperature of
the PV panels, which reduces their performance. In Toledo, Spain, where the GHI is
similar to Akure and the climate is not as hot, the annual electricity generation is
higher than in Helena, USA.

Table 2. Annual electricity generation per kWp for monocrystalline and polycrystalline PV

panels.
Annual
Annual  Annual  Annual  electrici  Annual
electric  electrici  electrici  ty electrici
ity ty ty generati  ty
generat  generati  generati  on at generati
ion at on at on at vertical ~ onat
best horizont  vertical =~ west/ea  vertical
Best positio  al south st north
Coor slope/ n position  position  position  position
Count dinat  Clim azimu (Mwh/ (Mwh/k Mwh/k Mwhk (Mwhk
ry Region es ate th kWp) Wp) Wp) Wp) Wp)
6A-
Steinkjer  63.97  Cold
Norw  Trendela 11.48 Hum  48/So
ay g ° id uth 1.05 0.81 0.89 0.62 0.36
58.43
British °, - 7-
Cana Columbi  130.0  very 44/So
da a 1° cold uth 1.37 1.06 1.14 0.81 0.44
SA-
43.11  Cool
Unite °, - -
d New 76.10 Hum  33/So
States  York ° id uth 1.47 1.31 1.05 0.84 0.48
6A-
46.61  Cold
Unite °, - -
d 1119 Hum 39/So
States  Helena 6° id uth 1.69 1.40 1.31 0.96 0.48
4B-
39.88  Mixe
° d- 35/So

Spain  Toledo 4.05° Dry uth 1.79 1.60 1.21 1.00 0.49
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1A-
Very
7.25°  hot -
Niger  Akure, s Hum  9/Sout
ia Ondo 520° id h 1.65 1.63 0.86 0.94 0.63
31.53  3B-
New °, War
Austr  South 1458 m- 30/No
alia Wales 0° Dry rth 2.01 1.82 0.53 1.11 1.32
32.50
0’ 7_
Gar, 80.08 very  35/So
China  Tibet ° cold uth 2.28 2.03 1.63 1.41 0.74
17.62  1B-
Saudi °, Very
Arabi 4442  hot- 22/So
a Najran ° dry uth 2.32 2.23 1.25 1.33 0.63
- 4C-
22.47  Mixe
0’_ d_
68.90 Mari 24/No
Chile  Calama ° ne rth 2.31 2.22 0.65 1.32 1.25

The highest amount of electricity is generated in the optimal position, followed by
the horizontal position in most studied regions except Treondelag, Norway and British
Columbia, Canada, where the south orientation generates more electricity than the
horizontal position because of their proximity to the north pole. As expected, in
regions located further from the equator, in the northern latitudes, the south/north
orientations generated more electricity than the west/east orientations. In regions
closer to the poles, southern fagades (for northern latitudes) and northern fagades (for
southern latitudes) are better for PV panel integration than horizontal roof-integrated
PV panels. For regions closer to the equator, like Akure in Nigeria, Najran in Saudi
Arabia, and Calama in Chile, the west/east orientations generated more electricity
than the South and North orientations. Thus, when unobstructed, western and eastern
fagades are better for PV integration than southern and northern facades in regions
closer to the equator. The electricity generated from cadmium telluride and copper
indium gallium selenide PV systems follow the same trends in Table 2; however, they
generated a little more electricity than the crystalline panels, mainly due to their
slightly higher capacity.

3.2 Embodied Energy and Embodied Carbon of Different PV System
Technology

According to IEA’s methodological guidelines for PV systems, PV technologies
should only be compared using the functional unit of kWh because each system’s
electricity may differ (Iea Pvps et al., 2020). The purpose of this section, therefore, is
to describe the embodied energy and carbon of the different PV system technologies
and not to provide a comparison of their environmental impact, which will be done in
section 3.4. Table 3 shows the embodied energy and embodied carbon of the PV
systems. Figure 2 shows the percentage contribution of the PV panel and BOS to the
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embodied energy and carbon. For the monocrystalline-based system, the PV panel is
responsible for 38 per cent of the embodied carbon, but 89 per cent of the total
embodied energy. The polycrystalline PV panel is responsible for 80 and 97 per cent
of the embodied carbon and energy, respectively. For the cadmium telluride PV
system, the panels account for 24 per cent of the embodied carbon and 78 per cent of
the embodied energy. Copper indium gallium selenide PV panel accounts for 48 and
44 per cent of the embodied carbon and energy, respectively.

Table 3. Embodied energy and embodied carbon of the different PV systems.

