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Reducing the environmental impact of large-scale
photovoltaic systems through technological
progress and effective management†

Xingyong Li,a Fanran Meng, *b Alan Dunbar, b Lixiao Zhang,*a Yan Hao,a

Tong He,a Na Yang,a Junnan Mao,a Fanxin Menga and Gengyuan Liua

Photovoltaics (PVs), the fastest-growing renewable energy source, play a crucial role in decarbonizing

global energy systems. However, the intermittent nature of solar PV and transmission line constraints

pose challenges to its integration into electricity systems. Previous studies on PV systems often lack

methodological consistency, limiting comparative insights into understanding their environmental

impacts. This study conducts a comprehensive life cycle analysis of various PV technologies using

primary data within a unified framework and explores different scenarios to assess the impact of

technology and management on greenhouse gas (GHG) emissions and energy payback. The results

indicate that transitioning from multi-crystalline to monocrystalline silicon reduces PV-related GHG

emissions by 7.9–40.5% and improves energy payback by 1.5–52.5%. Additionally, effective management

and technological advancements decrease GHG emissions by 29.6–34.3% compared to the current

scenario. Integrating these factors into grid decarbonization efforts would reduce emissions to less than

7.2 gCO2-eq per kW per h, shorten the energy payback time to less than 2.0 years, and boost energy

returns by more than 18.4 times. These findings reveal that the potential of effective management in

reducing GHG emissions is comparable to that of technological advancements. To maximize PV's

decarbonization benefits, stakeholders should prioritize electricity system optimization, implement

policies to boost grid-connected PV generation, reduce losses, and extend PV lifespan.

Sustainability spotlight

At the G20 Leaders' Summit in Brazil in 2024, it was proposed that the global installed capacity of renewable energy sources be tripled by 2030. As the most

promising renewable energy source, photovoltaics (PVs) are pivotal in mitigating global climate change. In the context of the UN Sustainable Development Goals

(SDGs) for clean energy (SDG 7), responsible consumption and production (SDG 12), and climate action (SDG 13), we present a comprehensive analysis of the

environmental impacts associated with the life cycle of technological progress and the effective management of PV systems. This study assesses the positive

effects of grid decarbonization, coupled with technological progress in PV module manufacturing and improved management, on the environmental impacts of

PV systems, which could accelerate the global transition to net-zero emissions.

1. Introduction

In light of the increasingly severe global climate crisis, the

reduction of greenhouse gas (GHG) emissions has emerged as

a pivotal global challenge for countries worldwide. The elec-

tricity generation sector, currently the largest source of CO2

emissions globally, is emerging as a key force for change in the

drive towards net-zero emissions, with the rapid development

and expansion of renewable energy technologies such as solar

and wind.1 Since 2014, solar energy has been a principal driver

of the expansion of renewable energy, with an average annual

growth rate of 25.9%.2 By the end of 2023, the global photo-

voltaic (PV) power generation industry had a cumulative

installed capacity of 1411 GW.3 In addition, PV has a positive

impact on increasing incomes,4 alleviating poverty,5,6 creating

jobs,7 strengthening energy security8 and restoring vegetation.9

The expansion of large-scale PV systems, dened as PV systems

with an installed direct current capacity of more than 1 MW, is

driven by increasing energy demand, lower PV costs and

government incentives.10 Their high electricity generation

capacity and contribution to the decarbonization of the elec-

tricity grid are paving the way towards larger and more efficient

PV technology.
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The Solar Eco-Electric Park in Gonghe, Qinghai Province,

China, is the world's largest PV electricity park, with 15.5 GW

installed and 18.7 GW planned over a total area of 609.6 square

kilometers.11 There are hundreds of large-scale PV systems in

the park, and since the construction of the PV park in 2011,

these systems have undergone a technological evolution from

multi-crystalline silicon (Multi-Si) to mono-crystalline silicon

(Mono-Si) PV modules due to the improvement in the efficiency

of Mono-Si modules.12 However, due to problems such as

insufficient transmission line capacity and irregularities in the

operation and maintenance of PV systems, the electricity

generation of the PV park has not met expectations, which has

subsequently increased the environmental impact of PV

systems and reduced their protability.13

Given the future dominance of these PV technologies in the

global power sector and the importance of decarbonization, it is

particularly important to quantify their GHG impact and Energy

Payback Time (EPBT) over their life cycle. The Life Cycle

Assessment (LCA) methodology has been employed over the

past decade to evaluate the environmental impacts and cumu-

lative energy consumption of PV systems.14,15 A summary of the

principal parameters and LCA results for large-scale PV systems

derived from previous studies is presented in Table S1.†Overall,

the GHG and EPBT of large-scale PV systems range from 23.6–

81.0 gCO2-eq per kW per h and 1.2–5.3 years, respectively (can

be seen in Fig. 3).

