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ABSTRACT

Utility-scale solar photovoltaic (PV) deployment in the Kingdom of Saudi Arabia is rapidly expanding under Vision 2030, bring-
ing the total commissioned and under-construction capacity to over 4 GW. This study evaluated the life-cycle carbon emissions of
largescale crystalline-silicon PV systems in Saudi Arabia, comparing polycrystalline and monocrystalline panels in projects exceed-
ing 200 MW. Representative plants included Sakaka (300 MW, Al Jouf), Sudair (1,500 MW, Riyadh Province), Jeddah (300
MW), and Shuaibah (2,060 MW), reflecting current international supply chains with upstream silicon production concentrated
in China and cell and module assembly occurring across Southeast Asian hubs. The life-cycle assessment (LCA) followed the
ISO 14040/14044 principles and International Energy Agency (IEA) PV Power Systems (PVPS) Task 12 guidelines, applying a
cradle-to-gate-plus-use boundary covering raw material extraction, wafer and cell processing, module assembly, balance-of-system
components, transportation, installation, and operation. Life-cycle-inventory data were obtained from the IEA PVPS Task 12
consensus inventory and cross-validated against recent peer-reviewed and National Renewable Energy Laboratory-maintained
utility-scale LCA literature. Energy yield was estimated using RETScreen Expert for NEOM, Riyadh, and Jeddah, representing
distinct climatic zones. The results indicate that monocrystalline systems exhibit marginally higher embodied emissions per unit
of installed capacity than those of polycrystalline systems, whereas the yield-normalized carbon intensity is comparable within
each location. Higher electricity generation at NEOM and Jeddah resulted in lower life-cycle greenhouse gas intensities, indicat-
ing that the location effect is greater than the technology effect. These findings support evidence-based PV technology selection
and deployment for low-carbon electricity generation in Saudi Arabia.

Keywords: life-cycle assessment, utility-scalephotovoltaic system,monocrystalline silicon, polycrystalline silicon, carbon intensity, Kingdomof Saudi
Arabia

. INTRODUCTION

Utility-scale solar photovoltaic (PV) deployment in the King-
dom of Saudi Arabia (KSA) is accelerating under the Vision 2030
initiative, with multiple power plants, each delivering hundreds
of megawatts of capacity, already commissioned or currently
under construction. As PV is emerging as a major contributor
to the national power generation portfolio, technology selec-
tion and supply-chain-related decisions should be evaluated not
only on energy output and cost but also on environmental per-
formance across the full life cycle. Harmonization and synthe-
sis efforts have consistently placed PV technology among the
low-greenhouse gas (GHG) electricity generation options when
assessed over their full life cycle, with life-cycle GHG emissions
significantly below those from fossil-based generation (Figure 1).
However, the reported results obtained over the PV life cycle vary
across studies owing to differences in system boundaries, inven-
tory datasets, electricity mixes used during manufacturing, and
methodological choices 1–3. For deployment-oriented decision

making, this variability must be addressed through transparent
scope definitions and data choices that are consistent with the
intended application, that is, utility-scale PV system development
in the KSA.

Life-cycle assessment (LCA) provides a standardized frame-
work for quantifying environmental impacts over the life cycle
of a product system and is commonly conducted in accordance
with the specifications of ISO 14040 (principles and frame-
work) and ISO 14044 (requirements and guidelines) 8,9. For
electricity-generating systems, the life-cycle carbon intensity (g
CO2-eq/kWh) is a central climate-change metric, which can be
expressed as the ratio of life-cycle GHG emissions per installed
capacity (expressed in kg CO2-eq/kWp) to lifetime electricity
generation delivered to the grid 1,4,5. Consequently, the carbon
intensity is strongly influenced by location-specific solar resource
and performance assumptions. Reviews and foundational PV life-
cycle analyses identify irradiation/insolation, module conversion
efficiency, performance ratio, and lifetime/degradation as key
drivers affecting the resulting GHG emission rate per kWh 4,5.
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Figure 1. Life-cycle GHG emissions of selected electricity generation technologies, illustrating the low-carbon position of PV relative to that of fossil-
based generation 1,4

Similarly, recent utility-scale PV LCAs have emphasized that
installation location (via yield) and supply-chain assumptions
(via embodied emissions) can significantly influence life-cycle
carbon intensity 1. Consequently, PV system comparisons that
are intended to guide deployment decisions in the KSA should
represent embodied emissions in a traceable kg CO2-eq/kWp
form and be normalized to delivered electricity using site-specific
yield estimates that represent the climatic zones of KSA.

Across PV LCAs, a consistent finding is that upstream pro-
cesses dominate the GHG footprint, whereas operational con-
tributions are minimal; within total system impacts, module
manufacturing and major balance-of-system (BOS) components
typically account for most of the embodied burden 1,2. This stage-
based dominance is illustrated in Figure 2, which shows that PV
panel manufacturing is the largest contributor to GHG emis-
sions per kWh across PV technologies in the referenced dataset,
with inverter and BOS components providing additional contri-
butions; conversely, the contributions from operation is compar-
atively minor 2. Similarly, recent utility-scale PV LCA inventory
results show that capacity-based emissions arise predominantly
from electricity- and material-intensive upstream steps (e.g., sili-
con feedstock and wafer, cell, or module production) and from
BOS elements such as trackers and inverters, thus reinforcing
the importance of procurement and supply-chain choices when
comparing PV systems expressed in kg CO2-eq/kWp 1.

Because PV manufacturing is an electricity-intensive process,
the carbon intensity of the electricity supply used during pro-
duction is one of the strongest factors affecting embodied emis-
sions. For single-crystalline-silicon (sc-Si) module manufactur-
ing, Müller et al. reported that module production in China
is associated with substantially higher climate-change impacts
than that of production in regions with lower-carbon electric-
ity grids. On an installed-capacity basis, the embodied emissions
were estimated to be 810 kg CO2-eq/kWp for glass-backsheet

modules manufactured in China, compared to 480 kg CO2-
eq/kWp for equivalent modules produced in the European
Union 5. This study also attributed a dominant share of GHG
emissions across the process chain to electricity consumption
and highlighted that emission-intensive stages in the manufac-
ture of sc-Si PV modules include polysilicon production and
Czochralski crystal growth, both of which require substantial
electricity inputs 5. This sensitivity characteristics in the electric-
ity supply chain motivates the reporting of life-cycle GHGs emis-
sions on an installed-capacity basis (kg CO2-eq/kWp) before
normalizing the results based on electricity generation (g CO2-
eq/kWh). Frischknecht 6 compiled an updated LCA of PV elec-
tricity for International Energy Agency (IEA) PV Power Systems
(PVPS) Task 12, reporting life-cycle GHG intensities of 42.5
and 42.3 g CO2-eq/kWh for monocrystalline silicon (mono-
Si) and multicrystalline/polycrystalline silicon (multi-/poly-Si)
technologies, respectively. These values were substantially lower
than those of fossil-fuel generators (approximately 1 kg CO2-
eq/kWh). Ali et al. 7 reported CO2 emissions for grid-only and
grid + PV cases and provided the corresponding annual electric-
ity served for each city. When converted to an intensity basis, the
grid-only case yielded 632 g CO2-eq/kWh across Riyadh, Jed-
dah, and NEOM. Under the optimal grid + PV configuration, the
intensity decreased to 627.1, 582.6, and 581.4 g CO2-eq/kWh for
Riyadh, Jeddah, and NEOM, respectively.