Embodied Embodied
energy (MW) | carbon (kg
COze)
Monocrystalline (2.8kWp) 26.05 1838
Polycrystalline (2.8kWp) 53.30 3626
Cadmium telluride (CdTe) (2.88kWp) 14.79 1002
Copper indium gallium selenide (CIGS) 5.99 1440
(2.975kWp)

Copper indium gallium selenide (CIGS) r

Cadmium telluride (CdTe) _

i

Mo
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

W Embodied energy BOS (kW/kWp) Embodied carbon BOS (kg CO2e)
Embodied energy PV panel (kW/kWp) M Embodied carbon PV panel (kg CO2e)

Fig. 2. Percentage contribution of the PV panel and BOS to the embodied energy and embodied
carbon.

3.3 EPBT of PV System Technologies

EPBT of Monocrystalline PV System. In the optimal position, the EPBT for the
monocrystalline PV system ranged from 2.4 years in Trondelag, Norway, to 1.1 years
in Calama, Chile (see Figure 2). As the annual electricity generated and GHI
increased, the EPBT reduced. The EPBT of the fagade with the least electricity
generation in the studied regions was between 7.1 years in Trendelag, Norway and
3.5 years in Tibet, China. The energy payback time for horizontal roof-integrated PV
systems was between 1.2 and 3.2 years. For the west/east orientations, the EPBT was
from 1.8 years in Tibet, China, to 4.2 years in Trendelag, Norway. For the northern
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latitude regions, the longest EPBT occurred in PV systems positioned on the northern
fagade and for the southern latitudes, the longest EPBT was for PV systems placed on
the south fagade.
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Fig. 3. EPBT of monocrystalline PV system.

EPBT of Polycrystalline PV System. While the annual electricity generated by the
polycrystalline PV system is the same as that generated by the monocrystalline PV
system, the number of PV panels and the length of structural support used in the
polycrystalline PV system are more than those used in the monocrystalline PV
system. Thus, the polycrystalline PV system requires a larger surface area. The
general trend, as shown in Figure 3, shows that the EPBT of the polycrystalline PV
system is more than that of the monocrystalline system. The primary reason for this
difference is that the embodied energy of the polycrystalline PV panels and structural
support are more than those of the monocrystalline PV system. In this system, for the
optimal position, the shortest EPBT was 2.3 years in Najran, Saudi Arabia, while the
longest EPBT was 5 years in Trendelag, Norway. While in the worst position in the
study regions, the EPBT ranged from 7.2 to 14.5 years in Tibet, China and Trendelag,
Norway, respectively. The EPBT was between 2.4 and 6.5 years for horizontal roof-
integrated PV panels.
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Fig. 4. EPBT of polycrystalline PV system.

EPBT of Cadmium Telluride PV System. Fig. 4 shows the EPBT of the cadmium
telluride PV system. The EPBT in the optimal position was between 0.6 to 1.4 years
in Najran, Saudi Arabia and Trendelag, Norway, respectively. The EPBT of the
cadmium telluride PV system is shorter than that of monocrystalline and
polycrystalline PV systems. The shorter EPBT is not only due to the slightly higher
electricity generation but mainly due to the lower embodied energy of the cadmium
telluride PV panels. In the worst orientation, the EPBT for the study locations ranged
from 2 years in Tibet, China, to 3.9 years in Trendelag, Norway. The EPBT was
between 0.6 and 1.8 years for the horizontal roof-integrated PV system.
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Fig. 5. EPBT of cadmium telluride PV system.

EPBT of Copper Indium Gallium Selenide PV System. The EPBT of the copper
indium gallium selenide PV system is less than that of the monocrystalline,
polycrystalline PV systems and cadmium telluride PV system. It also has the lowest
embodied energy of all the four PV systems. From Fig 5, the EPBT of the copper
indium gallium selenide PV system was between 0.3 and 0.5 years at the optimal
position. While in the least optimal positions for the study regions, the EPBT was
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between 0.76 and 1.5 years in Tibet, China and Trendelag, Norway, respectively. The
EPBT for horizontal roof-integrated PV systems was from 0.3 to 0.7 years.
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Fig. 6. EPBT of copper indium gallium selenide PV system.

