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Abstract

This study evaluates the carbon-related performance of grid-connected photovoltaic (PV)
systems under different electricity-generation mixes using a literature-based, scenario-
oriented life-cycle GHG emissions assessment. A 1 MWop utility-scale crystalline-silicon PV
reference system was defined with an annual electricity generation of 1,640 MWh, a 30-year
lifetime, and an annual degradation rate of 0.5%, resulting in a projected cumulative
electricity output of 45,793.99 MWh. The analysis considered three benchmark electricity-mix
scenarios: a high-carbon grid, a transitioning grid, and a low-carbon benchmark grid. The gross
life-cycle GHG burden of the PV system was interpreted using a literature-based range of 10-
36 g CO2e/kWh, with 19 g CO,e/kWh adopted as the median reference case. Results show
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that scenario-estimated avoided emissions and net GHG benefits are highest in carbon-
intensive electricity systems and decrease progressively as grid carbon intensity declines.
Nevertheless, the net GHG benefit remains positive across all benchmark scenarios and across
the tested PV emission-factor range. The findings indicate that PV deployment provides the
greatest immediate GHG mitigation in fossil-intensive grids, while long-term improvements
depend on cleaner manufacturing, low-carbon supply chains, circular economy strategies, and
responsible end-of-life management. Because the analysis relies on literature-derived PV
emission factors and average grid carbon-intensity benchmarks, the results should be
interpreted as comparative scenario estimates rather than as outputs from a full process-
based LCA model.
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1. Introduction

Photovoltaic (PV) technology has become one of the most important pillars of the transition
toward low-carbon electricity systems. Its deployment has accelerated markedly in recent years,
with global cumulative installed PV capacity exceeding 2.2 TW by the end of 2024 and more than
600 GW added in that year alone [1]. This growth confirms that PV is among the fastest-growing
electricity generation technologies worldwide and highlights its increasing importance for
decarbonization, energy diversification, and long-term resilience to fossil-fuel market volatility [2].
However, the rapid expansion of PV capacity also requires a careful assessment of its carbon-related
performance across different electricity-generation contexts, particularly because the benefits of
PV deployment depend not only on the technology itself, but also on manufacturing conditions,
system performance, and the carbon intensity of the electricity that PV generation displaces.

From an environmental perspective, PV systems exhibit one of the lowest life-cycle greenhouse
gas (GHG) profiles among commercial electricity generation options. Recent assessments of utility-
scale solar report cradle-to-grave emissions of approximately 10-36 g CO.e/kWh, which are
substantially lower than the life-cycle emissions associated with fossil-based generation [3, 4]. At
the same time, the global PV market is overwhelmingly dominated by crystalline silicon technology,
which represented about 98% of total module production in 2024. This technological dominance
makes crystalline-silicon systems the most representative basis for contemporary environmental
assessment of grid-connected PV installations [5]. However, the carbon performance of
photovoltaic systems cannot be inferred solely from operational emissions.

Although PV electricity is generated without direct emissions at the point of use, its overall
footprint is shaped by raw material extraction, silicon purification, wafer and cell manufacturing,
module assembly, transportation, installation, operation, maintenance, and end-of-life treatment.
For this reason, a life-cycle perspective is necessary to interpret PV-related GHG emissions more
accurately. Nevertheless, the present study does not develop a full process-based LCA with an
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original life-cycle inventory, process modeling, allocation rules, or database-specific modeling.
Instead, it is framed as a literature-based, scenario-oriented assessment of life-cycle GHG emissions
and avoided emissions from grid-connected PV systems. This clarification is important because the
numerical evaluation relies on selected emission factors and grid carbon-intensity values reported
in the literature, rather than on a newly constructed inventory model [6].

A particularly critical variable in this context is the electricity generation mix. The electricity mix
affects PV systems in two distinct but interconnected ways. First, it influences the embodied impacts
of manufacturing, especially in electricity-intensive stages such as silicon purification and cell
production. In this sense, PV systems carry an initial environmental carbon debt, the magnitude of
which depends strongly on the carbon intensity of the manufacturing supply chain. Recent studies
show that China’s PV production accounts for a very large share of the global PV carbon footprint,
illustrating how manufacturing geography can materially alter life-cycle outcomes. Second, the
electricity mix also determines the environmental significance of PV deployment during operation,
since the benefit of solar electricity depends on the type of grid electricity displaced. Consequently,
the same PV system may exhibit different GHG relevance depending on whether it offsets coal-
dominated, gas-dominated, or already low-carbon electricity systems [7, 8]. In this study, the
electricity mix is therefore treated as a key scenario variable for comparing how PV life-cycle
emissions and avoided emissions change across different grid contexts.

This issue is closely linked to the global restructuring of PV supply chains. Differences in national
grid carbon intensity imply that relocating PV manufacturing from more carbon-intensive electricity
systems to lower-carbon industrial regions could significantly modify life-cycle results. Fraunhofer
analyses also show that the energy payback time (EPBT) of PV systems varies with manufacturing
and installation context; for example, systems manufactured in Europe and installed in Northern
Europe require approximately 1.1 years to recover the energy invested, while irradiation and
regional grid conditions can further shorten or lengthen this period [7, 9, 10]. Although EPBT is not
necessarily the primary endpoint of every LCA study, it remains an important complementary metric
because it captures how rapidly a PV system repays the energy required for its production and
deployment [11]. Accordingly, EPBT is considered here as a complementary indicator that supports
the interpretation of life-cycle emission results, especially when comparing different manufacturing
locations, installation contexts, and grid conditions.

Another increasingly important dimension is circularity and end-of-life management. The very
scale that now makes PV strategically significant also implies a growing future stream of retired
modules. Joint IRENA-IEA PVPS projections estimate that cumulative PV panel waste could reach 78
million tonnes globally by 2050, which elevates end-of-life treatment from a marginal issue to a
central component of long-term PV sustainability planning [12, 13]. This makes a life-cycle
perspective especially relevant, since future deployment strategies must be evaluated not only in
terms of current emissions reductions, but also considering material recovery, recycling
infrastructure, and circular-economy opportunities. However, because this study focuses primarily
on GHG emissions and avoided emissions, broader environmental categories such as mineral
resource depletion, land use, toxicity, water use, and detailed end-of-life impacts are treated as
relevant limitations and future research needs rather than as fully modeled impact categories.

Simultaneously, environmental assessment of PV systems should be conducted at the system
level, rather than being limited to cell or module characteristics alone. Earlier PV LCA literature often
focused primarily on cell technologies or module production. In contrast, complete grid-connected
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plants also depend on balance-of-system components, inverter configuration, structural supports,
site conditions, and operational energy yield. This distinction is crucial because differences in plant
design and the surrounding electricity context can significantly influence total carbon-related
performance. More recent reviews have also emphasized that differences in system boundaries,
functional units, data quality, and regional inventories continue to generate variability across PV
LCA studies, underscoring the need for transparent and scenario-based comparisons. Therefore, the
contribution of this study is not the general claim that PV systems reduce emissions, which is already
well established, but rather the transparent comparison of how life-cycle GHG emissions and
avoided emissions vary under different electricity mixes, manufacturing contexts, and system
assumptions.

As PV penetration increases in modern power systems, broader grid-integration issues also
become relevant. IEEE 1547-2018 establishes technical requirements for interconnection and
interoperability of distributed energy resources, including functions related to reactive power
capability, voltage and power control, abnormal operating response, and associated interface
performance. Although these aspects are not treated here as primary analytical variables, they
provide relevant technical context for understanding the operational environment in which grid-
connected PV systems are deployed. In the present study, the system boundary is limited to grid-
connected PV generation without battery energy storage to preserve clarity in the environmental
interpretation of the photovoltaic system itself [14]. This delimitation avoids adding the material,
operational, and end-of-life burdens associated with storage technologies. It allows the analysis to
focus specifically on PV generation, degradation-adjusted electricity output, grid carbon intensity,
and avoided emissions. As shown in Table 1, previous literature has established that PV systems
generally present lower life-cycle GHG emissions than fossil-based electricity generation. However,
existing studies often address emission benchmarks, manufacturing geography, EPBT, grid context,
and end-of-life considerations separately.
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Table 1 Positioning of the present study within previous PV life-cycle emissions literature.