The broad ranges in GHG and EPBT are due to three prin-

cipal differences: technological options, management effi-

ciency, and the delineation of boundaries and methodologies.

Firstly, diversity at the technological scale represents a pivotal

factor. The efficiency of the PV module (14.1%,16 16.8% (ref. 17)

and 17.5% (ref. 18)), the PVmodule type (Multi-Si19,20 andMono-

Si21,22) employed, and the mounting structure (xed support

bracket21,23 and oating bracket24) utilized all exert a direct

inuence on the performance of PV systems. Secondly, the

performance ratio (0.750 (ref. 25), 0.796 (ref. 26) and 0.800 (ref.

24)) and the optimization of lifetime (e.g., 25 (ref. 27) and 30

(ref. 10) years) are contingent upon the implementation of

efficacious management strategies. Furthermore, the location

of the installation (e.g., China,28,29 Brazil17 and Germany30), solar

irradiation (e.g., 1797 (ref. 31), 1800 (ref. 32) and 2017 (ref. 18)

kW h per m per year), system boundaries (e.g., cradle to gate18,33

and cradle to grave25,34,35), type of analysis soware (e.g.,

GaBi,32,36 OpenLCA37 and SimaPro21,38), sources of inventory data

(primary, secondary and hypothetical data), LCA databases (e.g.,

Ecoinvent,20,39,40 literature34 and Chinese Life Cycle Database26),

and LCIA methods (IPCC2007,16,26 CML2001 (ref. 28) and

ReCiPe10) all have a notable impact on the assessment of GHG

emissions and the energy payback of PV systems over their life

cycle.

Direct quantitative comparisons of GHG impact and energy

payback are challenging, as most studies focus on single PV

systems and are constrained by differences in system bound-

aries, geographic contexts, and methodological approaches.

This study develops a cradle-to-grave LCAmodel with consistent

system boundaries and a unied methodological framework to

compare the impact of technology selection and management

strategies on GHG emissions and energy payback in large-scale

PV systems over ten years. The assessment quanties the

impact of varying technology choices and management levels.

Additionally, scenarios are constructed to simulate the evolu-

tionary path of technology iteration, systematic management,

and grid decarbonization on the GHG emissions and energy

payback of future PV systems. Comprehensive primary data are

collected from module manufacturers, power plant developers,

and operators. Although this study focuses on six large-scale PV

systems located on the Tibetan Plateau, the ndings have global

relevance. The results can guide stakeholders in the PV industry

to understand how technological innovations can reduce

material use and GHG emissions during production. Further-

more, plant and grid operators will gain insights into how

optimal management strategies can enhance operational effi-

ciency and electricity generation. This, in turn, will contribute

to both the environmental sustainability and economic viability

of large-scale PV systems.

2. Methods

The present study is based on the LCA methodology estab-

lished by the International Organization for Standardization

(ISO) 14040 and 14044 standards.14,15 Process-based LCA

comprises four phases: goal and scope, life cycle inventory

(LCI), life cycle impact assessment (LCIA), and interpretation.

The goal and scope phase of this work denes the study

objectives, the functional unit of the PV systems, the system

boundary, and the overall system description. The LCI phase

involves raw data collection, data validation, and correlation of

data to unit processes and the functional unit. In the LCIA

phase, the LCI data are converted into indicators of GHG

emissions and energy payback for the study. The nal phase,

interpretation, involves further evaluation of the LCIA results

through various analytical methods, including contribution

analysis, uncertainty analysis, sensitivity analysis, and

scenario analysis. This process culminates in the formulation

of conclusions and recommendations derived from the study's

ndings. The subsequent subsections provide detailed expla-

nations of these processes.

2.1 Goal and scope

This LCA study aims to evaluate the impact of technology

selection and management levels on the GHG emissions and

energy performance in electricity generation using ground-

mounted large-scale PV systems installed on the Tibetan

Plateau in China. Various scenarios are formulated to imitate

the evolutionary trajectory of technology iteration, systematic

management, and grid decarbonization in terms of their

impacts on GHG emissions and the energy payback in future PV

systems. The system under investigation is electricity genera-

tion using large-scale PV systems, with a functional unit of ‘1

kW h of electricity generation’. The inventory data are obtained

from primary sources. The LCA model was developed using the

Ecoinvent V3.9.1 database41 and implemented using SimaPro

V9.5 soware.42

RSC Sustainability © 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2 System boundary

The system boundary dening the entire life cycle stages of the

large-scale PV system is illustrated in Fig. 1a. It includes PV

modules, mounting structures, inverters, box transformers,

boosters and substation equipment before delivery to the

national grid. Additionally, control and protection equipment

ensuring the safety of the PV system, energy storage systems

(ESSs), ventilation and re-ghting equipment are also

included. A cradle-to-grave approach is applied considering the

production, transportation, construction & installation (C&I),

operation and management (O&M), and End of Life (EoL)

stages. The impact of PV module degradation is also consid-

ered, along with PV plant management factors such as curtail-

ment rate, performance ratio and lifetime when determining

electricity generation over the system's lifetime.