Among crystalline-silicon technologies, the choice between
mono-Si and multi-/poly-Si modules presents a documented
tradeoff between energy- and emission-intensive manufacturing
approaches and the delivered electrical performance. Reviews
of PV LCA literature have indicated that mono-Si PV sys-
tems exhibit comparatively high life-cycle energy requirements,
with correspondingly higher GHG emissions during production,
which can be attributed to the energy intensity of the Czochralski
crystal growth process 2. Process pathways also differ: multi-Si is
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Table 1. Mono-Si versus multi-/poly-Si indicators (per 1 kWh of PV electricity) and module efficiency, extracted from the IEA PVPS Task 12 fact sheet (data
vintage 2017–2019) 4

Indicator Unit Mono-Si Multi-/Poly-Si

GHG emissions g CO2-eq/kWh 42.5 42.3

Resource use, fossil fuels MJ 0.54 0.54

Resource use, minerals and metals mg Sb-eq 5.28 5.35

Particulate matter 10-9 disease incidences 3.63 3.51

Acidification mmol H+-eq 0.36 0.36

Water scarcity l water-eq 7.49 6.71

Module efficiency % 19.5 18.0

Data vintage — 2017–2019 2017–2019

produced via directional solidification, whereas mono-Si wafers
are produced using the Czochralski crystal growth process 3.
However, mono-Si modules typically achieve higher conversion
efficiency than that of multi-/poly-Si, which can increase lifetime
electricity generation for a given installed capacity and therefore
reduce life-cycle carbon intensity (g CO2-eq/kWh) after normal-
ization 2,4. Table 1 lists the mono-Si and multi-/poly-Si indicators
(per 1 kWh of PV electricity) reported in the IEA PVPS Task
12 fact sheet. The data show significantly similar GHG emissions
per kWh (42.5 versus 42.3 g CO2-eq) alongside higher reported
module efficiency for mono-Si (19.5% versus 18.0%) 4. These
observations motivate a KSA-specific comparison that combines
capacity-based embodied emissions (kg CO2-eq/kWp) with site-
specific yield to obtain carbon intensity per kWh under local
operating conditions.

Another requirement for decision-relevant PV comparisons
is that the yield assumptions reflect the installation context. PV
LCA reviews emphasize that solar irradiation, module efficiency,
system performance ratio, and assumed lifetime are key drivers
affecting the reported GHG emission rate per kWh 2. These
drivers are particularly important in the KSA because irradiation
and climatic conditions vary across regions, and utility-scale PV
plants frequently employ design choices (e.g., tracker configura-
tions) that directly influence annual yield. Therefore, comparing
mono- and poly-Si systems using a fixed generic yield can obscure
the effect of site conditions in the KSA on the life-cycle car-
bon intensity, even when the embodied impacts per kW peak are
known 2.

Motivated by these considerations, this study evaluated the
embodied and yield-normalized GHG performance of utility-
scale crystalline-silicon PV systems in the KSA, focusing on
the poly- and mono-Si technologies that are currently used in
projects exceeding 200 MW. The representative plants that were
analyzed include Sakaka (300 MW, Al Jouf), Sudair (1,500 MW,
Riyadh Province), Jeddah (300 MW), and Shuaibah (2,060
MW), which were developed by ACWA Power. Module and
BOS embodied emissions were quantified using the technology-
differentiated consensus life-cycle inventory (LCI) compiled by
IEA PVPS Task 12 (Report T12-19:2020) 14, with the corre-
sponding system-level GHG intensities reported in the asso-
ciated IEA PVPS fact sheet 1,6. This inventory basis is consis-
tent with the documented geographic structure of the global
crystalline-silicon supply chain and is cross-validated in this study
against the updated utility-scale PV LCA reported by Smith

et al. 1 and the supplier-specific 2023 Chinese mono-Si mod-
ule footprint reported by Li et al. 1,5. The assessment applies an
ISO 14040/44-aligned carbon-intensity methodology, as imple-
mented in the referenced PV LCA literature. 3–5,8,9. LCI data
were obtained from the National Renewable Energy Labora-
tory (NREL) databases and peer-reviewed PV LCA studies to
quantify the embodied GHG emissions per installed capacity
(kg CO2-eq/kWp). This approach is consistent with the rec-
ommendations in the literature, which identify that upstream
processes are the dominant contributors to the life-cycle GHG
emissions of PV systems (Figure 1 and Figure 2) 1,4. Energy gen-
eration potential is estimated using RETScreen Expert for three
high-irradiance sites at NEOM, Riyadh, and Jeddah, representing
distinct climatic zones in the KSA, enabling normalization of life-
cycle GHG emissions per installed capacity (kg CO2-eq/kWp)
to life-cycle carbon intensity (g CO2-eq/kWh) using site-specific
annual yields.

. METHODOLOGY

As shown in Figure 3, the methodology comprises of two linked
analytical streams. In the first stream, RETScreen was used to
simulate the site-specific PV performance for NEOM, Riyadh,
and Jeddah. Then, tilt-angle optimization was performed to
identify the angle corresponding to the maximum annual spe-
cific electricity yield; subsequently, the results were normalized
to annual specific energy yield (kWh/kW/year) and annual
energy yield per unit module area (kWh/m2/year). In the sec-
ond stream, literature-based LCI data were compiled to estimate
the embodied GHG emissions, expressed as kg CO2-eq/kWp,
which include module manufacturing, BOS components, trans-
port, installation, and operation and maintenance (O&M). The
normalized electricity-yield results and embodied-emission esti-
mates were then combined to calculate the final life-cycle carbon
intensity (in g CO2-eq/kWh), which formed the basis for the
comparative evaluation of the poly- and mono-Si PV systems
across the three study locations.

.. Goal, Scope, and Functional Unit. Goal. The goal
of this study was to quantify and compare the life-cycle car-
bon intensity (g CO2-eq/kWh of grid-delivered electricity) of
utility-scale crystalline-silicon PV systems deployed in Saudi Ara-
bia, distinguishing between mono-Si and multi-/poly-Si module
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Figure 2. Stage-level contribution to life-cycle GHG emissions (g CO2-eq/kWh) across PV technologies: panel manufacturing dominates, with
additional contributions from the inverter and BOS components 1

Figure 3. Methodological framework adopted in the present study
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technologies that are operating in three climatic zones repre-
sented by NEOM, Riyadh, and Jeddah. The intended application
is a deployment-oriented technology and site selection for the
utility-scale solar portfolio of the KSA.

Scope and system boundary. A cradle-to-gate-plus-use sys-
tem boundary was adopted, which is consistent with the princi-
ples of ISO 14040 and 14044 8,9, and follows the IEA PVPS Task
12 methodology guidelines (Report T12-18:2020) 13. The fore-
ground stages include silica-sand extraction, metallurgical-grade
silicon production, polysilicon refining, ingot growth (Czochral-
ski for mono-Si and directional solidification for multi-Si), wafer
slicing, cell fabrication, module encapsulation, BOS manufac-
turing (tracker, inverter, transformer, cables, mounting), instal-
lation, and O&M. End-of-life treatment was excluded because
largescale PV decommissioning has not yet occurred on an indus-
trial scale in Saudi Arabia, and recycling pathways for Saudi-
deployed plants have not yet been defined. Transport from the
manufacturing hub to the installation site was included as a
scenario-based sensitivity analysis (Section 2.6.3); however, it
was not included in the GHG emissions used to calculate the
reported carbon intensity, which is consistent with the findings
in the PV LCA literature that transport contributes less than ~1%
of module life-cycle emissions.