What previous studies Ke
Literature focus P Gap addressed by this study v
show references
Although emission benchmarks are
PV systems have well established, fewer studies
. substantially lower life- compare how life-cycle GHG emissions
PV life-cycle . . ..
L cycle GHG emissions and avoided emissions vary across [3, 4]
GHG emissions . . .. . .
than fossil-based different electricity-generation mixes
electricity generation. using a transparent scenario-based
approach.
Crystalline-silicon PV
dominates global
& ) This study links PV technology
module production, . .
Technology and . representativeness and manufacturing
. and manufacturing ) .
manufacturing . context with deployment-grid [5, 7, 8]
location affects . ]
context i . conditions to interpret how PV
embodied emissions ) .
. benefits change across scenarios.
through electricity
carbon intensity.
EPBT varies according This study uses EPBT as a
Energy recovery to manufacturing complementary indicator, while
and system location, installation focusing primarily on life-cycle GHG [9-11]
performance region, irradiation, and  emissions and avoided emissions
system performance. under different grid mixes.
PV waste growth
makes recycling, This study incorporates circularity as a
End-of-life and material recovery, and  strategic consideration, while
. . . .. . . [12, 13]
circularity circular economy recognizing that detailed end-of-life
strategies increasingly ~ impacts are not fully modeled.
important.
The contribution of this study is a
. literature-based, scenario-oriented
The general conclusion . .
assessment showing how life-cycle
that PV reduces o . o
. GHG emissions and avoided emissions
emissions compared ) i
Present study from grid-connected PV systems vary  This study

with fossil-based
electricity is already
well established.

according to electricity-generation
mix, manufacturing context,
degradation-adjusted generation, and
selected system assumptions.

Source: Prepared by the authors.

Table 1 summarizes the main areas addressed in previous PV life-cycle research and the gap
considered in the present study. The novelty of this work lies in integrating these dimensions into a
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literature-based, scenario-oriented assessment that compares life-cycle GHG emissions and avoided
emissions from grid-connected PV systems under different electricity-generation mixes.

Using a literature-based, scenario-oriented life-cycle GHG emissions framework, this study
evaluates the carbon-related performance of grid-connected photovoltaic systems under different
electricity-generation mixes. The analysis examines how variations in electricity supply conditions,
manufacturing context, and displaced grid electricity shape PV-related emissions and avoided
emissions. The study also recognizes that average grid carbon-intensity values provide a simplified
representation of avoided emissions and that future grid decarbonization may modify long-term
results. These aspects are therefore addressed as important methodological considerations for
interpreting the scenarios. By addressing the interaction between PV system configuration,
manufacturing context, displaced grid electricity, and end-of-life considerations, the study provides
decision-relevant insights for sustainable PV deployment, low-carbon manufacturing, long-term
circularity planning, and energy-system design in increasingly decarbonized electricity systems [15].

2. Materials and Methods
2.1 Goal and Scope
2.1.1 Study Design

This study employed a literature-based, scenario-oriented life-cycle GHG emissions assessment
to evaluate the carbon-related performance of grid-connected photovoltaic (PV) systems under
different electricity-generation mixes. The analysis was based on publicly accessible technical and
environmental datasets to ensure transparency, reproducibility, and comparability. The study did
not develop a full process-based life cycle assessment (LCA) with an original life-cycle inventory,
process-specific modeling, allocation rules, or database-specific modeling. Instead, it used selected
life-cycle PV emission factors from the literature, annual PV electricity generation estimates, and
grid carbon-intensity values to construct comparative scenarios. The analysis focused on GHG
emissions and avoided emissions, while grid integration was considered only as general contextual
elements [16].

This study was not designed as a systematic literature review. Instead, literature-derived values
were selected to support a transparent scenario-based assessment of life-cycle GHG emissions from
grid-connected PV systems. The sources were selected based on their relevance to utility-scale
photovoltaic systems, public availability, methodological transparency, recent publication date,
consistency with life-cycle GHG assessment practices, and applicability to the technical assumptions
of the 1 MWp reference system. Priority was given to peer-reviewed studies, international technical
reports, and publicly available datasets from recognized institutions such as NREL, IEA PVPS,
Fraunhofer ISE, PVGIS, and Ember. Therefore, the numerical assessment should be interpreted as a
literature-based, publicly supported scenario comparison, rather than as a systematic literature
review or a full process-based life-cycle inventory model.
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2.1.2 Functional Unit and System Boundaries

The functional unit was defined as 1 kWh of AC electricity delivered to the grid. The assessment
followed a life-cycle perspective and considered the main stages commonly associated with grid-
connected PV systems: raw material extraction, manufacturing, transportation, installation,
operation and maintenance, and end-of-life treatment. These stages were represented through life-
cycle GHG emission factors reported in the literature, rather than through a newly constructed
process-based inventory. Battery energy storage was excluded from the system boundary to
preserve the focus on grid-connected PV generation and avoid adding the additional material,
operational, and end-of-life burdens associated with storage technologies [4, 12].

2.2 Data Sources and Scenario Definition
2.2.1 Public Data Sources

The analysis was developed using publicly accessible databases and technical reports. Annual
photovoltaic electricity generation was estimated using PVGIS. Life-cycle greenhouse gas emission
factors for photovoltaic electricity were obtained from public NREL reports. Carbon intensity values
for different electricity mixes were taken from publicly available electricity datasets. These sources
were selected because they provide transparent and reproducible information suitable for a
comparative theoretical assessment [4].

2.2.2 Definition of Electricity Mix Scenarios

Three comparative electricity-mix scenarios were considered in the present study:

e A carbon-intensive electricity mix.

e Anintermediate electricity mix.

e A low-carbon electricity mix.

These scenarios were used to evaluate how the carbon relevance of photovoltaic electricity
changes depending on the carbon intensity of the surrounding grid [17, 18]. The scenarios were
defined as comparative analytical benchmarks, rather than as representations of a single national
electricity system. Therefore, the results should be interpreted as scenario-based comparative
estimates. The present study uses average grid carbon-intensity values as comparative benchmarks.
This approach was selected to preserve transparency, reproducibility, and compatibility with
publicly available datasets. However, average emission factors do not necessarily represent the
marginal generators displaced by PV electricity. Marginal emission factors may provide a more
precise estimate of avoided emissions in consequential assessments, particularly when the
displaced generation source varies by time of day, season, demand profile, and dispatch conditions.
Accordingly, the avoided-emissions results should be interpreted as comparative-scenario
estimates, not as definitive consequential displacement estimates.
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2.3 Calculation Procedure
2.3.1 Lifetime Electricity Generation

The total electricity generated during the system lifetime was estimated using annual electricity
production data, the assumed operational lifetime of the photovoltaic system, and the annual
degradation rate. Since PV output decreases progressively over time, the calculation was performed
as follows:

[1-(1-d)"]
Elife = Eannual X d (D

where Eji is the lifetime electricity generation, Eannual is the first-year annual electricity output, d is
the annual degradation rate, and N is the system lifetime in years. The degradation rate was
expressed as a decimal; for example, 0.5% per year corresponds to 0.005.

2.3.2 Gross Life-Cycle Greenhouse Gas Emissions

The total life-cycle greenhouse gas emissions of the photovoltaic system were estimated from
the literature-based emission factor for PV electricity:

GHGpy totar = EFpy X Ejife (2)

where GHGbpy 1otar is the total greenhouse gas emissions associated with the PV system over its
lifetime, EFpyis the life-cycle greenhouse gas emission factor of the PV system, and Eji is the lifetime
electricity generation [19, 20].

2.3.3 Avoided Emissions under Different Electricity Mixes

To compare the environmental benefit of photovoltaic electricity under different grid conditions,
the avoided emissions were estimated as:

GHGayoidea = EFgria X Eiife 3)

where GHGavoided is the amount of greenhouse gas emissions avoided by the PV system, EFgiq is the
carbon intensity of the electricity mix considered, and Eji is the lifetime electricity generation.
The GHG mitigation benefit was calculated as:

GHGpet benefit — GHGgpoidea — GHGPV,total (4)

A positive value indicates that the photovoltaic system emits fewer emissions than it generates
over its life cycle [16].

2.3.4 Comparative Reduction Indicator

To facilitate interpretation, the percentage reduction in greenhouse gas emissions achieved by
photovoltaic electricity relative to each electricity mix was calculated as:
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(5)

EF_ .; — EF,
Reduction(%) = < grid PV) x 100

EFgrid

where EFgiq is the carbon intensity of the compared electricity mix and EFpy is the life-cycle
greenhouse gas intensity of the photovoltaic system.