2.3 escription of PV systems

This study is based on six grid-connected large-scale ground-

mounted PV systems located in the Gonghe Basin of the

Tibetan Plateau, China, as shown in Fig. S1.† The key parame-

ters of the six large-scale PV systems, including installed

capacity, PV module efficiency, mounting angle, curtailment

rate, performance ratio, system lifetime, and average annual

electricity generation, are presented in Table 1. The six large-

scale PV systems, with a lifetime of 25 years and a curtailment

rate of 8%, are located in the world's largest PV industrial park,

the Hainan Solar Power Park in Qinghai Province, China, where

the average annual solar irradiation is 1830.64 kW h m−2. The

process of grid-connected electricity generation from six large-

scale PV systems is shown in Fig. 1d. The structure of the PV

module, mounting structure and site images of the large-scale

PV systems are depicted in Fig. 1b and c and S2.† The elec-

tricity generated on the grid over the lifetime of the six PV

systems can be seen in Table S2.† More details on the selection

criteria for the six PV systems and data validation for primary

data can be seen in Section 2.3 in the ESI.†

2.4 Life cycle inventory

The LCI and detailed descriptions of six large PV systems are

shown in Tables S3–S8† and categorized into six main compo-

nents: (1) PV module, (2) balance of system (BOS), (3) ESS, (4)

transportation, (5) O&M, and (6) EoL. The foreground data are

derived from primary data, collected from real, electricity-

generating large-scale PV systems, including data from equip-

ment manufacturers, power plant constructors, and system

operators. The background data are sourced from the Ecoinvent

3.9.1 databases. In this study, the LCI modeling principle is

based on the attributional approach, utilizing the economic

allocation method.

The manufacturing processes for the PV module are pre-

sented in Fig. S3.† The rst four PV systems installed in 2013

and 2016 are Multi-Si PV modules, and the later systems

P50MW2021 and P500MW2023 are Mono-Si PV modules. The

BOS encompasses the mounting structure, combiner & inverter

& transformer (C&I&T). It also includes the Electric Trans-

mission Line (ETL), Other Auxiliary Systems (OASs), which

include the Boost Voltage Substation System, Control and

Protection System, Fireghting and Ventilation systems, as well

as Civil Works (including C&I). The transportation distances

and manufacturing locations for PV modules, C&I&T and other

equipment are shown in Table S9.† The specications and

quantities of the combiner, inverter, box transformer, and

Fig. 1 The critical information for this study of large-scale PV systems, (a) system boundary; (b) PVmodule structure; (c) mounting structure; and

(d) block diagram for grid connection. (see Section 2.4 in the ESI† for the detailed description of the large-scale PV systems, and the site images in

Fig. S2†).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability
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integrated inverter and transformer for PV systems are pre-

sented in Table S10.†

Since the PV systems in this study are located in China, the

municipal solid waste scenario specic to China (MSWS of

CN) is applied (details can be seen Section 2.4 in the ESI†).

Additionally, two alternative disposal scenarios are estab-

lished for comparison: the Recycling Scenario (RS) and the

Non-recycling Scenario (NRS). The RS assumes a 100% recy-

cling rate43 of the metals and plastics that are recycled in the

MSWS of CN, while the NRS assumes a 0% recycling rate of

these materials. All other disposal processes remain the same

across scenarios.

2.5 Life cycle impact assessment method

The study identied four indicators, including energy-related

and GHG emissions indicators: Cumulative Energy Demand

(CED), Energy Payback Time (EPBT), Energy Return on Invest-

ment (EROI) and GHG. The IPCC 2021 GWP100 method is

employed to assess the life cycle GHG impacts of the PV system,

considering a 100-year timeframe.44 In addition to GHG

impacts, the Cumulative Energy Demand V1.11 method is

utilized to evaluate the primary energy consumption over the

life cycle of the PV system.45

CED is the total primary energy consumption of all compo-

nents of the PV system at each life cycle stage per unit of

installed capacity, as shown in eqn (1).

where the unit of CED is TJ/MW, CEDtotal is the total energy

consumption for the PV system in TJ, and installed capacity is

the actual installed capacity of the PV system in MWp. CEDPV

module, CEDBOS, CEDtransportation, CEDO&M, and CEDEoL refer to

the primary energy consumption for the PV module, BOS,

transportation, O&M, EoL in TJ, respectively.

EPBT indicates the duration required for the electricity

generated by the PV system to offset its lifecycle energy

consumption, as shown below:

XEPBT

1

En ¼ CEDtotal (2)

where the unit of EPBT is years and En is the electricity gener-

ation of the PV system in the n-th year, in TJ.