3.4 CI and CPBT of PV System Technologies

CI of PV System Technologies. Table 1 shows the carbon intensity of electricity,
CPBT and EPBT of different PV technologies in different regions and orientations. It
was observed that the CI of the cadmium telluride PV system was the lowest of the
four technologies, followed by that of the monocrystalline and then the copper indium
gallium selenide PV system, respectively. The Polycrystalline PV system had the
highest CI. The lifetime electricity generation and embodied carbon of PV systems
influence their COze emissions per kWh. Therefore, factors that influence the lifetime
electricity generation of PV systems, like PV system components life span, panel
efficiency and GHI, will influence the CI of electricity. The Monocrystalline PV
system generates more electricity in its 40-year life span than the cadmium telluride
PV system in its 30-year life span. Despite generating less electricity than the
monocrystalline PV system, the cadmium telluride PV system has a lower carbon
intensity because of its lower embodied carbon. The polycrystalline PV system and
the copper indium gallium selenide have a life span of 25 years; however, the CI of
the copper indium gallium selenide system is more than twice that of the
polycrystalline system. The main contributor to the high CI of electricity generated
from the polycrystalline PV system is its high embodied carbon.

The longer the service life of PV systems, the higher their lifetime electricity
generation; which leads to a smaller CI. It is important to note that these results are
peculiar to the specific PV panels used in this study; the outcomes might differ if PV
panels from different manufacturers are used. The CI of the monocrystalline PV
system was between 0.048 and 0.008 kg COze /kWh in the worst and best electricity
generation cases, respectively. The polycrystalline PV system's CI was between 0.156
and 0.025 kg COze /kWh. The CI of the cadmium telluride PV system ranges from
0.034 to 0.005 kg CO2e /kWh in the worst and best electricity generation cases,
respectively. The CI for the copper indium gallium selenide PV system was between
0.056 and 0.009 kg COze /kWh.
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Table 4. Carbon intensity of electricity, CPBT and EPBT of different PV technologies in
different regions and orientations.
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- h 13 1.45 7 43 0 30 10 4 59 17 4 54
148 111, 0.3 West 0.0 2.7 0.0 402 55 0.0 1.42 1.5 0.0 236 0.5
8.2 96°) 7 /east 18 1.98 0 59 4 16 13 0 19 22 1 98
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10.
Nort 0.0 5.3 0.1 7.96 91 0.0 2.71 29 0.0 4.51 1.1
h 36 3.92 3 18 3 4 25 4 01 42 2 42
Opti 0.0 1.4 0.0 4.57 29 0.0 1.55 0.7 0.0 2.66 0.3
mal 10 2.25 5 32 4 56 07 3 83 12 5 19
Hori
Spai zonta 0.0 1.6 0.0 5.09 32 0.0 1.73 0.8 0.0 2.96 0.3
I 1 11 2.51 1 35 8 95 08 4 74 13 6 54