2.4 Interpretation and Limitations
2.4.1 Interpretation of Results

The results were interpreted as a comparative scenario-based assessment using publicly
available data and literature-derived parameters. The main purpose was to determine how the
carbon-related environmental performance of grid-connected photovoltaic systems changes under
different electricity-generation mixes and to identify the extent to which grid carbon intensity
influences the relative advantage of photovoltaic electricity [8]. Therefore, the results should be
understood as comparative estimates rather than as outputs from a full process-based life-cycle
inventory model.

2.4.2 Study Limitations

This study does not represent a full industrial process-based LCA with proprietary inventories.
Instead, it provides a simplified but transparent comparative approach based on publicly accessible
information. Power quality, voltage regulation, and interoperability were acknowledged as relevant
contextual issues for grid-connected photovoltaic systems, but they were not modelled as primary
variables.

3. Results
3.1 Reference PV System and Electricity Mix Scenarios
3.1.1 Reference PV System Characteristics

To ensure that the comparative assessment reflects the current technological mainstream of
utility-scale photovoltaic deployment, a representative grid-connected crystalline-silicon PV system
was selected as the reference case. This choice was made to balance technological relevance with
methodological clarity. Rather than defining a highly specialized or site-specific configuration, the
reference system was designed to represent a contemporary commercial installation suitable for a
literature-based, scenario-oriented life-cycle GHG emissions assessment. This approach is
particularly appropriate for the present study, whose primary objective is to compare the carbon-
related performance of PV electricity under different electricity-generation mixes, rather than to
optimize a specific plant design. Crystalline-silicon technology remains overwhelmingly dominant in
the global PV market. At the same time, recent commercial trends indicate a strong transition
toward high-efficiency TOPCon-based modules within the broader monocrystalline silicon segment.

The reference system was defined as a 1 MWp utility-scale plant connected to the medium-
voltage grid [21]. This nominal capacity was selected as a scalable benchmark that is sufficiently
large to represent grid-connected utility applications while remaining simple enough for transparent
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scenario-based analysis. In accordance with the methodological logic recommended by IEA PVPS
Task 12, the system is interpreted in terms of AC electricity delivered to the grid, and the main
technical assumptions were chosen to be representative rather than site-specific. Accordingly, the
adopted irradiation, performance ratio, lifetime, and degradation rate correspond to realistic
contemporary values commonly used in photovoltaic environmental assessment studies [4, 13, 22,
23].

A representative solar-belt irradiation level was assumed to define a credible high-yield
operational context without tying the analysis to a single measured installation. The annual
electricity generation of the reference system was estimated from the selected irradiation and
performance assumptions and is therefore intended as a technically reasonable benchmark for
comparative environmental calculations. The operational lifetime was set to 30 years, and the
annual degradation rate to 0.5%/year, which is a conservative and commonly used assumption for
a generic utility-scale PV system. This value remains consistent with recent utility-scale PV literature
while avoiding unnecessary dependence on model-specific manufacturer warranties [24-26]. The
technical assumptions summarized in Table 2 combine literature-based parameters, representative
engineering assumptions, and calculated values adopted for the present comparative assessment.
Technology-related values were aligned with recent reporting on commercial PV modules. In
contrast, the broader life-cycle framework and reporting logic were informed by IEA PVPS Task 12
guidance and recent utility-scale solar LCA references [13].

Table 2 Technical assumptions of the reference grid-connected PV system.

Parameter Value Unit
Installed capacity 1,000 (1 MWp) kWp
High-efficiency monocrystalline silicon,

TOPCon-based mainstream commercial modules

Module technology

Module efficiency 22.0-22.7 %
Reference location Representative high-yield solar-belt site -

Annual irradiation 2000 kWh/m?/year
Performance ratio (PR) 0.82 -

Annual electricity generation 1640 MWh/year
System lifetime 30 years
Annual degradation rate 0.5 %/year
Inverter architecture String inverters -

Inverter efficiency 98.5 %

Grid connection type Medium-voltage, grid-connected utility-scale -
Mounting structure Galvanized steel support structure -

Note: The values reported in this table represent technical assumptions for the reference system
used in the scenario-based assessment. They are not derived from a newly constructed process-
based life-cycle inventory. The authors calculated annual electricity generation from installed
capacity, annual irradiation, and performance ratio.

Source: Prepared by the authors based on IEA PVPS, NREL, Fraunhofer ISE, PVGIS, and IEA PVPS
Task 12 methodological guidance [4, 5, 9, 19, 25, 26].
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3.1.2 Electricity Mix Carbon-Intensity Benchmarks

The high-carbon grid scenario was assigned a carbon intensity of 708 g CO,e/kWh, representing
coal-dominated electricity systems in which PV deployment is expected to deliver the largest
immediate GHG mitigation benefit. The transitioning grid scenario was defined at 384 g CO.e/kWh,
representing mixed electricity systems with substantial fossil generation but increasing shares of
renewables and other low-carbon sources. The low-carbon benchmark scenario was assigned 213 g
CO2e/kWh, reflecting comparatively decarbonized present-day electricity systems such as the
recent EU average [27, 28]. The electricity-mix scenarios used in the comparative assessment are
summarized in Table 3.

Table 3 Electricity-mix scenarios and analytical role in the present study.

Carbon intensity

Scenario Dominant source Strategic analytical role
(g CO2e/kWh) & y
High-carbon Coal-dominated 208 Baseline for maximum avoided-
grid electricity system emissions potential
L Mixed fossil-based grid Evaluation of PV performance
Transitioning . . . -
id with growing low- 384 under mainstream transition

& carbon contribution conditions

Comparatively Assessment of PV relevance
Current low- . - . .

i decarbonized electricity 213 where grid emissions are already

carbon grid .

system substantially reduced

Note: Scenario values were used as comparative analytical benchmarks. They represent average
grid carbon intensity rather than marginal displacement factors and are applied here as static
reference cases for scenario-based interpretation.

Source: Prepared by the authors based on recent public electricity-sector reporting [27-29].

These values were used as literature- and publicly available data-based scenario inputs, not as
outputs from a newly constructed process-based life-cycle inventory model. As noted in the
methodological section, the scenarios are based on average grid carbon-intensity values. They
should therefore be interpreted as comparative benchmarks, rather than as full consequential
displacement factors. A further limitation of the scenario framework is its static character. Because
PV systems typically operate for several decades, future grid decarbonization may reduce the
avoided emissions associated with photovoltaic generation over time. For this reason, the selected
scenarios should be understood as fixed analytical benchmarks for comparative interpretation
rather than as dynamic lifetime projections. The marked contrast among the selected scenarios is
illustrated in Figure 1.
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Figure 1 Carbon intensity of the selected electricity-mix scenarios. Source: Prepared by
the authors.

Figure 1 illustrates the marked contrast in carbon intensity across the selected electricity-mix
scenarios. The high-carbon grid presents the highest emission factor, whereas the low-carbon
benchmark grid shows a substantially reduced carbon intensity. This contrast provides the
comparative basis for evaluating the relative GHG mitigation benefit of photovoltaic electricity
under different grid conditions.

3.2 Lifetime Electricity Generation of the PV System
3.2.1 Annual and Lifetime Electricity Output

The lifetime electricity output of the reference grid-connected PV system was estimated from
the Year-1 electricity generation defined in Table 2 and the annual degradation rate adopted for the
reference case. Based on an initial annual electricity generation of 1,640 MWh/year and a constant
degradation rate of 0.5% per year, the reference system is projected to generate approximately
45,794 MWh over a 30-year operating lifetime.

The projected electricity output shows a gradual decline in annual generation over time due to
the cumulative effect of the assumed degradation rate. Annual electricity production decreases
from 1,640 MWh in the first year to 1,418 MWh in the thirtieth year, corresponding to an overall
reduction of approximately 13.5% relative to the initial annual generation. Despite this progressive
decline, total electricity production accumulated over time continues to increase throughout the
system lifetime, exceeding 31,000 MWh by Year 20 and reaching nearly 45,800 MWh by Year 30.
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The corresponding average annual electricity generation over the full lifetime is approximately
1,526 MWh/year.