EROI reects how many times the energy is returned based

on the energy that has been invested throughout the PV

system's lifetime, as shown below:

EROI ¼

P25

1

En

CEDtotal

(3)

where 25 means that the lifetime of the PV system is 25 years.

GHG represents the total GHG emissions from all compo-

nents at each life cycle stage of the PV system per unit of elec-

tricity generation, as expressed below:

where the GHG emissions are expressed in gCO2-eq per kW

Table 1 Key parameters of the large-scale PV systems. P20MW2013A= the grid-connected 20 MW of a PV system in 2013, and the same for the

rest of the PV systems

System parameter P20MW2013A P50MW2013B P50MW2013C P25MW2016 P50MW2021 P500MW2023

Grid-connected time/year 2013 2013 2013 2016 2021 2023

Installed capacity

(alternating current side)/MWp

2019 50.73 50.67 24.98 49.93 500.01

PV module types Multi-Si

(245 Wp)

Multi-Si

(245 Wp)

Multi-Si

(245 Wp)

Multi-Si

(265 Wp)

Mono-Si

(540 Wp)

Mono-Si

(540 Wp)

PV module efficiency/% 14.98 14.98 14.98 16.20 20.89 21.10

PV module average annual
degradation rate/%

0.80 0.80 0.80 0.80 0.61 0.51

Mounting angle/° 39 39 39 58, 30, 6, 41 30 30

Curtailment rate/% 8 8 8 8 8 8
Performance ratio 0.80 0.80 0.80 0.80 0.83 0.82

System lifetime/years 25 25 25 25 25 25

Average annual solar

irradiation/(kW h m−2)

1833 1833 1833 1820 1820 1820

Average annual utilization

hours/h

1548.98 1548.98 1548.98 1628.30 1695.48 1780.04

Average annual electricity

generation/GW h

28.77 72.29 72.20 37.41 77.88 1018.27

CED ¼
CEDtotal

installed capacity
¼

CEDPVmodule þ CEDBOS þ CEDtransportation þ CEDO&M þ CEDEoL

installed capacity
(1)
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per h and GHGtotal represents the total GHG emissions over the

life cycle of the PV system in gCO2-eq. GHGPV module, GHGBOS,

GHGtransportation, GHGO&M, and GHGEoL refer to the GHG emis-

sions associated with the PV module, BOS, transportation,

O&M, EoL stages in gCO2-eq., respectively. Elifetime refers to the

total electricity generation of the PV system over its 25-year

lifetime, measured in kW h.

2.6 Contribution analysis

The contribution analysis categorizes the total GHG impacts and

energy consumption into six main components: PV modules,

BOS, ESS, transportation, O&M, and EoL. The BOS is further

subdivided into ve sub-categories: mounting structure, C&I&T,

ETL, OAS, and civil works. The analysis examines the share and

percentage contribution of each component to overall energy

consumption and GHG impacts, helping to identify components

with the highest energy consumption and GHG contributions.

2.7 Uncertainty analysis

In this study, the LCA results are calculated using linked

uncertainty in SimaPro V9.5, employing Monte Carlo simula-

tion with random sampling46 and 1000 iterations at a 95%

condence interval. Based on this, the uncertainty ranges for

the GHG impacts and energy consumption of the PV system are

determined, providing a robust understanding of the variability

and reliability of the results based on the uncertainty analysis.

2.8 Sensitivity analysis

In this study, sensitivity analyses of GHG impacts and energy

payback are conducted across three categories: technological

pathways, disposal scenarios and management levels. The tech-

nological pathways include variations in PV module efficiency

(ranging from 15% to 27%), wafer thickness (140 to 210 mm), PV

module silver usage (reduced by 50% to 0%), low alloy steel usage

for mounting structures (reduced by 50% to 0%), and concrete

usage (reduced by 50% to 0%). The disposal scenarios evaluated

are NRS, MSWS of CN, and RS. For management levels, the

sensitivity analysis examines the curtailment rate (0% to 10%),

performance ratio (0.76 to 1), and system lifetime (25 to 40 years).

This analysis helps assess how variations in these factors inu-

ence the overall GHG impacts and energy payback of large-scale

PV systems. The assumptions and justication of the parameter

ranges can be found in Section 3.3 of the ESI.†

2.9 Scenario analysis

The scenario analysis is based on two Mono-Si PV systems,

P50MW2021 and P500MW2023. This is achieved by varying

certain materials and PV system parameters in the baseline

scenario; the scenario assumptions are presented in Table 2.