Functional unit and reference flow. The functional unit was
1 kWh of AC electricity that is delivered to the KSA grid over the
25-year operating life of the PV system at a location-specific opti-
mum tilt angle. The reference flow is the share of the installed PV
capacity (kWp), BOS, installation, and O&M activities required
to deliver this functional unit under the site-specific yield mod-
eled in RETScreen.

Impact category, allocation, and cutoff. The single impact
category assessed was climate change, expressed as the 100-year
global warming potential (GWP100) that is calculated using the
Intergovernmental Panel on Climate Change characterization
factors, which is consistent with the IEA PVPS Task 12 guide-
lines and NREL utility-scale PV LCA practice. Multifunctional
allocation was not performed because electricity is the only prod-
uct of the system. The cutoff criterion followed the referenced
inventory sources, in which background processes were drawn
from a consistent LCI database with a mass cutoff below 1%.
The embodied-emission inventory is independent of the instal-
lation site because it depends on the manufacturing supply chain,
whereas the energy yield (denominator term) is site-specific. The
combined metric (g CO2-eq/kWh) is therefore consistent with
the convention of allocating the same module and BOS inventory
over the site-specific lifetime electricity delivery. This approach is
similar to that used by Smith et al. 1, who combined a reference
inventory with location-specific yields to report life-cycle carbon
intensities of 10–36 g CO2-eq/kWh range for U.S. utility-scale
systems.

Assessment approach and scope of ISO alignment. The
assessment approach applied in this study constitutes a struc-
tured carbon-intensity calculation that draws on established
literature-based LCIs rather than performing original LCI mod-
eling in a dedicated LCA software environment. LCI data were
compiled from published consensus sources, predominantly the
IEA PVPS Task 12 Report T12-19:2020 14 and NREL utility-
scale benchmarks of Smith et al. 1. The resulting capacity-based
embodied-emission values were combined with site-specific yield

outputs from RETScreen to derive the carbon intensity (g CO2-
eq/kWh). This approach applies the principles of ISO 14040 and
14044 and is consistent with the established practice in the PV
LCA literature for deployment-oriented assessments. It differs
from a completely original ISO-compliant LCA as it does not
employ LCI modeling in a background database or LCA soft-
ware; moreover, no independent critical review was conducted.
These characteristics are noted here in the interest of trans-
parency and do not affect the validity of the methodology for the
intended purpose of comparing site-specific carbon intensities on
a consistent and traceable inventory basis.

.. Study Locations and Climatic Data. NEOM,
Riyadh, and Jeddah were selected as representative study loca-
tions because they reflect distinct climatic conditions within the
KSA and provide a suitable basis for site-specific comparisons
of PV system performance. These locations align with previous
assessments of grid-connected PV systems in major Saudi cities,
where differences in solar resources and ambient conditions were
shown to affect the annual system output and overall feasibility 7.

The monthly climatic inputs used in the RETScreen simula-
tions included the mean air temperature and mean daily solar
irradiation for each city. These data were extracted from the
RETScreen Expert climate database 10 and used to character-
ize the local environmental conditions governing PV electricity
generation. The selected variables are methodologically impor-
tant because the annual electricity yield, energy payback, and
yield-normalized life-cycle carbon intensity depend strongly on
local-irradiation and ambient-temperature 2–4. Figure 4 shows the
monthly climatic profiles that were adopted for NEOM, Riyadh,
and Jeddah in the present study.

The annual mean air temperatures adopted in the simulations
were 21.9, 25.7, and 28.2 °C for NEOM, Riyadh, and Jeddah,
respectively, whereas the annual mean daily solar irradiation val-
ues were 6.29, 5.13, and 5.94 kWh/m2/day, respectively. These
climatic differences were retained explicitly in the RETScreen
model so that subsequent comparisons of electricity yield and
life-cycle carbon intensity would reflect the influence of local site
conditions rather than represent a single generalized reference
case for Saudi Arabia.

.. PV Module and System Input Parameters. This
subsection describes the PV module and system parameters
adopted in the RETScreen yield model. One each of poly-
crystalline and monocrystalline modules, both manufactured
by Jinko Solar, were selected as representative commercially
available crystalline-silicon products from Chinese companies.
This configuration provides a consistent comparative basis
for yield modeling under identical operating assumptions and
does not represent the installed capacity of a utility-scale
plant. The manufacturer-based module properties were entered
directly into RETScreen 10, whereas identical common operating
assumptions were maintained for both technologies to isolate the
effect of the module characteristics on the electricity yield.

Table 2 lists the technology-specific input parameters used in
the simulations. The poly- and mono-Si cases are represented by
modules JKM330PP-72-V and JKM610N-78HL4-BDV, respec-
tively. A reference configuration of 10 modules was assigned to
each case, resulting in total PV array capacities of 3.30 and 6.10
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Figure 4. Mean monthly climatic conditions used in the RETScreen simulations for NEOM, Riyadh, and Jeddah: (a) mean daily solar irradiation and
(b) mean air temperature

kW for the poly- and mono-Si systems, respectively. A fixed mod-
ule count of 10 was selected as the minimum reference unit
that produces a practically meaningful absolute annual yield in
RETScreen while ensuring a tractable simulation. Because the
two modules differ substantially in their rated power (330 W for
the poly-Si module versus 610 W for the mono-Si module), this
fixed module count resulted in different installed capacities for
the two reference configurations. Therefore, all technology com-
parisons in this study were conducted on a normalized per-kWp
or per-kWh basis, as explained in Sections 2.4 and 2.7, which are
independent of the absolute installed capacity of the reference
configuration. The poly- and mono-Si module efficiencies were
17.01 and 21.82%, respectively, whereas the total solar collec-
tor areas were 19.3 and 31.1 m2, respectively. These differences
were retained in the yield model so that variations in annual
electricity generation could be interpreted in relation to the mod-
ule characteristics rather than to changes in common operating
assumptions.

Table 2. PV module and system input parameters used for yield-model
representation

Polycrystalline Monocrystalline
Parameter (poly-Si) (mono-Si)

Module model JKM330PP-72-V JKM610N-78HL4-BDV

Number of units 10 10

Rated power per
module (W)

330 610

Total PV array power
capacity (kW)

3.30 6.10

Module efficiency
(%)

17.01 21.82

Solar collector area
(total) (m²)

19.3 31.1

Note: Both module sets are Jinko Solar products under single-axis track-
ing. NOCT denotes the nominal operating cell temperature. Assump-
tions: NOCT = 45 °C, temperature coefficient = 0.4%/°C (Jinko
datasheets), bifacial factor = 0%, miscellaneous losses = 10%; the latter
is assumed to partially absorb summer NOCT exceedance and soiling.
Soiling sensitivity is beyond the scope of this study (refer to Section 3.6).

The input parameters presented in Table 2 were subsequently
used to estimate the annual electricity generation, perform tilt-
angle optimization, and calculate the normalized yield indicators
employed in the later stages of the analysis.