These projections are particularly relevant for the present literature-based, scenario-oriented
life-cycle GHG emissions assessment, because lifetime electricity generation constitutes the
normalization basis for the emission-intensity indicators expressed per unit of electricity delivered
to the grid. In this sense, greater cumulative electricity production improves the relative carbon-
related performance of the photovoltaic system by distributing its literature-derived life-cycle
emissions over a larger amount of lifetime electricity output. Table 4 summarizes the estimated
annual and cumulative electricity generation over the system lifetime, while Figure 2 illustrates the
evolution of annual and cumulative generation over the assumed 30-year operating period of the
reference PV system [4, 29].

Table 4 Estimated electricity generation over the system lifetime.

Year  Annual generation (MWh/year) Cumulative electricity generation (MWh)

1 1640 1640

5 1607.45 8118.41
10 1567.66 16035.88
20 1491.02 31287.76
30 1418.12 45793.99

Source: Prepared by the authors based on the technical assumptions defined in Table 2 and
informed by recent PV LCA methodological guidance and utility-scale benchmark literature [5,
12, 13].

Note: Annual electricity generation was estimated from the Year-1 electricity output of the
reference PV system assuming a constant annual degradation rate of 0.5%. Cumulative
electricity generation refers to the total electricity produced from Year 1 up to the selected year.
The authors calculated values.
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Figure 2 Estimated annual and cumulative lifetime electricity generation of the
reference PV system over a 30-year operating period. Source: Prepared by the authors
based on the technical assumptions defined in Table 2 and the assumed annual
degradation rate of 0.5%.

Figure 2 shows the expected decline in annual electricity generation due to long-term module
degradation, together with the steady increase in cumulative lifetime electricity output. Although
annual production gradually decreases, cumulative generation continues to rise throughout the full
operating life of the system, confirming the long-term energy contribution of the reference PV
installation and its importance fornormalizing life-cycle environmental impacts.

3.3 Gross Life-Cycle Environmental Profile of the PV System
3.3.1 Gross Life-Cycle Greenhouse Gas Emissions and Stage Contributions

The gross life-cycle greenhouse gas (GHG) profile of the reference grid-connected PV system was
interpreted using a literature-based range of life-cycle carbon intensities reported for contemporary
utility-scale solar systems. Recent NREL results indicate that utility-scale PV can exhibit life-cycle
GHG emissions between 10 and 36 g CO.e/kWh, depending on manufacturing supply chain,
installation location, and end-of-life treatment. Within this range, a median reference value of 19 g
CO.e/kWh was adopted for the present comparative assessment, as it is consistent with the
benchmark utility-scale case reported by NREL for an average imported supply chain with partial
end-of-life recycling. This range confirms that photovoltaic electricity remains a low-carbon
generation option even before avoided grid emissions are considered. However, the spread
between the low and high estimates indicates that manufacturing context and end-of-life
assumptions still play an important role in determining the gross GHG profile of the PV system [4,

Page 14/29



JEPT 2026; 8(3), doi:10.21926/jept.2603018

30]. In particular, the high end of the range is associated with carbon-intensive manufacturing and
less favorable end-of-life treatment, whereas the low end reflects cleaner supply chains and higher
material recovery.

The literature-based range adopted for the present study is shown in Figure 3. To support
interpretation of the gross GHG profile, the total life-cycle GHG burden of the reference PV system
was decomposed into representative stage-level contributions using the median value of 19 g
CO,e/kWh as the reference case. This breakdown should not be interpreted as the result of a newly
constructed process-based life-cycle inventory. Instead, it is presented as a literature-informed
interpretive distribution designed to identify the main GHG hotspots reported in recent PV life-cycle
studies. The purpose of this stage-level profile is therefore to support qualitative hotspot
interpretation, particularly regarding the relative importance of raw material supply and
manufacturing, rather than to provide inventory-derived percentage contributions for a specific
industrial supply chain.
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Figure 3 Literature-based range of gross life-cycle greenhouse gas emissions for the
reference grid-connected photovoltaic system. Source: Prepared by the authors based
on the life-cycle GHG values reported by NREL [4].

Recent studies report that manufacturing is commonly the dominant stage in PV life-cycle GHG
emissions, with module manufacturing often accounting for most of the total impacts and, in some
cases, more than 60-80% of the system-level GHG burden. Based on this interpretive synthesis, the
median gross life-cycle GHG burden was apportioned across six stages: raw materials,
manufacturing, transport, installation, operation and maintenance, and end-of-life. The resulting
distribution should therefore be understood as a representative literature-informed profile, not as
a precise inventory-calculated result. The largest contribution was assigned to manufacturing,
followed by raw material supply, while the remaining stages together account for a comparatively
smaller fraction of the total. The representative stage contribution profile used in the present study
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is presented in Figure 4. Taken together, Figure 3 and Figure 4 show that the gross GHG profile of
the reference PV system remains comparatively low in absolute terms, but is strongly shaped by
upstream processes, particularly manufacturing and raw material supply. By contrast, transport,
installation, operation and maintenance, and end-of-life contribute relatively minor shares to the
representative GHG profile. This pattern suggests that the greatest opportunities for further
emissions reduction lie in cleaner manufacturing electricity, improved material efficiency, lower-
carbon logistics, and stronger circular end-of-life pathways [31-33].

Raw malerials 2.28 (12%)
Transport ] 0.76 {4%)
Installation N 0.76 {4%)
U]JBITHUHH and 1.33 (7%)
maintenance
End-oflife :| 0.57 (3%)
1] 2 4 ti 2 10 12 11 16 18

GHG emissions (g CO;efkWh)

Figure 4 Representative literature-informed contribution of life-cycle stages to the gross
greenhouse gas burden of the reference grid-connected photovoltaic system, based on
the median literature case of 19 g CO.,e/kWh. Note: Stage contributions are
representative literature-informed estimates and should not be interpreted as results
from an original process-based life-cycle inventory. The distribution is used for hotspot
interpretation, particularly to illustrate the relative importance of manufacturing and
raw material supply in PV life-cycle GHG emissions. Source: Prepared by the authors
based on the life-cycle GHG values reported by NREL and supporting PV life-cycle
literature [4, 31-33].

3.4 Avoided Emissions and Net GHG Benefit under Different Electricity Mixes

To evaluate the carbon-related mitigation value of the reference grid-connected PV system, the
lifetime electricity output estimated in Section 3.2 was combined with the electricity-mix carbon
intensities defined in Section 3.1.2. Using a projected lifetime generation of 45,793.99 MWh, total
avoided greenhouse gas emissions were estimated for the three comparative benchmark scenarios.
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The results show a strong dependence on grid carbon intensity. Under the high-carbon grid scenario,
the PV system avoids approximately 32.42 kt CO.e over its operating lifetime. Under the
transitioning grid scenario, avoided emissions decrease to 17.58 kt CO.e, whereas under the low-
carbon benchmark scenario they are reduced to 9.75 kt CO,e [27, 28, 34].

These results confirm that the scenario-estimated climate benefit of photovoltaic deployment is
greatest in carbon-intensive electricity systems, where the displacement of fossil-based generation
yields the highest avoided emissions. Because the calculation is based on average grid carbon-
intensity values, these results should be interpreted as comparative scenario estimates rather than
as full consequential displacement estimates. The scenario comparison is presented in Figure 5.
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Figure 5 Estimated avoided greenhouse gas emissions of the reference grid-connected
photovoltaic system under different electricity-mix scenarios over the 30-year operating
lifetime. Source: Prepared by the authors based on the life-cycle GHG values reported
by NREL.

To complement this comparison, the avoided emissions were evaluated against the literature-
based gross life-cycle GHG burden of the PV system itself. Using the median literature-based value
of 19 g CO,e/kWh adopted in Section 3.3, the total gross life-cycle greenhouse gas emissions of the
reference system amount to approximately 0.87 kt COe over its 30-year operating lifetime. After
subtracting this burden from the avoided emissions under each electricity-mix scenario, the
resulting net GHG benefit remains strongly positive in all cases, reaching approximately 31.55 kt
COze under the high-carbon grid, 16.71 kt COe under the transitioning grid, and 8.88 kt CO.e under
the low-carbon benchmark scenario [27, 28, 35]. These results demonstrate that the carbon-related
value of photovoltaic electricity is clearly grid-dependent: the net benefit is strongest in carbon-
intensive systems and progressively smaller in cleaner grids, although it remains positive in all
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scenarios considered. Thus, the comparison should be understood as a literature-based, scenario-
oriented estimate of avoided and net GHG emissions, rather than as the output of a full process-
based life-cycle inventory model. The relationship between gross emissions, avoided emissions, and
net GHG benefit is shown in Figure 6.

a0

[ Gross PV emissions
I Avoided grid emissians

35 M NMet environmental benefit
32.42

GHG balance (kt CO:e)

High-carhon Transitioning Current low-carbon
grid grid qrid

Figure 6 Gross life-cycle GHG emissions, avoided grid emissions, and net GHG benefit of
the reference grid-connected photovoltaic system under different electricity-mix
scenarios over the 30-year operating lifetime. Source: Prepared by the authors based on
the life-cycle GHG values reported by NREL.