Currently, the average GHG emissions factor for electricity in

China is 0.594 kg CO2-eq per kW per h, excluding market-traded

non-fossil energy electricity.47 Subsequently, four prospective grid

decarbonization processes are established, based on previous

studies,48,49 with values of 0.5, 0.4, 0.3, and 0.2 kg CO2-eq per kW

per h. In addition to the baseline scenario (S0), four future

scenarios are considered in this study: the technological progress

scenario (S1), the effective management scenario (S2), the inte-

grated optimization scenario (S3), and the ideal condition

scenario (S4). The S0 scenarios refer to the 50 MW and 500 MW

PV systems in this study, i.e., P50MW2021 and P500MW2023. The

S1 scenario is based on the S0 scenario, where only technological

GHG emissions ¼
GHGtotal

Elifetime

¼
GHGPVmodule þGHGBOS þGHGtransportation þGHGO&M þGHGEoL

Elifetime

(4)

Table 2 Future PV system scenarios based on China's ongoing electricity grid decarbonization efforts. The scenarios assume Mono-Si PV

modules produced with grid carbon emission factors of 0.594 (China's average electricity GHG emissions factor in 2021), 0.5, 0.4, 0.3, and 0.2 kg

CO2-eq per kW per h, respectively

Scenarios No.

Technology parameter Management parameter

PV module
efficiency/%

Silicon
wafer/mm Silver/%

Low alloy
steel/%

Curtailment
rate/%

Performance
ratio Lifetime/years

Baseline S0 20.89 (50 MW) 170 (50 MW) 0 0 8 0.834 (50 MW) 25

21.10 (500 MW) 150 (500 MW) 0.823 (500 MW)
Technological

progress

S1 27 140 −50 −50 8 0.834 (50 MW) 25

0.823 (500 MW)

Effective

management

S2 20.89 (50 MW) 170 (50 MW) 0 0 4 0.900 35

21.10 (500 MW) 150 (500 MW)
Integrated

optimization

S3 27 140 −50 −50 4 0.900 35

Ideal condition S4 27 140 −50 −50 0 0.950 40
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advances are considered and the management level remains

unchanged. For example, increasing the PV module efficiency,

reducing the thickness of silicon wafers, and reducing the usage

of silver and low alloy steel. The S2 scenario is based on the S0

scenario and considers only management improvements with no

changes in technical parameters. For example, a reduced

curtailment rate, improved performance ratio and longer life-

time. The S3 scenario builds upon the S0 scenario, where tech-

nological advances are considered, as well as management

improvements. The S4 scenario is based on the S3 scenario with

further improvements in management capabilities.

3. Results

The GHG impacts and energy payback of each component of the

PV system are rst assessed through contribution analysis,

which examines the contribution of each component to the

overall environmental impacts. Following this, overall trends

and key inuencing factors are analyzed over a ten-year period,

providing insights into the long-term performance and

sustainability of the PV system. Subsequently, a sensitivity

analysis is conducted to quantify the impacts of technological

changes, disposal methods and management optimization on

the GHG emissions and energy payback of PV systems. To

account for the decarbonization process of the national grid,

a series of prospective scenarios is developed to explore the

potential GHG reductions and energy payback improvements

achievable through technological advancements and effective

management strategies in PV systems.

3.1 Contribution analysis of PV system components

As shown in Fig. 2a and Table S11,† the total CED of PV systems

shows a decreasing trend in the last decade, from 20.0–26.3 TJ

MW−1 for Multi-Si PV systems to 18.9–22.9 TJ MW−1 for Mono-

Si PV systems. In contrast, the CED of PV modules shows an

increasing trend, and PV modules have the largest contribution

to the CED, accounting for more than half of the total CED,

ranging from 54.8% to 84.2%.

Fig. 2 Comparisons of the different lifecycle results for each of the large-scale PV systems. (a) The CED per MW for life cycle components of the

PV systems. (b) The GHG impacts per kW per h for life cycle components of the PV systems. (c) The lifecycle EPBT of the PV systems. (d) The

lifecycle EROI of the PV systems. P20MW2013A refers to the grid-connected 20 MW of a PV system in 2013, P500MW2023 + ESS refers to the

grid-connected 500 MW of PV system in 2023 considering ESS, and the same for the rest of the PV systems. The four PV systems in 2013 and

2016 are Multi-Si PV systems, while the two PV systems in 2021 and 2023 are Mono-Si PV systems. The BOS includes the mounting structure,

C&I&T, ETL, OAS and civil works.
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The two disparate trends are attributed to technological

advances. Firstly, the increase in the CED of PV modules,

resulting from the transition from Multi-Si to Mono-Si tech-

nology, is a contributing factor. The energy consumption per

MW of Mono-Si PVmodules is found to be higher, ranging from

10.2% to 38.9% higher CED than Multi-Si PV modules in this

study. It takes more energy to make a Mono-Si PV module

compared to a Multi-Si PVmodule, but the Mono-Si PVmodules

convert sunlight into electricity more efficiently.