.. Yield Normalization Metrics. To enable a consis-
tent comparison of PV performance across technologies and
locations, the RETScreen outputs were normalized using both
the installed PV capacity and total solar collector area. This
approach was adopted because the PV electricity yield depends
not only on local climatic conditions but also on differences
in module rating, efficiency, and collector area 2–4. Because this
study used 10-panel reference systems for the poly- and mono-Si
cases, the installed PV capacity of each system was first cal-
culated from the number of modules and rated power of the
selected module 10. The normalization metrics used in this study
are presented in Eqs. 1, 2, and 3.

Pinst = N ×Pmodule / 1000, (1)

where Pinst is the installed PV capacity (kWp), N is the num-
ber of modules, and Pmodule is the rated power of an individual
module (W). The adopted 10-module configurations yielded
installed capacities of 3.30 and 6.10 kWp for the poly- and mono-
Si systems, respectively.

The first normalization metric, the annual specific electricity
yield, was used to evaluate the electricity generation per unit of
installed PV capacity and is calculated as follows:

Ycap = Eann / Pinst, (2)

where Ycap is the annual specific electricity yield
(kWh/kWp/year), Eann is the annual electricity exported to the
grid (kWh/year), and Pinst is the installed PV capacity (kWp).

The second normalization metric, area-based electricity yield,
was used to evaluate electricity generation per unit of collector
area and is calculated as follows:

Yarea = Eann / Acol, (3)

where Yarea is the area-based electricity yield (kWh/m2/year),
Eann is the annual electricity exported to the grid (kWh/year),
and Acol is the total solar collector area (m2).

https://doi.org/./juri/ JURI (A) () −

https://doi.org/10.64589/juri/231613


i
i

“JURI-00268-2026-07” — 2026/9/25 — 9:05 — page 141 — #7 i
i

i
i

i
i

Journal of Undergraduate Research International 

The use of both indicators facilitated a comparison to dis-
tinguish between the electricity yield per unit of installed PV
capacity and electricity yield per unit of collector area. This was
particularly relevant in the present study because the selected
mono- and poly-Si systems differed in their rated module power,
module efficiency, and total collector area. Accordingly, the nor-
malized metrics provided a consistent basis for the comparison
of the tilt-angle performance, annual electricity yield, and yield-
normalized life-cycle carbon intensity across NEOM, Riyadh,
and Jeddah 2–4,10.

.. Tilt-Angle Optimization. To determine the most
suitable tilt configuration for each study location, the tracking tilt
angle was varied systematically in the RETScreen yield model,
while all other system parameters were kept constant. Separate
simulations were performed for NEOM, Riyadh, and Jeddah to
account for the differences in local climatic conditions and solar-
resource characteristics 7,10. For each city, the annual electricity
output of the reference PV system was evaluated at different tilt
settings, and the angle corresponding to the maximum annual
specific electricity yield was selected as the optimum tilt angle for
the subsequent analysis.

The optimization criterion adopted in this study was based
on the annual specific electricity yield defined in Eq. 2 because
this metric provides a consistent basis for comparing PV per-
formance per unit of installed capacity across different system
configurations 2–4. Therefore, the optimum tilt angle for each city
was determined as follows:

θopt = arg maxθ Ycap,θ , (4)

where θopt is the optimum tilt angle (°), θ is the tracking tilt angle
considered in the simulation, and Ycap,θ is the annual specific
electricity yield (kWh/kWp/year) obtained at tilt angle θ .

This optimization step was performed separately for each loca-
tion before calculating the annual electricity yield, area-based
electricity yield, and yield-normalized life-cycle carbon intensity.
By using a location-specific optimum tilt rather than a single fixed
angle for all cases, the analysis can accurately reflect the influence
of local solar conditions on the PV system performance and final
carbon-intensity results 2–4,7,10.

.. LCI Data and Embodied-emissions Assumptions.
The LCI data used to quantify embodied emissions in this study

were drawn primarily from the IEA PVPS Task 12 consensus
inventory (Report T12-19:2020) 14 and cross-validated against
recent peer-reviewed and NREL utility-scale PV LCA literature,
with values expressed on an installed-capacity basis (in kg CO2-
eq/kWp) 1,5,6. Consistent with the system boundary defined in
Section 2.1, the embodied-emissions inventory included mod-
ule manufacturing, BOS components, transport, installation, and
O&M, whereas end-of-life treatment was excluded. Therefore,
the total embodied-emissions term adopted in this study is rep-
resented as the sum of the following components:

Eemb = Emod + EBOS + Etrans + Einst + EO&M,
(5)

where Eemb is the total embodied emission (kg CO2-eq/kWp);
Emod, EBOS, Etran, and Einst denote the module manufac-
turing, BOS, transport, installation, and O&M contributions,
respectively.

... Module manufacturing emissions. The module
manufacturing and BOS embodied-emission inventories for both
technologies were obtained from the IEA PVPS Task 12 consen-
sus LCI (Report T12-19:2020) 14, which provides stage-resolved
material and energy flow data for mono- and multi-Si PV module
manufacturing across four world regions (China, Europe, North
America, and Asia-Pacific) for the 2018 supply-chain status. The
corresponding system-level GHG intensities, obtained by apply-
ing GWP100 characterization factors to these inventory data, are
reported in the associated IEA PVPS fact sheet as 42.5 and 42.3
g CO2-eq/kWh for mono- and multi-/poly-Si, respectively, for
a ground-mounted reference system with 975 kWh/kWp annual
yield and 0.7%/year linear degradation 4,6. The module efficien-
cies embedded in the Report T12-19:2020 reference (19.5%
for mono-Si and 18.0% for multi-Si) were consistent with the
technology indicators adopted in the present study (Table 1).
This source was selected because it provides technology-specific
inventory data for complete mono-Si and multi-/poly-Si at the
system level, which represent the current IEA PVPS Task 12 con-
sensus dataset that was developed jointly by PV LCA experts
from NREL, Europe, and Asia; moreover, it follows the ISO
14040/14044-aligned IEA PVPS methodology guidelines.

Note that the IEA PVPS Task 12 reference system corre-
sponds to a 3 kWp roof-mounted configuration, whereas the
present study focused on utility-scale ground-mounted systems
with single-axis trackers. The BOS composition of a small rooftop
system, which typically includes cabling, a residential inverter,
and a simple mounting structure, differs from that of a utility-
scale plant, which additionally incorporates tracker systems,
utility-grade inverters, high-voltage transformer stations, and an
extended electrical infrastructure. Cross-validation against the
study by Smith et al. 1, which provides a dedicated utility-scale
inventory inclusive of tracker and transformer contributions, is
included to highlight this BOS difference and confirm that the
IEA PVPS-based embodied emission is consistent in magnitude
with a purpose-built utility-scale benchmark. The agreement
between the two sources at the system level (Section 3.5) sup-
ports the use of the IEA PVPS Task 12 inventory as a reasonable
approximation for the complete PV system while acknowledging
that a dedicated utility-scale BOS inventory will further refine the
BOS component.