Toie Sout 0.0 2.1 0.0 6.77 43 0.0 2.33 1.1 0.0 391 0.4
do h 14 3.33 4 47 0 75 10 2 76 17 0 67
(39. West 0.0 2.5 0.0 8.15 52 0.0 2.80 1.4 0.0 4.71 0.5
88°, /east 17 4.01 8 57 4 70 12 2 13 20 2 63
- 10.
177 4.05 0.1 Nort 0.0 52 0.1 16.6 74 0.0 5.71 2.8 0.0 9.60 1.1
6.6 °) 7 h 36 8.19 5 16 30 8 25 3 80 42 8 47
Opti 0.0 1.5 0.0 1.65 32 0.0 0.55 0.8 0.0 0.96 0.3
mal 11 0.81 7 35 2 10 07 4 40 13 7 48
Hori
Nige zonta 0.0 1.5 0.0 1.66 32 0.0 056 0.8 0.0 0.97 0.3
ria 1 11 0.82 8 35 9 42 07 0 49 13 6 50
Akl’l Sout 0.0 3.0 0.0 3.17 6.1 0.0 1.08 1.6 0.0 1.83 0.6
re h 20 1.56 1 66 5 67 14 5 44 24 5 58
(7.2 West 0.0 2.7 0.0 291 5.6 0.0 0.99 1.5 0.0 1.68 0.6
5°, /east 19 1.43 6 61 0 53 13 6 09 22 0 03
173 5.20 0.5 Nort 0.0 4.0 0.0 4.30 83 0.0 1.47 22 0.0 2.48 0.8
7.4 °) 2 h 28 2.12 9 90 2 58 19 4 34 32 2 91
Aust Opti 0.0 1.2 0.0 1.28 2.6 0.0 0.43 0.6 0.0 0.75 0.2
. mal 09 0.63 9 28 9 30 06 5 92 10 4 85
ralia, .
New Hori
Sout zonta 0.0 1.4 0.0 1.42 2.9 0.0 0.48 0.7 0.0 0.83 0.3
h 1 10 0.70 2 31 7 11 07 2 67 11 3 14
Wal Sout 0.0 4.8 0.1 4.87 9.9 0.0 1.66 2.6 0.0 2.81 1.0
es (- h 33 2.40 6 07 2 36 23 7 51 39 8 61
31.5 West 0.0 23 0.0 2.33 4.7 0.0 0.79 1.2 0.0 1.34 0.5
3°, /east 16 1.15 2 51 0 52 11 7 68 19 8 08
199 145. 0.5 Nort 0.0 1.9 0.0 197 40 0.0 0.67 1.0 0.0 1.14 0.4
4.3 80°) 5 h 13 0.97 6 43 0 17 09 5 73 16 1 30
Opti 0.0 1.1 0.0 1.07 23 0.0 0.37 0.6 0.0 0.62 0.2
mal 08 0.53 4 25 4 22 05 3 28 09 1 49
Chin Hori
a zonta 0.0 1.2 0.0 1.20 2.6 0.0 0.41 0.7 0.0 0.69 0.2
Gz;r, 1 09 0.59 7 28 5 05 06 8 05 10 6 78
Tibe Sout 0.0 1.5 0.0 1.50 32 0.0 0.52 0.8 0.0 0.86 0.3
t h 11 0.74 9 35 1 45 08 9 92 13 0 43
(32. West 0.0 1.8 0.0 1.73 3.7 0.0 0.61 1.0 0.0 0.99 0.3
50°, /east 12 0.86 4 40 8 57 09 1 31 14 5 97
221 80.0 0.5 Nort 0.0 35 0.0 3.31 7.1 0.0 1.16 1.9 0.0 1.89 0.7
4.4 8°) 8 h 24 1.63 0 77 4 64 17 6 67 28 7 58
Opti 0.0 1.1 0.0 0.86 22 0.0 0.28 0.5 0.0 0.51 0.2
mal 08 0.43 1 25 7 78 05 8 90 09 1 49
Saud .
i Hori
Arab zonta 0.0 1.1 0.0 0.90 2.3 0.0 030 0.6 0.0 0.53 0.2
ia 1 08 0.44 6 26 2 69 05 0 14 09 1 58
N;jr Sout 0.0 2.0 0.0 1.61 4.2 0.0 0.55 1.1 0.0 0.93 0.4
an h 14 0.80 7 46 6 44 10 0 26 17 8 55
(17. West 0.0 1.9 0.0 1.51 39 0.0 0.51 1.0 0.0 0.87 0.4
62°, /east 13 0.75 5 43 8 87 09 7 58 16 9 27
240 44.4 0.7 Nort 0.0 4.1 0.0 3.19 83 0.0 1.08 22 0.0 1.85 0.8
6.4 2°) 1 h 28 1.57 0 90 7 95 19 8 29 33 0 98
Chil Opti 0.0 1.1 0.0 2.11 22 0.0 0.71 0.6 0.0 1.22 0.2
e mal 08 1.04 2 25 4 85 05 8 06 09 9 46
Ca]a Hori
ma zonta 0.0 1.1 0.0 2.20 23 0.0 0.75 0.6 0.0 1.28 0.2
(- 1 08 1.08 26 1 79 05 0 32 09 1 56
22.4 Sout 0.0 39 0.0 7.54 8.1 0.0 264 22 0.0 435 0.8
7°, - h 27 3.71 8 88 1 51 19 3 28 32 1 69
267 68.9 0.2 West 0.0 1.9 0.0 3.69 39 0.0 1.28 1.0 0.0 2.11 0.4
2.3 0°) 9 /east 13 1.82 5 43 3 91 09 3 82 15 8 23
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Nort 0.0 2.0 0.0 391 42 0.0 1.34 1.1 0.0 223 0.4
h 14 1.93 7 46 3 29 10 6 35 16 4 46
Payback time greater than PV lifespan | | Payback time greater than 10 years