Secondly, technical progress over the past decade has led to

improvements in equipment material utilization, coupled with

a reduction in the use of materials, which has consequently

lowered the CED per MW. The most signicant reduction in

BOS has a direct impact on the overall downward trend in the

total CED of the PV systems. In comparison to Multi-Si PV

systems, Mono-Si PV systems have exhibited a reduction in CED

per MW for BOS, ranging from 43.4% to 77.3%. In particular,

the mounting structure has resulted in a reduction in the

Fig. 3 Comparison of the LCA results for large-scale PV systems in this and the previous studies. (a) GHG impacts comparison of PV systems. (b)

EPBT comparison of PV systems. The rectangles illustrate the range of GHG impacts and EPBT of the PV systems as reported in previous studies.

The large, light, transparent rectangles represent the results of this study.
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quantity of low-alloy steel employed per MW, with a corre-

sponding decrease in CED per MW of between 17.1% and

74.0%. The integrated inverter and transformers in

P50MW2021 and P500MW2023 reduce the CED per MW by

more than 50% in comparison to the transformer and inverter

combinations. Furthermore, this nding is supported by the

evidence of a 46.9–83.5% reduction in CED for ETL, OAS and

civil works. The 30.8–61.5% decline in the CED of EoL further

indicates that less energy is required for disposal because fewer

materials are used in the equipment.

The GHG emissions of PV systems show a decreasing trend

over the past decade, as illustrated in Fig. 2b and detailed in

Table S12.† This trend aligns with the GHG emission ranges

(23.6 to 81.0 gCO2-eq per kW per h) reported in other compa-

rable studies, as summarized in Fig. 3a. The GHG emissions of

Mono-Si PV systems range from 32.5 to 35.8 g CO2-eq per kW

per h, which is lower than that of Multi-Si PV systems, whose

emissions range from 38.8 to 54.7 gCO2-eq per kW per h. The

GHG emissions from PV module manufacturing are generally

increasing; the impact of Mono-Si PV modules is 2.9–27.9%

higher than that of Multi-Si PV modules when ESS is excluded.

The downward trend in GHG emissions from PV systems is

primarily driven by technological advancements, such as the

transition from Multi-Si to Mono-Si PV modules and improved

management practices. Additionally, the reduction in material

usage due to more efficient equipment and material utilization

further contributes to this downward trend.

Firstly, the improvement in PV module efficiency is one of

the main reasons for the decline in the GHG impacts of PV

systems. Driven by technological progress in the shi from

Multi-Si to Mono-Si, Mono-Si PVmodules are more efficient and

generate more electricity. Therefore, although the CED of

Mono-Si PV modules is much higher than that of Multi-Si PV

modules (see Table S11†), the substantial increase in electricity

generation reduces its own GHG impacts while reducing that of

other components of the PV systems. Secondly, improved

material utilization due to technological changes and reduced

energy consumption, which in turn reduces GHG emissions

during the production phase of the equipment, is also one of

the main reasons for the decline in GHG emissions of the PV

system. As seen in Fig. 2b, the GHG impacts of BOS of Mono-Si

PV systems show a signicant downward trend of between

50.1% and 80.0% reaching 3.6–5.4 gCO2-eq per kW per h, which

is the direct cause of the downward trend of GHG impacts of PV

systems during the decade.

Subsequently, efficient management reduces the GHG

impacts of the PV system by increasing grid-connected gener-

ation. It can be seen from Table 1 that the performance ratio

improved from 0.799 in 2013 to 0.834 in 2021 and 0.823 in 2023.

The increase in the performance ratio reects efforts in

management optimization of the PV systems. For example,

timely cleaning of PV panels reduces the loss of electricity

generated by PV modules due to dust; regular inspections to

replace or repair damaged parts reduce equipment electricity

losses. The management optimization reduces the electricity

loss of the PV systems and improves the electricity generation,

thus reducing the GHG impacts. Utilizing ESS is also

a management method to increase the electricity production of

a PV system. The addition of an ESS allows better matching of

electricity supply and demand and therefore reduces the GHG

emissions of P500MW2023 by 0.7 gCO2-eq per kW per h and

mitigates the GHG impacts of the life cycle components except

EoL. In this study area, there is still space for management

optimization due to grid capacity and operating time

constraints, so this paper will subsequently continue to explore

the potential for precision management.

The energy payback capacity of the PV systems is shown in

Fig. 2c and d. The EPBT shows a decreasing trend from 4.69 to

3.15 years, lying within the range of EPBTs of previous studies

summarized in Fig. 3b (1.2–5.3 years), and the EROI increases

from 4.88 to 7.44. This further validates the ability of Mono-Si

PV modules to generate electricity more efficiently, with faster

payback of lifecycle energy consumption and higher return on

energy investment than Multi-Si PV modules. In addition, ESS

can accelerate the EPBT of the P500MW2023 PV system by 0.14

years, increasing the EROI by 2.6%.