In this framework, module manufacturing term is the princi-
pal technology-differentiating component between the poly- and
mono-Si cases because the two technologies differ in terms of the
silicon processing method, module efficiency, and material inten-
sity 5,6. The IEA PVPS carbon intensities (reported in g CO2-
eq/kWh) were converted to capacity-based embodied emissions
(kg CO2-eq/kWp) because the published values are based in ref-
erence European yield condition (975 kWh/kWp/year yield and
0.7%/year linear degradation), which cannot be applied directly
to the site conditions in Saudi Arabia. Expressing embodied
emissions on a capacity basis separates supply-chain-dependent
emissions from location-dependent electricity generation, allow-
ing the same embodied-emissions estimate to be combined with
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site-specific lifetime electricity yields in Saudi Arabia. This proce-
dure is methodologically equivalent to that employed by Smith
et al. 1 and is consistent with the IEA PVPS Task 12 methodol-
ogy guidelines. The capacity-based embodied-emissions values
were obtained by back calculating the implied emissions from the
IEA PVPS reference conditions with a 0.7%/year degradation.
These capacity-based values were subsequently combined with
the site-specific lifetime electricity yields in Eq. 9.

Note that the RETScreen yield model in this study does not
account for module degradation, whereas the IEA PVPS ref-
erence incorporates 0.7%/year linear degradation over its 30-
year operational period. Consequently, the lifetime electricity
yield used in Eq. 9 is marginally overestimated relative to the
degradation-adjusted yield, producing a marginally underesti-
mated carbon intensity. The directional bias is 8–10% over a
25-year period and is examined as part of the sensitivity analysis
in Section 3.6. The influence of the 2018 supply-chain vintage of
the IEA PVPS dataset on the reported carbon intensity relative to
more recent estimates are examined in Section 3.6.

... BOS, installation, andO&Memissions. The BOS,
installation, and O&M contributions were primarily adopted
from the updated utility-scale PV LCA framework reported by
NREL 1, and supported by the broader inventory structure sum-
marized by the IEA PVPS guidelines 6. These terms included the
tracker and mounting system contributions, inverter and trans-
former components, electrical BOS materials, installation activi-
ties, and maintenance-related burdens over the study period. In
the present methodology, these system-level terms were treated
on the same capacity basis as the module manufacturing inven-
tory so that all embodied-emission contributions remained con-
sistent in units of kg CO2-eq/kWp. This treatment is appropriate
because the purpose of the study was to compare module tech-
nologies and also evaluate the final carbon intensity of complete
PV systems rather than modules alone 1,6.

... Transport emissions. Transportation emissions
were treated as a scenario-based component of the embodied-
emissions inventory. Jinko Solar identified the principal
manufacturing hubs in Chinese provinces, including Jiangxi,
Zhejiang, and Anhui 12. However, because the exact production
facility of the selected module models could not be verified
publicly, the transport emissions were modeled using a repre-
sentative Chinese manufacturing origin rather than a confirmed
module-specific factory location. The transport pathway com-
prised an inland road leg from a manufacturing location in China
to Shanghai Port, an ocean-freight leg from Shanghai Port to
Jeddah Port, and a final inland road leg from Jeddah Port to the
installation site in the KSA, expressed as

Etrans = ECN-road + Esea + ESA-road, (6)

where Etrans is the total transport contribution (kg CO2-
eq/kWp), ECN-road is the inland transport contribution within
China, Esea is the ocean-freight contribution, and ESA-road
is the inland transport contribution within Saudi Arabia. The
ocean-freight segment was modeled using a representative 40-
feet full-container-load shipping scenario from Shanghai Port to
Jeddah Port. The carrier-based CO2 estimates were obtained

using the SeaRates Carbon Calculator 11. Therefore, the
resulting transport values should be interpreted as representa-
tive scenario-based estimates, rather than as shipment-specific
records. Accordingly, the transport contribution was as a separate
sensitivity case to provide greater supply-chain transparency, and
was not included in the headline carbon-intensity numerator that
is reported in Section 3.5.

Table 3 provides a concise summary of the LCI stages included
in this study, together with the primary data source and basis
for each contribution. It provides a transparent overview of
the embodied-emissions estimate and clarifies the scope of the
assessment.

.. Life-Cycle Carbon-intensity Calculation. The
final life-cycle performance metric adopted in this study was
the carbon intensity of PV electricity generation, expressed
in g CO2-eq/kWh. This metric was obtained by com-
bining the literature-based embodied-emissions inventory
(kg CO2-eq/kWp) described in Section 2.6 with the site-
specific electricity-yield outputs derived from RETScreen
(kWh/kWp) 10. Because the environmental burden of a PV sys-
tem is ultimately normalized to the electricity generated during
its operating life, the final carbon intensity is determined by the
ratio of embodied-emissions to lifetime electricity generation 2–4.
In this study, a project lifetime of 25 years was assumed as the
basis for electricity yield. This lifetime represents the operational
period of the PV system and does not imply the inclusion of
the end-of-life treatment, which is excluded from the system
boundary.

The lifetime electricity generation of the reference PV system
is calculated as

Elife=Eann ×L, (7)

where Elife is the lifetime of the electricity generation (kWh),
Eann is the annual amount of electricity exported to the grid
(kWh/year), and L is the project lifetime (years).

Because the embodied-emissions inventory in this study was
assembled on an installed-capacity basis, the lifetime electricity
yield is also expressed in normalized form as

Ylife = Ycap ×L, (8)

where Ylife is the lifetime electricity yield (kWh/kWp), Ycap is
the annual specific electricity yield (kWh/kWp/year), and L is
the project lifetime (years).

The life-cycle carbon intensity is then calculated as

CI = (Eemb ×1000) / Ylife, (9)

where CI is the life-cycle carbon intensity (g CO2-eq/kWh),
Eemb is the total embodied emissions per unit installed capacity
(kg CO2-eq/kWp), and Ylife is the lifetime electricity yield per
unit installed capacity (kWh/kWp).

This formulation allowed the final carbon intensity results to
reflect both the embodied-emissions burden of the PV system
and the influence of site-specific electricity generation. For the
same value of embodied emissions, a location with a higher
lifetime electricity yield produces a lower value of g CO2-
eq/kWh. Accordingly, the carbon-intensity metric used in this
study directly links manufacturing- and system-level burdens to
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Table 3. LCI structure and embodied-emission summary adopted in the present study

Mono-Si Multi-/Poly-Si
Stage (kg CO2-eq/kWp) (kg CO2-eq/kWp) Primary source Status

Module manufacturing (silicon
feedstock, ingot, wafer, cell,
encapsulation)

Principal technology-
differentiating term;
in system total

Principal
technology-differentiating
term; in system total

IEA PVPS T12-19:2020 14 Included

BOS (tracker, inverter,
transformer, mounting,
cabling)

In system total In system total IEA PVPS T12-19:2020 14;
Smith et al. 1

Included

Installation In system total In system total Smith et al. 1 Included

O&M In system total In system total Smith et al. 1 Included

Transport (China → Saudi
Arabia)

Scenario-based; excl.
headline

Scenario-based; excl. headline SeaRates; Section 2.6.3 Sensitivity

End-of-life Excluded Excluded Section 2.1 Excluded

Total embodied emission
(headline numerator, Eq. 9)

≈ 1, 117 ≈ 1, 112 Derived, Section 2.6.1 Included

Note: Stage-level disaggregation within the total is indicated. The adopted sources (IEA PVPS T12-19:2020 14; Smith et al. 1) report system-level totals;
stage-level values were not publicly disaggregated at the resolution required for a complete numerical breakdown per stage. The headline numerator was
derived by back calculation, as described in Section 2.6.1. Transport was excluded from the headline numerator and end-of-life was excluded from the
system boundary as explained in Sections 2.6.3 and 2.1, respectively.

the climatic and operational conditions of NEOM, Riyadh, and
Jeddah 2–4,10.