3.5 Comparative Environmental Advantage of PV Electricity across Electricity-Mix Scenarios

The comparative GHG advantage of photovoltaic electricity was further evaluated by expressing
the gross life-cycle greenhouse gas burden of the reference system relative to the carbon intensity
of each electricity-mix scenario. Using the median PV life-cycle emission factor of 19 g CO.e/kWh,
the percentage reduction in greenhouse gas emissions achieved by photovoltaic electricity was
calculated for each benchmark grid. The results indicate that photovoltaic electricity reduces
greenhouse gas intensity by approximately 97.3% relative to the high-carbon grid, 95.1% relative to
the transitioning grid, and 91.1% relative to the low-carbon benchmark grid. These values indicate
that photovoltaic systems retain a strong carbon-related advantage across all scenarios considered,
even when integrated into comparatively cleaner electricity systems [4, 20, 36, 37].

At the same time, the magnitude of this advantage is not uniform. The results show that the
relative GHG mitigation benefit of photovoltaic electricity is greatest in high-carbon systems, where
both avoided emissions and percentage reduction are maximized. As grid carbon intensity declines,
the relative reduction remains substantial, but the carbon-related margin progressively narrows
[38]. This pattern is consistent with the results presented in Sections 3.3 and 3.4, where the gross
life-cycle GHG burden of the PV system remained comparatively low, but the absolute avoided
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emissions and net GHG benefit decreased under cleaner electricity mixes. In this sense, the carbon-
related value of photovoltaic deployment should be interpreted not as a fixed property of the
technology itself, but as a context-dependent outcome shaped by the surrounding electricity system.
To synthesize these relationships, Figure 7 presents the percentage reduction in greenhouse gas
emissions achieved by photovoltaic electricity relative to each electricity-mix scenario, while Figure
8 provides a comparative matrix summarizing the gross GHG burden, avoided emissions, net GHG
benefit, and percentage reduction across all scenarios. Together, these figures offer a concise visual
representation of how the comparative carbon-related performance of grid-connected PV systems
evolves along the electricity decarbonization pathway. Because the analysis relies on literature-
derived PV emission factors and benchmark grid carbon-intensity values, these results should be
interpreted as scenario-based comparative estimates rather than as outputs from a full process-
based life-cycle inventory model. Figure 7 shows that photovoltaic electricity achieves a greenhouse
gas reduction above 90% relative to all electricity-mix scenarios considered. The relative advantage
is greatest in carbon-intensive grids and progressively smaller in cleaner electricity systems,
although it remains substantial in all cases [4, 27].
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Figure 7 Percentage reduction in greenhouse gas emissions achieved by photovoltaic
electricity relative to the selected electricity-mix scenarios. Source: Prepared by the
authors based on the calculated GHG indicators reported in this study.
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Figure 8 Normalized heatmap of PV carbon-related performance across electricity-mix
scenarios. Source: Prepared by the authors based on the calculated GHG indicators
reported in this study.

Figure 8 provides a normalized comparative summary of the carbon-related performance of the
reference PV system across the selected electricity-mix scenarios. Each indicator was normalized by
column to support cross-scenario comparison. For gross life-cycle GHG burden, lower values were
interpreted as preferable from a GHG-emissions perspective, whereas for avoided emissions, net
GHG benefit, and percentage reduction, higher values indicated better carbon-related performance
[4, 12, 20, 26]. The heatmap confirms that the high-carbon grid offers the greatest GHG mitigation
advantage, while the low-carbon benchmark grid remains beneficial but with a smaller mitigation
margin. Accordingly, the heatmap should be interpreted as a scenario-based comparative
visualization rather than as evidence from a full process-based LCA model.

3.6 Sensitivity Analysis and Strategic Interpretation

The sensitivity of the net GHG benefit was examined by testing how the results change across
the literature-based range of PV life-cycle greenhouse gas emission factors adopted in Section 3.3.
Using the lower, median, and upper values of 10, 19, and 36 g CO,e/kWh, respectively, the net GHG
benefit of the reference PV system was recalculated for each electricity-mix scenario. This analysis
provides a focused assessment of how uncertainty in the gross life-cycle GHG burden of the
photovoltaic system influences the final scenario-based GHG outcome.

The results show that the net GHG benefit remains positive across the tested PV emission-factor
range and for all electricity-mix scenarios considered. Under the high-carbon grid scenario, the net
benefit varies from approximately 31.96 kt COe at the low emission factor to 30.77 kt COe at the
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high emission factor. Under the transitioning grid scenario, the corresponding range is 17.12-15.93
kt CO.e, whereas under the low-carbon benchmark scenario the net benefit ranges from 9.29 to
8.10 kt CO2e [4, 12, 20, 26].

These results indicate that the main interpretation remains stable within the tested PV life-cycle
emission-factor range. However, this should not be interpreted as a comprehensive robustness
assessment across all technical, geographic, and grid-related assumptions. Other parameters,
including annual PV yield, degradation rate, system lifetime, grid carbon intensity, manufacturing
location, end-of-life scenario, and marginal emission factors, were not fully varied in the present
analysis and should be examined in future sensitivity studies.

To complement the sensitivity analysis and support the interpretation of the main findings, Table
5 summarizes the principal results, their main implications, and their relevance for photovoltaic

deployment and planning.

Table 5 Comparative interpretation of the main results and planning relevance.

Result

Main implication

Relevance for planning

The PV system shows low
gross life-cycle GHG
emissions relative to
benchmark grid scenarios

Photovoltaic electricity
remains a low-carbon option
even before avoided
emissions are considered

Supports continued
deployment of grid-connected
PV in both carbon-intensive
and cleaner grids

Avoided emissions are
highest under the high-
carbon grid scenario

The climate mitigation value
of PV is strongly context-
dependent

Deployment in carbon-
intensive systems delivers the
largest immediate climate
benefit

Net GHG benefit remains
positive in all scenarios

The overall climate advantage
of PV is stable within the
tested range across
contrasting electricity systems

PV remains environmentally
favorable even in relatively
low-carbon grids

Manufacturing dominates
the gross life-cycle burden

Upstream production
processes are the main
hotspot for emissions
reduction

Cleaner manufacturing
electricity and material
efficiency should be prioritized

Sensitivity analysis shows
stable positive net benefit
across the 10-36 g CO,e/kWh
range

Results remain stable within
the tested PV life-cycle
emission-factor range.

Strengthens confidence in the
GHG relevance of PV
deployment

Circularity and end-of-life
management influence long-
term sustainability

Recycling and material
recovery can further improve
carbon-related performance

Planning should include
recovery infrastructure and
circular economy strategies

Source: Prepared by the authors.

The sensitivity range of the net GHG benefit is illustrated in Figure 9.
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Figure 9 Sensitivity of net GHG benefits to changes in the PV life-cycle emission factor
across electricity-mix scenarios. Source: Prepared by the authors based on the PV life-
cycle emission-factor range reported by NREL [4]. Net GHG benefit values were
calculated by the authors using the grid carbon-intensity benchmarks and lifetime
electricity generation estimated in this study.

4. Discussion
4.1 Interpretation of the Main Findings

The results confirm that the environmental performance of grid-connected photovoltaic systems
is not fixed but strongly influenced by the carbon intensity of the electricity mix into which they are
integrated. From a broader life-cycle perspective, which also considers supply-chain implications in
renewable energy projects [39], the reference PV system had a low gross life-cycle greenhouse gas
burden, although its climate-mitigation value varied substantially across the selected scenarios. In
all cases, the avoided emissions exceeded the system’s own gross life-cycle emissions, resulting in a
positive net GHG benefit. However, the magnitude of this benefit was highest in the high-carbon
grid and progressively lower in cleaner electricity systems. This indicates that PV remains
environmentally advantageous across contrasting grid conditions, although its relative mitigation
value decreases as surrounding electricity systems decarbonize [40].