3.2 Uncertainty analysis

The results of the uncertainty analysis for CED and GHG are

presented in Fig. S4 and Tables S13, S14.† A greater dispersion

and a lower accuracy of the mean are observed for the Mono-Si

PV systems when compared to the Multi-Si PV systems across

the six systems over the ten years. In particular, the values of the

standard deviation (SD), coefficient of variation (CV), and

standard error of the mean (SEM) are all relatively larger for the

Mono-Si PV systems. This is because the manufacturing tech-

nology of Mono-Si PVmodules is currently not as mature as that

of Multi-Si PV modules, resulting in a wider uncertainty range.

Within the upper and lower ranges of uncertainty for CED, the

Mono-Si PV systems have a relatively shorter EPBT and a rela-

tively higher EROI compared to the Multi-Si PV systems. In

P500MW2023 + ESS, the ESS results in amore concentrated data

distribution of GHG for P500MW2023 in the uncertainty anal-

ysis, i.e., relatively lower SD, CV, and SEM.

3.3 Sensitivity analysis

Following the ndings of the contribution analysis and the

prevailing PV system manufacturing technologies and

management practices, the sensitivity analysis in this study can

be classied into three categories: technological pathways,

disposal scenarios, and management levels. The base case

values of sensitivity analysis can be seen in Table S15.† The

description, data and tting results of the sensitivity analysis

are presented in Tables S16–S38.†

Technological pathways encompass a sensitivity analysis of

PV module efficiency and material usage. The sensitivity anal-

ysis for PV module efficiency is illustrated in Fig. 4a and b. The

enhancement of PV module efficiency markedly diminishes the

GHG of the PV systems by 20.7–34.8%, shortens the EPBT by

20.6–35.4%, and elevates the EROI by 26.1–53.3%. In conduct-

ing a sensitivity analysis of material usage, the reduction in the

mass of material used can result in a reduction in the GHG and

CED of the components. Furthermore, the thinning of silicon

RSC Sustainability © 2025 The Author(s). Published by the Royal Society of Chemistry
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wafer thickness can lead to a notable reduction in the GHG by

10.1–17.3% and CED by 10.4–18.0% of the PV modules, as

shown in Fig. S5a and b.† The alterations in the mass of silver

employed in the PV modules, the mass of low alloy steel utilized

for the mounting structures, and the mass of concrete used for

the civil Works have relatively minor impacts on the GHG and

CED of the components, as shown in Fig. S5c, d and S6.† The

relatively minor impact of silver, low-alloy steel, and concrete in

the GHG and CED sensitivity analyses can be attributed to two

key factors. First, the GHG emissions and energy requirements

associated with their production and manufacturing processes

are relatively low. Second, their overall contribution to the total

material demand of PV systems is comparatively small. As

a result, reductions in these materials have a limited effect on

the overall environmental impact of the PV systems.

In the sensitivity analysis of the six PV system disposal

scenarios (see Fig. 4c and d), RS demonstrates a relative

reduction in GHG of 0.1–0.2 gCO2-eq per kW per h, with minor

Fig. 4 The sensitivity analysis results on PV module efficiency for (a) GHG impacts, (b) EPBT and EROI of the PV system lifecycle. The sensitivity

analysis results on disposal scenarios for (c) GHG impacts, (d) EPBT and EROI of the PV system lifecycle. The sensitivity analysis results on lifetime

for (e) GHG, (f) EPBT and EROI of the PV system lifecycle. P20MW2013A refers to a grid-connected 20 MW PV system in 2013, P500MW2023 +

ESS refers to a grid-connected 500 MW PV system in 2023 considering ESS, and the same for the rest of the PV systems. The four PV systems in

2013 and 2016 are Multi-Si PV systems, while the two PV systems in 2021 and 2023 are Mono-Si PV systems.
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alterations in both EPBT and EROI, in comparison to MSWS of

CN. Furthermore, RS exhibits a relative reduction in GHG of

0.3–0.6 gCO2-eq per kW per h, with slight modications in EPBT

and EROI, in contrast to NRS. RS does not result in a notable

decrease in the life cycle GHG of the PV systems, a nding

supported by a previous study.50

The management levels include a sensitivity analysis of the

curtailment rate, performance ratio and lifetime of PV systems.

An increase in the lifetime of PV systems from 25 to 40 years

results in a considerable reduction in the GHG emissions by

28.8–33.3% of the system over the entire life cycle, accompanied

by a signicant increase in EROI by 42.6–50.6%. Due to the

extended lifetime, the energy consumption associated with

O&M also increases, leading to an increase in EPBT by 1.4–5.6%,

as illustrated in Fig. 4e and f. Reducing the curtailment rate and

improving the performance ratio can result in a 9.2–24.0%

reduction in GHG emissions, a 9.1–24.5% reduction in EPBT,

and a 10.1–31.6% increase in EROI over the life cycle of PV

systems, as shown in Fig. S7.†

3.4 Scenario analysis

The results presented in Fig. 5a and c illustrate the life cycle

GHG of the PV systems under various scenarios. Using the

current grid carbon emission factor for China of 0.594 kg CO2-

eq per kW per h, for the two Mono-Si PV systems of 50 MW and

500 MW, the GHG impacts are reduced by 34.3% and 29.6% in

the S1 scenario, respectively, and are reduced by 33.8% and

34.2% in the S2 scenario, respectively, as compared to the S0

scenario. It can be seen that the S1 and S2 scenarios are of equal

importance in the reduction of the life cycle GHG of PV systems.