. RESULTS AND DISCUSSION

This section presents the key findings of the study and dis-
cusses them in the context of the research objectives. Section
3.1 reports tilt-angle optimization, Sections 3.2–3.3 present
the annual electricity-yield and grid-export results, Section 3.4
reports the gross annual GHG emission reduction, Section 3.5
compares the life-cycle carbon intensity across technologies and
locations, and Section 3.6 provides a critical evaluation of the
underlying assumptions and limitations.

.. Tilt-Angle Optimization. Figure 5 shows the vari-
ation in the annual specific electricity yield with tilt angle
for the three study locations. In all cases, the yield increased
to its maximum value and then decreased, indicating a dis-
tinct optimum tilt angle for each city. The optimum tilt values
obtained from the yield model were 27.7°, 20.1°, and 23.9°for
NEOM, Jeddah, and Riyadh, respectively. Among the three loca-
tions, NEOM exhibited the highest annual specific electricity

yield, followed by Jeddah; Riyadh exhibited the lowest yield.
These results confirm that the tilt-angle optimization is location-
dependent and should therefore be determined separately for
each city before comparing the annual electricity exports and sub-
sequent yield-normalized life-cycle results. The sensitivity of the
annual yield to the tilt angle was moderate, reinforcing the impor-
tance of the site-specific configuration in maximizing the lifetime
electricity denominator of Eq. 9.

.. Annual Electricity-yield Comparison. After apply-
ing the optimum tilt angle for each location, the PV performance
was compared using two normalized yield indicators. The first
was the annual specific electricity yield (kWh/kWp/year), which
measures electricity generation per unit of installed PV capacity.
The second was the area-based electricity yield (kWh/m2/year),
which measures the electricity generation per unit of the collector
area. Table 4 lists the annual specific electricity yields obtained
for the optimized systems in NEOM, Jeddah, and Riyadh.

The annual specific electricity yield was the highest at NEOM,
followed by Jeddah; Riyadh recorded the lowest value. This
indicates that the local climatic and solar-resource conditions
governed the normalized electricity output more strongly than

Figure 5. Effect of tilt angle on annual specific electricity yield at (a) NEOM, (b) Jeddah, and (c) Riyadh
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Table 4. Annual specific electricity yield of the optimized PV systems in the
three study locations

City Annual specific electricity yield (kWh/kWp/year)

NEOM 2,465

Jeddah 2,125

Riyadh 1,839

Note: The normalized annual specific electricity yield was identical for
the mono-Si and poly-Si systems at each location under the adopted
modeling assumptions.

the selected module technology when generation was expressed
per unit of installed capacity. The difference between the
yields at NEOM (2,465 kWh/kWp/year) and Riyadh (1,839
kWh/kWp/year) was approximately 34%, which directly propa-
gates into the final carbon intensity through Eq. 9; that is, a higher
yield (denominator term) for the same embodied-emission value
(numerator term) yields a proportionally lower carbon inten-
sity value (g CO2-eq/kWh). This location effect is the dominant
driver of the carbon-intensity differences reported in Section 3.5,
and it substantially exceeds the technological effect demonstrated
by the mono- and poly-Si modules.

When the electricity generation was normalized by the total
collector area, the mono-Si system showed consistently higher
values than those of the poly-Si system at all three locations,
as illustrated in Figure 6. In NEOM, the area-based yields of
the mono- and poly-Si systems are 484 and 422 kWh/m2/year,
respectively. The corresponding values in Jeddah are 417 and
363 kWh/m2/year, whereas those in Riyadh are 361 and 314
kWh/m2/year. This difference reflects the higher module effi-
ciency of the mono-Si module, which enables greater electricity
generation per unit collector area. Across both technologies, the
rankings of the three cities remained unchanged, confirming that
NEOM offered the most favorable solar-resource conditions for
both module types.

.. Annual Electricity Exported to the Grid. Because
the two reference configurations differed in installed capacity
(6.10 kWp for mono-Si and 3.30 kWp for poly-Si), the absolute

generation values presented in this section are not directly com-
parable across technologies, that is, under any fixed grid emission
factor, the larger system will produce more electricity and dis-
place more emissions simply by virtue of its size. These values
are reported for completeness. Note that all technology-related
conclusions in this study were drawn from the yield-normalized
metrics presented in Sections 3.2 and 3.5.

Figure 7 shows a comparison of the annual electricity exported
to the grid by the optimized mono- and poly-Si PV systems at
the three study locations normalized by the installed DC capac-
ity. Expressed on a per-kWp basis, the two technologies achieved
identical results at every site: 2,465 kWh/kWp · year in NEOM,
2,125 kWh/kWp · year in Jeddah, and 1,839 kWh/kWp · year
in Riyadh. These results confirm that the specific electricity yield
is governed by site irradiance rather than by module technol-
ogy. The absolute difference in electricity generation between
the two reference configurations is a direct consequence of their
differing installed capacities and not influenced by differences in
technology. The rationale for capacity normalization is described
in Section 2.4.

The location ranking was consistent across both technologies,
with NEOM providing the most favorable generation conditions,
followed by Jeddah and Riyadh. This ranking matches the area-
based yield results presented in Section 3.2, confirming that the
superior solar resource of NEOM is preserved, regardless of the
normalization basis applied.

.. Gross Annual GHG Emission Reduction. Because
the two reference configurations differ in installed capacity (6.10
kWp for mono-Si versus 3.30 kWp for poly-Si) and the same
Saudi grid emission factor was applied to both, the absolute GHG
reduction values presented in this section scale directly with
installed capacity rather than with any technology-dependent
characteristic. Therefore, they are reported for completeness and
do not constitute a technology comparison, which is conducted
on a yield-normalized basis in Section 3.5.

Figure 8 illustrates a comparison of the gross annual GHG
emission reductions of the optimized mono- and poly-Si PV sys-
tems in NEOM, Jeddah, and Riyadh. For the mono-Si system,

Figure 6. Area-based electricity yield of the optimized mono- and poly-Si PV systems in NEOM, Jeddah, and Riyadh
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Figure 7. Annual electricity exported to the grid by the optimized mono- and poly-Si PV systems in NEOM, Jeddah, and Riyadh, normalized by installed
DC capacity (kWh/kWp · year). On a per-kWp basis the two technologies are identical; the variation is based on location

the gross annual GHG emission reductions were 8.36, 7.21, and
6.24 t CO2-eq/year in NEOM, Jeddah, and Riyadh, respectively.
The corresponding values for the poly-Si system were 4.52, 3.90,
and 3.37 t CO2-eq/year, respectively.