4.2 Implications of Electricity-Mix Dependence

The scenario comparison highlights that the environmental relevance of photovoltaic
deployment depends on the characteristics of the grid electricity displaced. In carbon-intensive
systems, photovoltaic generation yields the largest immediate greenhouse gas reductions by
replacing high-emission electricity. In cleaner grids, the GHG mitigation benefit remains clearly
positive, but the mitigation margin is narrower. This finding has important planning implications [41,
42]. It suggests that PV deployment can support both short-term emissions reductions in fossil-
intensive systems and long-term decarbonization in cleaner systems, though the scale of its direct
climate benefit differs across contexts. Therefore, the environmental value of PV should be
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understood as a context-dependent outcome rather than a uniform property of the technology
itself.

4.3 Manufacturing Burden, Carbon Debt, and Circularity

The stage contribution analysis shows that the reference PV system's gross life-cycle burden is
dominated by upstream processes, particularly manufacturing and raw material supply. This result
is consistent with the broader PV LCA literature and indicates that future environmental
improvements increasingly depend on cleaner industrial production rather than operational
changes alone. In this context, the concept of carbon debt is especially relevant, since the low
carbon intensity of PV electricity over time depends on distributing an initial embodied burden over
a sufficiently large lifetime electricity output. The results also reinforce the importance of
manufacturing geography, because supply chains linked to carbon-intensive electricity systems
increase gross life-cycle emissions. In parallel, circularity and end-of-life management emerge as
strategic priorities [41]. Even if end-of-life contributes only a modest share of current gross
emissions, improved recycling and material recovery can reduce embodied impacts and strengthen
long-term sustainability as large volumes of installed PV capacity approach retirement.

4.4 Strategic Implications for PV Deployment and Low-Carbon Manufacturing

Beyond the numerical comparisons of avoided emissions and net GHG benefits, the findings offer
several practical implications for photovoltaic deployment, supply-chain decarbonization, circular
economy planning, and low-carbon manufacturing. First, PV deployment can deliver the largest
immediate GHG mitigation benefit in electricity systems with high carbon intensity. From a short-
term climate perspective, this suggests that prioritizing PV expansion in fossil-intensive grids may
produce greater avoided emissions per unit of installed capacity than deployment in already low-
carbon systems. However, PV remains relevant in cleaner grids because it supports long-term
electrification, diversification of electricity supply, and the continued displacement of residual fossil
generation [8]. Second, the findings highlight the need to reduce emissions within the PV supply
chain itself. Since the gross life-cycle GHG burden is strongly influenced by upstream processes,
particularly raw material supply, silicon purification, and module manufacturing, further
improvements in PV sustainability will require low-carbon manufacturing electricity, cleaner
industrial processes, material efficiency, and more transparent supply-chain governance. In this
sense, PV deployment and PV manufacturing decarbonization should be treated as complementary
strategies rather than separate policy objectives [31-33].

Third, circular economy strategies are essential for improving the long-term carbon-related
performance of PV systems. Although detailed end-of-life impacts were not fully modeled in the
present study, the growing volume of retired modules makes recycling, material recovery, and
design for recyclability increasingly important. Strengthening circular pathways can reduce future
material demand, mitigate waste-management pressures, and improve the sustainability of PV
deployment over successive technology cycles. Therefore, policies supporting PV expansion should
be accompanied by planning instruments for low-carbon manufacturing, recycling infrastructure,
material recovery, and responsible end-of-life management [12, 13, 20, 39].
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4.5 Limitations and Future Research

Several limitations should be acknowledged. The quantitative scope of this study was limited to
life-cycle GHG emissions, avoided emissions, and net GHG benefit. Therefore, the results should not
be interpreted as a comprehensive environmental life-cycle assessment covering all impact
categories.

Other relevant indicators, including energy payback time, mineral resource depletion, land use,
toxicity, water use, and detailed end-of-life impacts, were not fully modeled in the present
assessment. These categories should be incorporated in future research to provide a more
comprehensive environmental evaluation of grid-connected PV systems.

First, the study used a literature-based, scenario-oriented life-cycle GHG emissions assessment
based on public data, rather than a full process-based industrial LCA with proprietary or newly
developed inventories.

Second, the electricity-mix scenarios were treated as static analytical benchmarks, whereas real
grids will continue to evolve over the operating lifetime of the PV system. Because PV systems
operate for several decades, future grid decarbonization may reduce the avoided emissions per unit
of PV electricity over time. However, the present study does not implement a quantified dynamic
grid-decarbonization pathway, does not assign year-specific grid carbon-intensity values, and does
not calculate dynamic avoided-emissions results. Therefore, the fixed scenarios used in the main
analysis should be interpreted as comparative benchmarks rather than as dynamic lifetime
projections.

A future dynamic assessment could estimate dynamic avoided emissions by using a time-
dependent grid carbon-intensity factor:

[Eannual X (1 - d)t_l X EFgrid,t] (6)
1

GHGavoided,dynamic =
t

N
where GHGavoided,dynamic represents the dynamic avoided emissions over the system lifetime, Eqnnual
is the first-year annual electricity output, d is the annual degradation rate, t is the year of operation,
N is the system lifetime in years, and EFg/iq is the grid carbon intensity in year t. This equation is
proposed as a future research approach and was not applied in the present study.

Third, average grid carbon intensity was used instead of marginal emission factors, which would
be more appropriate for a fully consequential assessment of avoided emissions. Finally, battery
energy storage was excluded to preserve clarity in interpreting the photovoltaic generation system
itself.

The environmental indicators considered in the present study and the corresponding future
research needs are summarized in Table 6.
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Table 6 Environmental indicators considered and future research needs.

Indicator Treatment in this study Future research need
Life-cycle GHG
. y Quantitatively assessed Refine with process-based inventory data.
emissions
Avoided L Incorporate marginal emission factors and
o Quantitatively assessed L . .
emissions dynamic grid trajectories.

Expand sensitivity analysis across additional

Net GHG benefit  Quantitatively assessed
system parameters.

Energy payback Discussed as Model EPBT explicitly under different

time complementary context ~ manufacturing and installation contexts.

Mineral resource Include material demand and critical mineral

] Not fully modeled L

depletion depletion indicators.
Evaluate land occupation and site-specific

Land use Not fully modeled Lo .p P
ecological implications.
Assess water-related impacts, especially in high-

Water use Not fully modeled . o P p. y 8
irradiation and water-stressed regions.
Include human toxicity and ecotoxicit

Toxicity Not fully modeled o Y ¥
indicators.

Detailed end-of- . o Quantify recycling, recovery rates, disposal

o Discussed qualitatively . . .

life impacts pathways, and circularity scenarios.

Source: Prepared by the authors.

Future research should address these limitations by incorporating quantified dynamic grid-
decarbonization trajectories, year-specific grid carbon-intensity values, marginal displacement
factors, broader sensitivity parameters, additional environmental impact categories, more explicit
comparisons of manufacturing geography, and battery-integrated PV configurations [43, 44].
Despite these limitations, the present results indicate that grid-connected photovoltaic systems
provide a positive net GHG benefit within the comparative scenario conditions evaluated.

5. Conclusions

This study evaluated the carbon-related performance of grid-connected photovoltaic systems
under different electricity generation mixes using a literature-based, scenario-oriented life-cycle
GHG emissions assessment. The results show that photovoltaic electricity remains favorable from a
GHG-emissions perspective in all scenarios considered, although the magnitude of its mitigation
benefit depends strongly on the carbon intensity of the surrounding grid. The reference PV system
exhibited a low gross life-cycle greenhouse gas burden, with literature-based values ranging from
10 to 36 g CO.e/kWh and a median reference case of 19 g CO,e/kWh. At the same time, the
representative stage contribution analysis indicated that the gross GHG burden is dominated by
upstream processes, particularly manufacturing and raw material supply, highlighting the
importance of cleaner industrial production and lower-carbon supply chains.