CPBT of PV System Technologies. Table 4 shows the CPBT and EPBT of the PV
panels in different regions of varied GHIs; the areas in red show situations where the
payback time is longer than the system’s life span, while those in pink show where
the payback time is more than ten years. Though there is no benchmark for the
maximum EPBT and CPBT, ten years was chosen in this study as the cutoff point,
beyond which PV installation is less advisable. The CPBT of PV systems in Steinkjer,
Trondelag, Norway, is higher than in all the studied locations. For the polycrystalline
and the copper indium gallium selenide PV systems, which both have a life span of 25
years, embodied carbon cannot be offset. Monocrystalline and cadmium telluride PV
systems have a life span of 40 and 30 years, respectively. When installed on the
northern fagade, their embodied carbon cannot be offset, while all the other
orientations have a CPBT longer than 15 years. The main contributors to the long
CPBT in Norway are the low GHI, which leads to lower electricity generation
compared to the other study locations, and the low CI of Norway’s grid electricity.

The factors that influence the CPBT include those that affect the electricity yield,
the PV systems’ CI, and the study location’s grid electricity CI. From Table 4, it can
be observed that the lower the CI of the PV system, the shorter the CPBT. The CPBT
was as short as 0.4 years in Najran, Saudi Arabia, where the conditions favour high
electricity yield, and the grid CI is very high, and as long as 64 years in Steinkjer,
Trondelag, Norway, for the monocrystalline PV system. For the cadmium telluride
PV system, the shortest CPBT was 0.3 years in Najran, Saudi Arabia, and the longest
was 45 years in Steinkjer, Trondelag, Norway. For the polycrystalline PV system, the
longest CPBT was 130 years in Steinkjer, Trendelag, Norway, and the shortest was
0.9 years in Najran, Saudi Arabia. The results in Table 4 also emphasize that
decisions on the sustainability of the PV systems cannot be made solely on EPBT
alone. A PV system can have a short EPBT, which is observed in the copper indium
gallium selenide PV system in Norway, but still has a very long CPBT.

3.5 Validation

Some of the assumptions and outcomes of this research were compared with the
findings from previous research, though very few recent publications with installation
scenarios similar to those used in this research exist. In the research by (Perez et al.,
2012), the realistic EPBT for an 11.3 kWp fagade integrated monocrystalline PV
system (facing azimuth is 275°) was 3.8 years in New York. The results obtained
from this research showed that for the facade integrated PV oriented to the west in
New York, the EPBT is 3.1 years for a 3kWp capacity system, which is close to those
obtained in (Virtuani et al., 2023) research. In the same study (Virtuani et al., 2023),
the CI of PV systems in Norway for the optimal position was 0.045 kg COze /kWh,
which is close to the 0.054 kg COze /kWh obtained for the polycrystalline PV system
used in our study. According to (Virtuani et al., 2023), the CI for Spain in the optimal
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placement was 0.026 kg COze /kWh, while that in this study was 0.032 kg COze /kWh
for the polycrystalline PV system. Data form the above publications were deemed
comparable with the ones in this study.

4 Conclusion

This research set out to determine the EPBT, CPBT and CI of four PV system
technologies (3kWp capacity) for ten study locations, assuming that they are installed
at the optimal position, horizontally integrated into the roof and vertically on the
fagades facing the four cardinal points. The findings of this research show how
different PV panel orientations influence the EPBT. In all the study locations and
orientations, the EPBT was reached within the lifetime of the PV panels. However,
the PV systems on the northern fagade of five study locations in the polycrystalline
PV system were over ten years old. It was also observed that the EPBT was not
sufficient to decide on the environmental viability of PV systems. Although Steinkjer,
Trondelag, Norway had an EPBT ranging from 2.5 to 14.5 years, the CPBT was
above 20 years in most PV system types and orientations. Based on this finding, the
analysed BIPV systems are not environmentally advisable in Norway. For all the
other study regions, however, most of the EPBT and CPBT are less than ten years and
frequently below five years. In this study, the CI of four PV system technologies were
also compared; the results indicated that the cadmium telluride PV system had the
lowest CI, followed by the monocrystalline and the copper indium gallium selenide
PV system, respectively.

5 Limitations and Contribution to Knowledge

This research was conducted to bridge the gap identified in BIPV LCA research,
where limited publications were available on the EPBT, CPBT and CI of different
BIPV technologies. Also, recent review publications on BIPV LCA largely compiled
findings from research published more than five years ago. Many publications mainly
examined only one of the three parameters (EPBT, CPBT and CI) in this study. The
EPBT, CPBT and CI of four BIPV technologies were calculated in ten locations with
different GHI and grid electricity CI in various orientations, illustrating how the solar
energy potential (GHI) and CI of grid electricity influence the environmental viability
of BIPV projects. One of the limitations is that the analysis did not capture the cost
feasibility of the various BIPV scenarios examined, which would also require a
broader investigation outside the scope of the present study, including local policies,
market characteristics, fiscal regimes, public incentives and more. This offer ground
for further research. Assessing the economic viability of BIPV systems in the study
regions and orientations will further aid all the relevant stakeholders in the decision-
making process. Another limitation of this study is the focus on only four PV
technologies due to the limited availability of data (EPDs). Nonetheless, the study
provides a dataset representative of a comprehensive range of technologies and
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environmental conditions, providing valuable information for the planning of BIPV
systems.
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medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
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Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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