.. Life-Cycle Carbon-intensity Comparison. The
final performance indicator considered in this study was the life-
cycle carbon intensity of PV electricity generation, expressed in

g CO2-eq/kWh. Cabon intensity was calculated using Eq. 9 by
combining the capacity-based embodied-emission values derived
from IEA PVPS Task 12 (approximately 1,117 and 1,112 kg
CO2-eq/kWp for mono-Si and multi-/poly-Si, respectively; refer
to Section 2.6.1), with the site-specific lifetime electricity yields
calculated using Eq. 8 and listed in Table 4. Figure 9 shows
the resulting life-cycle carbon-intensity values for the optimized
mono- and poly-Si systems in NEOM, Jeddah, and Riyadh. The

Figure 8. Gross annual GHG emission reduction of the optimized mono- and poly-Si PV systems in NEOM, Jeddah, and Riyadh, normalized by
installed DC capacity (kg CO2-eq/kWp · year). On a per-kWp basis, the two technologies are effectively identical; the variation is based on location

https://doi.org/./juri/ JURI (A) () −

https://doi.org/10.64589/juri/231613


i
i

“JURI-00268-2026-07” — 2026/9/25 — 9:05 — page 146 — #12 i
i

i
i

i
i

Journal of Undergraduate Research International 

Figure 9. Life-cycle carbon intensity (g CO2-eq/kWh) of the optimized mono- and poly-Si PV systems in NEOM, Jeddah, and Riyadh

complete derivation of the embodied-emission values and cross-
validation against the studies by Smith et al. 1 and Li et al. 15 are
presented in Sections 2.6.1 and 3.6.

Among the three locations, NEOM exhibited the lowest life-
cycle carbon intensity for both PV technologies, followed by
Jeddah; Riyadh showed the highest values. This trend directly
reflects the differences in annual and lifetime electricity yields;
for the same embodied-emissions value, a site with higher life-
time electricity generation produces a lower carbon intensity,
expressed in g CO2-eq/kWh. The difference between the car-
bon intensities of NEOM and Riyadh (approximately 6 g CO2-
eq/kWh) was substantially larger than the difference between the
two module technologies at any given site (approximately 0.2
g CO2-eq/kWh), demonstrating that site-specific solar-resource
conditions exert a stronger influence on the final carbon intensity
than the technology-dependent difference in embodied emis-
sions under the IEA PVPS Task 12 consensus inventory. The
resulting range of 18.0–24.3 g CO2-eq/kWh is lower than the
IEA PVPS European reference intensities (42.5 and 42.3 g CO2-
eq/kWh for mono- and poly-Si, respectively) because the Saudi
sites provide substantially higher lifetime electricity yield. These
values fall within the modern utility-scale benchmark range of
10–36 g CO2-eq/kWh that was reported by the NREL for
tracker-based utility-scale silicon PV systems 1; their position
toward the upper portion of that range reflects the conserva-
tive 2018 supply-chain vintage of the IEA PVPS inventory, as
analyzed in Section 3.6.

Note that the embodied-emission value used in these calcula-
tions was drawn from the 2018 supply-chain IEA PVPS Task 12
inventory and should be regarded as a conservative, upper-bound
basis relative to the current Chinese manufacturing conditions.
More recent inventory data from the studies by Smith et al. 1 and
Li et al. 15 indicate that the current Chinese module production
operates at substantially lower carbon intensities, which will shift
the values reported here toward the lower portion of the NREL
benchmark range. The results presented in this section are there-
fore best interpreted as conservative estimates reflecting a 2018
supply chain rather than the current best estimates. Refer to
Section 3.6 for a quantified sensitivity analysis of this supply-
chain effect.

Table 5 summarizes the selected benchmark values that are
relevant to the interpretation of the present results. In addi-
tion to the IEA PVPS Task values used in this study, the table
also includes the updated NREL utility-scale benchmark range 1,
supplier-specific 2023 Chinese mono-Si module footprint 15, and
module-level Chinese mono-Si benchmarks reported by Müller
et al. 5. Taken together, these benchmarks confirm that the car-
bon intensity of PV electricity is jointly governed by manufactur-
ing supply-chain assumptions, data vintage, and site-specific yield
conditions; moreover, the present results are consistent with the
range reported by current peer-reviewed studies and the NREL.

.. Critical Evaluation of the Assumptions Under-
lying the Carbon-Intensity Result. Three assumptions
primarily influence the magnitude of the carbon intensity
reported in Section 3.5: the embodied-emission inventory, life-
time electricity-yield denominator, and supply-chain electricity
mix assumed during module manufacturing. Each is critically
examined below.

Sensitivity to the embodied-emission inventory. Recent
factory-level data from Li et al. 15 indicate that the carbon foot-
print of current Chinese mono-Si modules has declined to 310–
390 kg CO2-eq/kWp at the module gate, reflecting an approxi-
mately 90% reduction over 15 years that can be attributed to grid
decarbonization and process efficiency improvements. Smith et
al. 1 reported a utility-scale system value of approximately 924
kg CO2-eq/kWp (imported weighted-average case, excluding the
end-of-life), whereas Müller et al. 5 reported emission of 810
kg CO2-eq/kWp for a 2012 grid comprising China-produced
glass-backsheet modules. Therefore, the choice of supply-chain
reference changes the calculated carbon intensity by a factor of
1.2–2.0. Applying the inventory data from Smith et al. 1 under the
NEOM yield would reduce the mono-Si carbon intensity from
18.1 to approximately 15 g CO2-eq/kWh. Combing the 2023
Jinko module inventory (reported by Li et al. 15) with the BOS
inventory reported by Smith et al. 1 would shift it further toward
the lower bound of the NREL utility-scale benchmark range.
These results indicate that the choice of supply-chain inventory is
the largest source of uncertainty, and the 2018 IEA PVPS dataset
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Table 5. Literature benchmarks relevant to the interpretation of life-cycle carbon intensity

Source Technology / case Value Unit Scope / note

IEA PVPS Fact Sheet 4 Mono-Si PV system 42.5 g CO2-eq/kWh 3 kWp European roof-mounted
system

IEA PVPS Fact Sheet 4 Multi-/Poly-Si PV system 42.3 g CO2-eq/kWh 3 kWp European roof-mounted
system

NREL 1 Utility-scale PV benchmark
range

10–36 g CO2-eq/kWh Utility-scale tracker-based
silicon PV

Müller et al. 5 China mono-Si glass-backsheet
module

810 kg CO2-eq/kWp Module-level; excl. BOS, install,
O&M

Müller et al. 5 China mono-Si glass-glass
module

750 kg CO2-eq/kWp Module-level; excl. BOS, install,
O&M

Smith et al. 1 Utility-scale mono-Si
Passivated Emitter and Rear
Cell (imported wtd-avg)

924 kg CO2-eq/kWp System-level; excl. EoL; ~2020
supply chain

Li et al. 15 China mono-Si module, 2023
(supplier range)

310–390 kg CO2-eq/kWp Module-level only; 2023
Chinese grid

should therefore be regarded as a conservative upper-bound esti-
mate rather than a current best estimate.

Sensitivity to the mono-Si /poly-Si differential. Using the
IEA PVPS reference values, the mono-Si and multi-/poly-Si
intensities differed by only approximately 0.2 g CO2-eq/kWh
under identical conditions, which is smaller than the resolution of
the underlying inventory and should therefore not be interpreted
as a meaningful technology-dependent advantage. Other studies
have reported larger differences in this aspect. For example, Ullah
et al. 16 reported emissions of 250 and 180 g CO2-eq/kWh for
mono-Si and multi-/poly-Si systems, respectively, under a coal-
intensive Nanjing grid, and Müller et al. 5 reported module-level
embodied emissions of 810 and 750 kg CO2-eq/kWp for mono-
Si and multi-/poly-Si glass-glass configurations, respectively. A
small technology gap is observed here because the same IEA
PVPS technology-differentiated dataset was applied consistently
to both technologies under identical Saudi operating conditions,
which separates the technology effect from the differences in grid
and module configurations. A dedicated current poly-Si inven-
tory for the present Chinese supply chain is required to quantify
this difference more precisely, and the limited availability of such
data reflects the rapidly declining market share of poly-Si in the
global module supply.