The avoided-emissions analysis showed that the scenario-estimated GHG mitigation benefit of
photovoltaic deployment is greatest in carbon-intensive electricity systems. Over the assumed 30-

Page 25/29



JEPT 2026; 8(3), doi:10.21926/jept.2603018

year operating lifetime, the system was estimated to avoid 32.42 kt COze in the high-carbon grid
scenario, 17.58 kt COe in the transitioning grid scenario, and 9.75 kt COze in the low-carbon
benchmark scenario. When these values were compared with the gross life-cycle GHG burden of
the PV system, the resulting net GHG benefit remained positive in all cases, ranging from 31.55,
16.71, and 8.88 kt CO.e, respectively.The sensitivity analysis further showed that the overall
conclusion remains stable within the tested PV life-cycle emission-factor range. Even under the
highest assumed gross PV emissions, the system maintained a positive net greenhouse gas benefit
across all electricity-mix scenarios considered. Overall, the study demonstrates that grid-connected
photovoltaic systems represent a strong low-carbon electricity option under contrasting grid
conditions. Their GHG mitigation advantage is strongest where electricity remains carbon-intensive,
but it remains positive even in cleaner systems. These findings support continued PV deployment
while also emphasizing the importance of cleaner manufacturing, circularity, and end-of-life
management for improving long-term carbon-related performance. However, because the analysis
is based on literature-derived PV emission factors, average grid carbon-intensity benchmarks, and
fixed scenario assumptions, the results should be interpreted as scenario-based comparative
estimates rather than as outputs from a full process-based life-cycle inventory model. Future
research should incorporate dynamic grid-decarbonization trajectories, marginal displacement
factors, broader environmental impact categories, and battery-integrated PV configurations.

Author Contributions

Maria E. Raygoza-Limdn: Conceptualization, methodology, investigation, formal analysis, data
curation, visualization, writing—original draft, writing—review and editing, project administration,
and supervision; Gabriel Trujillo-Hernandez: Methodology, validation, formal analysis, and writing—
review and editing; José Alejandro Amezquita Garcia: Investigation, literature analysis, validation,
and writing—review and editing; Abelardo Mercado-Herrera: Investigation, formal analysis,
validation, and writing—review and editing; Juan Carlos Ling-Lopez: Data curation, visualization,
investigation, and writing—review and editing; Fabian N. Murrieta-Rico: Validation and writing—
review and editing. All authors have read and agreed to the published version of the manuscript.

Competing Interests
The authors have declared that no competing interests exist.
Data Availability Statement

The data supporting the findings of this study are available from publicly accessible sources cited
in the manuscript, including NREL, IEA PVPS, Fraunhofer ISE, PVGIS, and Ember. Derived data
generated during the study are included in the article, and additional calculation files are available
from the corresponding author upon reasonable request.

Al-Assisted Technologies Statement

During the preparation of this manuscript, the authors used Al only to support language editing
and grammar checking. The tool was not used to generate original data, perform calculations, create
results, conduct the scientific analysis, or formulate the study conclusions.

Page 26/29



JEPT 2026; 8(3), doi:10.21926/jept.2603018

References

10.

11.

12.

SolarPower Europe. Global market outlook for solar power 2025-2029 [Internet]. Brussels,
Belgium: SolarPower Europe; 2025. Available from:
https://www.solarpowereurope.org/insights/outlooks/global-market-outlook-for-solar-
power-2025-2029.

International Energy Agency Photovoltaic Power Systems Programme. Snapshot of global PV
markets 2025 [Internet]. Paris, France: IEA PVPS; 2025. Available from: https://iea-
pvps.org/wp-content/uploads/2025/04/Snapshot-of-Global-PV-Markets 2025.pdf.

National Renewable Energy Laboratory. Life cycle greenhouse gas emissions from electricity
generation: Update [Internet]. Golden, CO: National Laboratory of the Rockies; 2021. Available
from: https://docs.nlr.gov/docs/fy210sti/80580.pdf.

Smith BL, Sekar A, Mirletz H, Heath G, Margolis R. An updated life cycle assessment of utility-
scale solar photovoltaic systems installed in the United States [Internet]. Golden, CO: NREL;
2024. Available from: https://docs.nlr.gov/docs/fy240sti/87372.pdf.

Masson G, de I'Epine M, Kaizuka I, Okazaki J. Trends in photovoltaic applications 2025 [Internet].
Paris, France: IEA PVPS; 2025. Available from: https://iea-pvps.org/wp-
content/uploads/2025/10/IEA-PVPS Trends 2025-.pdf.

International Organization for Standardization. Environmental management-life cycle
assessment-requirements and guidelines [Internet]. Geneva, Switzerland: International
Organization for Standardization; 2006. Available from:
https://www.iso.org/standard/38498.html.

Li X, Yang Q, Duan H, Wu C, Xie M, Liu D, et al. Carbon footprint and environmental impact of
China’s PV production and reduction potential of PV power generation. Environ Impact Assess
Rev. 2025; 115: 107977.

Chen S, Lu X, Nielsen CP, McElroy MB, He G, Zhang S, et al. Deploying solar photovoltaic energy
first in carbon-intensive regions brings gigatons more carbon mitigations to 2060. Commun
Earth Environ. 2023; 4: 369.

Philipps S, Warmuth W. Photovoltaics report [Internet]. Freiburg, Germany: Fraunhofer
Institute for Solar Energy Systems ISE; 2026. Available from:
https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html.

Urbina A. Sustainability of photovoltaic technologies in future net-zero emissions scenarios.
Prog Photovolt Res Appl. 2023; 31: 1255-1269.

Chatzipanagi A, Jaeger-Waldau A, Letout S, Mountraki A, Gea Bermudez J, Georgakaki A, et al.
Clean energy technology observatory: Photovoltaics in the European Union-2024 status report
on technology development, trends, value chains and markets [Internet]. Luxembourg,
Luxembourg: Publications Office of the European Union; 2024. Available from:
https://publications.jrc.ec.europa.eu/repository/handle/JRC139297.

Weckend S, Wade A, Heath GA. End-of-life management: Solar photovoltaic panels [Internet].
Abu Dhabi, United Arab Emirates: International Renewable Energy Agency; 2016. Available
from: https://www.irena.org/-

/media/Files/IRENA/Agency/Publication/2016/IRENA |IEAPVPS End-of-

Life Solar PV Panels 2016.pdf.

Page 27/29


https://www.solarpowereurope.org/insights/outlooks/global-market-outlook-for-solar-power-2025-2029
https://www.solarpowereurope.org/insights/outlooks/global-market-outlook-for-solar-power-2025-2029
https://iea-pvps.org/wp-content/uploads/2025/04/Snapshot-of-Global-PV-Markets_2025.pdf
https://iea-pvps.org/wp-content/uploads/2025/04/Snapshot-of-Global-PV-Markets_2025.pdf
https://docs.nlr.gov/docs/fy21osti/80580.pdf
https://docs.nlr.gov/docs/fy24osti/87372.pdf
https://iea-pvps.org/wp-content/uploads/2025/10/IEA-PVPS_Trends_2025-.pdf
https://iea-pvps.org/wp-content/uploads/2025/10/IEA-PVPS_Trends_2025-.pdf
https://www.iso.org/standard/38498.html
https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html
https://publications.jrc.ec.europa.eu/repository/handle/JRC139297?utm_source=chatgpt.com
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2016/IRENA_IEAPVPS_End-of-Life_Solar_PV_Panels_2016.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2016/IRENA_IEAPVPS_End-of-Life_Solar_PV_Panels_2016.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2016/IRENA_IEAPVPS_End-of-Life_Solar_PV_Panels_2016.pdf

JEPT 2026; 8(3), doi:10.21926/jept.2603018

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Komoto K, Agraffeil C, Alonso-Garcia C, Costa D, Curtis T, Danelli A, et al. Status of PV module
recycling in IEA PVPS task 12 countries [Internet]. Paris, France: IEA; 2025. Available from:
https://iea-pvps.org/wp-content/uploads/2025/07/IEA-PVPS-T12-31-2025-REPORT-Status-
Module-Recycling.pdf.

Narang D. Highlights of IEEE standard 1547-2018: Implementation considerations [Internet].
Golden, CO: National Renewable Energy Laboratory; 2021. Available from:
https://www.nlr.gov/docs/fy210sti/81028.pdf.

Miller A, Friedrich L, Reichel C, Herceg S, Mittag M, Neuhaus DH. A comparative life cycle
assessment of silicon PV modules: Impact of module design, manufacturing location and
inventory. Sol Energy Mater Sol Cells. 2021; 230: 111277.

Cayuela JF, Garcia AM, Garcia IF, Diaz JR. Life cycle assessment of large-scale solar photovoltaic
irrigation. Sci Total Environ. 2024; 954: 176813.

Bamisile O, Acen C, Cai D, Huang Q, Staffell I. The environmental factors affecting solar
photovoltaic output. Renew Sustain Energy Rev. 2025; 208: 115073.

Lakhouit A, Alhathlaul N, El Mokhi C, Hachimi H. Assessing the environmental impact of PV
emissions and sustainability challenges. Sustainability. 2025; 17: 2842.

Taylor N, Martinez A, Alexandris N, Gounari O, Szabo S, Chatzipanagi A, et al. Photovoltaics
geographical information system: Status report 2024 [Internet]. Luxembourg, Luxembourg:
Publications Office of the European Union; 2025. Available from:
https://publications.jrc.ec.europa.eu/repository/handle/JRC141263.

Heath G, Ravikumar D, Ovaitt S, Walston L, Curtis T, Millstein D, et al. Environmental and circular
economy implications of solar energy in a decarbonized U.S. grid [Internet]. Golden, CO: NREL;
2022. Available from: https://docs.nlr.gov/docs/fy220sti/80818.pdf.

Soler D, Rigamonti L, Gazbour N, Fuentealba E. Environmental performance of a 1 MW
photovoltaic plant in the Atacama Desert: A life cycle assessment study. Sol Energy. 2025; 292:
113454,

Bajenaru VD, Nechita RM, Istriteanu SE. Intelligent eco-technologies for end-of-life photovoltaic
modules: A systematic review. Technologies. 2025; 13: 476.

Keiner D, Walter L, Bogdanov D, Peters IM, Breyer C. Assessing the impact of bifacial solar
photovoltaics on future power systems based on capacity-density-optimised power plant yield
modelling. Sol Energy. 2025; 295: 113543.

Rajput P, Singh D, Singh KY, Karthick A, Shah MA, Meena RS, et al. A comprehensive review on
reliability and degradation of PV modules based on failure modes and effect analysis. Int J Low-
Carbon Technol. 2024; 19: 922-937.

National Laboratory of the Rockies. Utility-Scale PV | Electricity | 2024 | ATB [Internet]. Golden,
CO: National Laboratory of the Rockies; 2024. Available from:
https://atb.nrel.gov/electricity/2024/utility-scale pv.

Deline C, Jordan D, Sekulic B, Parker J, McDanold B, Anderberg A. PV lifetime project-2024 NREL
annual report [Internet]. Golden, CO: National Renewable Energy Laboratory; 2024. Available
from: https://www.osti.gov/biblio/2432497.

Graham E, Fulghum N, Altieri K. Global electricity review 2025 [Internet]. London, UK: Ember;
2025. Available from: https://ember-energy.org/latest-insights/global-electricity-review-2025/.

Page 28/29


https://iea-pvps.org/wp-content/uploads/2025/07/IEA-PVPS-T12-31-2025-REPORT-Status-Module-Recycling.pdf
https://iea-pvps.org/wp-content/uploads/2025/07/IEA-PVPS-T12-31-2025-REPORT-Status-Module-Recycling.pdf
https://www.nlr.gov/docs/fy21osti/81028.pdf
https://publications.jrc.ec.europa.eu/repository/handle/JRC141263
https://docs.nlr.gov/docs/fy22osti/80818.pdf
https://atb.nrel.gov/electricity/2024/utility-scale_pv
https://www.osti.gov/biblio/2432497
https://ember-energy.org/latest-insights/global-electricity-review-2025/

JEPT 2026; 8(3), doi:10.21926/jept.2603018

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Jones D, Rangelova K, Walter D, Worthington B. US electricity 2025 special report [Internet].
London, UK: Ember; 2025. Available from: https://ember-energy.org/latest-insights/us-
electricity-2025-special-report/.

Frischknecht R, Stolz P, Heath G, Raugei M, Sinha P, de Wild-Scholten M. Methodology
guidelines on life cycle assessment of photovoltaic 2020. 4th ed. Paris, France: International
Energy Agency Photovoltaic Power Systems Programme; 2020. Available from:
https://www.osti.gov/biblio/2308832.

Ali A, Koch TW, Volk TA, Malmsheimer RW, Eisenbies MH, Kloster D, et al. The environmental
life cycle assessment of electricity production in New York state from distributed solar
photovoltaic systems. Energies. 2022; 15: 7278.

Li Z, Wang X, Hu K, Ao R, Li J, Yan Y, et al. Low-carbon transition of China’s monocrystalline
module and its global contributions. iScience. 2025; 28: 113079.

Liang H, You F. Reshoring silicon photovoltaics manufacturing contributes to decarbonization
and climate change mitigation. Nat Commun. 2023; 14: 1274.

International Energy Agency. Special report on solar PV global supply chains [Internet]. Paris,
France: International Energy Agency; 2022. Available from: https://www.iea.org/reports/solar-
pv-global-supply-chains.

Zubi G, Parag Y, Wald S. Implications of large-scale PV integration on grid operation, costs, and
emissions: Challenges and proposed solutions. Energies. 2025; 18: 130.

Dou X, Wang Y, Ciais P, Chevallier F, Davis SJ, Crippa M, et al. Near-real-time global gridded daily
CO; emissions. Innovation. 2022; 3: 100182.

Goldstein B, Gounaridis D, Newell JP. The carbon footprint of household energy use in the
United States. Proc Natl Acad Sci U S A. 2020; 117: 19122-19130.

Sayad T, Moursy Fl, El-Tantawi AM, Saad M, Morsy M. Assessment the impact of different fuels
used in cement industry on pollutant emissions and ambient air quality: A case study in Egypt.
J Environ Health Sci Eng. 2023; 21: 107-121.

Li H, Shen G, Senemmar S, Mehmani A, Zhang J. Real-time greenhouse gas emission intensity
informed demand-side load regulation for power grid decarbonization. Cell Rep Sustain. 2025;
2:100367.

Raygoza-Limén ME, Orduiio-Osuna JH, Trujillo-Herndndez G, Bravo-Zanoguera ME, Amezquita
Garcia JA, Ramirez-Hernandez LR, et al. Supply chain management in renewable energy projects
from a life cycle perspective: A review. Appl Sci. 2025; 15: 5043.

Bosnjakovi¢ M, Santa R, Crnac Z, Bosnjakovi¢ T. Environmental impact of PV power systems.
Sustainability. 2023; 15: 11888.

Younes S, Adedokun MW, Alzubi AB, Aljuhmani HY. Impact of supply chain management on
energy transition and environmental sustainability: The role of knowledge management and
green innovations. Sustainability. 2025; 17: 9249.

Patwa A. Evaluating the economic and environmental impacts of comprehensive emission
reduction strategies in SMEs: A case study approach. E3S Web Conf. 2024; 596: 01022.

Osman MG, Lazaroiu G, Hamad SA, Messaoud H, Mohammed D, Stoica D. Analysis of
photovoltaic systems with battery storage, electric vehicle charging, and smart energy
management. Sustainability. 2025; 17: 3887.

Bagalini V, Zhao BY, Wang RZ, Desideri U. Solar PV-battery-electric grid-based energy system
for residential applications: System configuration and viability. Research. 2019; 2019: 3838603.

Page 29/29


https://ember-energy.org/latest-insights/us-electricity-2025-special-report/
https://ember-energy.org/latest-insights/us-electricity-2025-special-report/
https://www.osti.gov/biblio/2308832
https://www.iea.org/reports/solar-pv-global-supply-chains
https://www.iea.org/reports/solar-pv-global-supply-chains


       E  l i f e =   E  a n n u a l ×    [ 1 −    ( 1 − d )  N ]  d #  ( 1 )


     G H   G  P V , t o t a l = E   F  P V ×   E  l i f e #  ( 2 )


     G H   G  a v o i d e d = E   F  g r i d ×   E  l i f e #  ( 3 )


     G H   G  n e t   b e n e f i t = G H   G  a v o i d e d − G H   G  P V , t o t a l #  ( 4 )


     R e d u c t i o n  ( % ) =  (   E   F  g r i d − E   F  P V  E   F  g r i d ) × 100 #  ( 5 )


     G H   G  a v o i d e d , d y n a m i c =   ∑  t = 1  N   [   E  a n n u a l ×    ( 1 − d )  t − 1 × E   F  g r i d , t ] #  ( 6 )