Limitations. Four limitations constrain the precision of the
carbon-intensity values reported in Section 3.5, each with a
defined directional effect on the results. First, the end-of-life
treatment was excluded from the system boundary, which is
consistent with the IEA PVPS Task 12 approach. Inclusion of
module recycling credits under an avoided-burden convention
would be expected to reduce the reported values by approx-
imately 5–8%, on the basis of estimates reported in the PV
LCA literature; accordingly, the reported values are marginally
conservative. Second, the RETScreen yield model operates on
monthly averaged climatic inputs and does not resolve year-to-
year irradiance variability, seasonal dust storm events, or soiling-
accumulation cycles. Soiling losses in desert environments can
exceed 5% of annual electricity yield without regular cleaning.
These losses are assumed to be partially represented within the

10% miscellaneous-loss allowance and are not separately quan-
tified, introducing a downward bias on the yield and therefore
an upward bias on carbon intensity that cannot be precisely
bounded without site-specific soiling records. Third, transport
from Chinese manufacturing hubs to Saudi installation sites was
excluded from the embodied-emissions estimate; therefore, the
reported carbon-intensity values represent lower bounds with
respect to logistics emissions, although the transport contribu-
tion is expected to remain below approximately 1% of total life-
cycle emissions on the basis of PV LCA literature values. Fourth,
the two reference module configurations differ in installed capac-
ity (3.30 kWp for poly-Si versus 6.10 kWp for mono-Si) are not
technology-comparable. Therefore, all technology-comparative
conclusions in this study rest exclusively on the yield-normalized
carbon-intensity metric specified in Section 3.5.

Practical implications for technology selection in Saudi
Arabia. The near-equivalence of the mono- and poly-Si carbon
intensities under the IEA PVPS Task 12 inventory with a differ-
ence of approximately 0.2 g CO2-eq/kWh, which is below the res-
olution of the underlying inventory data, implies that the choice
between monocrystalline and polycrystalline modules cannot be
made on the basis of life-cycle carbon intensity alone. The dom-
inant discriminator identified in this study was the installation
location. The carbon-intensity difference between NEOM and
Riyadh (approximately 6 g CO2-eq/kWh) was approximately 30
times larger than the difference between the two module tech-
nologies at the same site. This finding indicates that site selection,
tilt-angle optimization, tracking configuration, and soiling man-
agement should be prioritized over module technology selection
as a strategy to minimize the life-cycle carbon footprint of the
Saudi utility-scale solar portfolio. Other factors not evaluated
in this study, including module cost, electricity generation per
unit of land area, supply-chain resilience, water requirements for
soiling management under desert conditions, and degradation
characteristics, will also be relevant inputs for a comprehensive
technology selection framework and are recommended as topics
for future investigation.
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. CONCLUSIONS

This study investigated the life-cycle carbon intensity of utility-
scale crystalline-silicon PV systems in Saudi Arabia by comparing
monocrystalline and polycrystalline configurations in NEOM,
Jeddah, and Riyadh. This analysis aimed to assess the site-specific
performance in terms of the optimized tilt angle, annual elec-
tricity yield, annual electricity exported to the grid, gross annual
GHG reduction, and final life-cycle carbon intensity under a
consistent ISO 14040/44-aligned carbon-intensity assessment
methodology. Based on the modeling and IEA PVPS Task 12
consensus LCI, the following key conclusions were drawn.

1. The optimized tilt angle was location-dependent, confirming
that the PV system orientation should be optimized for each
city rather than assumed to be uniform across Saudi Arabia.

2. The site conditions significantly influenced the PV perfor-
mance, with NEOM consistently showing the highest annual
specific electricity yield, followed by Jeddah, whereas Riyadh
recorded the lowest normalized yield. The yield difference
between NEOM and Riyadh (~34%) propagated directly into
the carbon-intensity results through the lifetime yield denom-
inator.

3. When electricity generation was expressed on an areal basis,
the mono-Si system consistently outperformed the poly-Si
system at all three locations, reflecting the higher module
efficiency of the selected mono-Si configuration.

4. The absolute annual electricity exported to the grid and gross
annual GHG emission reduction scaled in direct proportion
to the installed-capacity ratio of the two reference configura-
tions (6.10 / 3.30 = 1.85) and therefore do not constitute a
technology comparison; they are reported only for complete-
ness.

5. The final life-cycle carbon-intensity results showed that
NEOM achieved the lowest carbon intensity for both tech-
nologies, Jeddah ranked second, and Riyadh recorded the
highest values, confirming that a higher lifetime electricity
yield directly leads to lower g CO2-eq/kWh values.

6. The difference between locations (~6 g CO2-eq/kWh) was
substantially more pronounced than the difference between
the two module technologies (~0.2 g CO2-eq/kWh), indicat-
ing that site-specific solar-resource conditions and electricity
yield exert a stronger influence on final carbon intensity than
the small technology-dependent difference in embodied emis-
sions under the IEA PVPS Task 12 consensus inventory.

7. The resulting carbon-intensity values (approximately 18.0–
24.3 g CO2-eq/kWh, depending on location) are conservative
estimates reflecting the 2018 IEA PVPS supply-chain vintage
rather than current best estimates; they fall within the NREL
utility-scale benchmark range (10–36 g CO2-eq/kWh) and
support the suitability of high-yield Saudi locations, particu-
larly NEOM, for low-carbon utility-scale PV deployment.

These findings confirm that utility-scale PV assessments in Saudi
Arabia should account for the combined effects of site selec-
tion, tilt optimization, electricity yield, and embodied emissions,
rather than considering module technology in isolation. The
near-equivalence of mono- and poly-Si carbon intensities under
the adopted inventory implies that technology selection in the
Saudi context should be guided primarily by cost, efficiency per

unit area, supply-chain factors, and soiling management, rather
than by life-cycle GHG performance alone.

This study has several limitations. The embodied-emissions
numerator was drawn from the IEA PVPS Task 12 consen-
sus inventory (Report T12-19:2020) 14, which reflects a 2018
supply-chain vintage and should be regarded as a conservative
upper-bound basis relative to current Chinese manufacturing.
The effect of more recent supply-chain data is examined as a
sensitivity analysis in Section 3.6. Moreover, the transport assess-
ment was treated as a representative scenario-based sensitivity
analysis, end-of-life management was excluded from the adopted
system boundary, and the yield model did not resolve year-to-
year variability or soiling dynamics at the site level. Therefore,
future work may include the development of more case-specific
inventory data for Chinese-manufactured mono- and poly-Si
modules, refinement of transport and supply-chain assumptions,
inclusion of end-of-life and recycling pathways, dedicated soil-
ing characterization for Saudi desert sites, and broader validation
through plant-scale operational data and scenario-based sensitiv-
ity analyses.
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