This indicates that the electricity generation of the PV systems is

increased in the S2 scenario by management optimization

strategies (reducing curtailment rate, improving performance

ratio, and extending lifetime), thereby reducing GHG, in the

same way as improving PV module efficiency and reducing

material usage (such as silicon wafers, silver, low-alloy steel)

decrease GHG in the S1 scenario through production tech-

nology progress, which not only increases electricity generation

of the PV system but also reduces life cycle GHG emissions.

In the S1 and S2 scenarios, the GHG impacts of the large PV

systems in this study (21.37–25.17 gCO2-eq per kW per h) have

been lower than the results of the most previous studies shown

in Fig. 3a. This comparison veries that technological

advancement (S1) and effective management (S2) have signi-

cant GHG reduction effects. Furthermore, it can be observed

that the GHG impacts can be reduced by an additional 29.4–

34.2% in the S3 scenario, which integrates the S1 and S2

scenarios. In contrast, the GHG impacts in Fig. 3a cannot be

quantitatively compared due to inconsistencies in boundary

delineations andmethodological choices in previous studies. In

the S3 scenario, the GHG impacts can be reduced to a level

Fig. 5 LCA results for future scenario analysis of PV systems in the background of China's grid decarbonization. The GHG emissions of 50 MW

and 500 MW PV systems with different electricity CO2 emission factors and different scenarios are presented in (a) and (c). EPBT and EROI for 50

MW and 500MWPV systems under different scenarios are illustrated in (b) and (d). 0.5942 kg CO2-eq per kW per h is the electricity CO2 emission

factors. The S0 is the baseline scenario, and the other four scenarios are the technological progress scenario (S1), the effective management

scenario (S2), the integrated optimization scenario (S3), and the ideal condition scenario (S4).
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below 17 gCO2-eq per kW per h for both 50 MW and 500 MW PV

systems. This illustrates that to achieve cleaner electricity from

renewable sources, apart from technological progress in the

production of PV modules by PV module manufacturers, more

efficient management of PV systems by grid operators around

the world is required. In the S4 scenario, 2.6–3.1 gCO2-eq per

kW per h is reduced in comparison to the S3 scenario.

The grid decarbonization process in China has the potential

to signicantly reduce the life cycle GHG of PV systems across

a range of scenarios. When considering a lower carbon emis-

sion factor of China's grid at 0.4 kg CO2-eq per kW per h, the life

cycle GHG of PV systems can be reduced to less than 19 gCO2-eq

per kW per h in S1 and S2 scenarios, and to less than 13 gCO2-eq

per kW per h in the S3 scenario. In the case of a carbon emission

factor of 0.2 kg CO2-eq per kW per h for China's grid and the

ideal condition scenario (S4), the life cycle GHG of the 50 MW

and 500 MW PV systems are 5.8 and 7.2 gCO2-eq per kW per h,

respectively.

As shown in Fig. 5b and d, the PV systems in the S1 and S2

scenarios have a higher energy payback capability compared to

the S0 scenario. Specically, in the S1 and S2 scenarios, the

EROI of PV systems is improved by 42.3–54.0% compared to the

S0 scenario. The EPBT of the PV systems is advanced by 1.0–1.1

years in the S1 scenario compared to the S0 scenario, while it is

improved by only 0.3–0.4 years in the S2 scenario. This suggests

that technological advances are more effective in improving

EPBT than sound management. This is because the S1 scenario

increases both the electricity generation of the PV systems and

mitigates the life-cycle energy consumption through advance-

ments in production technology by enhancing the efficiency of

the PV modules and reducing the mass of materials utilized.

Therefore, technical progress is more effective in reducing EPBT

in the S1 scenario compared to S2, which merely decreases the

EPBT by enhancing electricity generation through management

optimization. The S3 scenario results in a further reduction of

the EPBT by 0.2–1.0 years and an improvement in the EROI by

42.1–53.8% in comparison to the S1 and S2 scenarios. In the S4

scenario, the EPBT is shortened to less than 2 years and the

EROI is improved to more than 18.

4. Discussion

Solar PV is a key technology driving the rapid growth of

renewables, with the potential to accelerate the decarbonization

of the global electricity supply. In the International Energy

Agency's Net Zero Emissions by 2050 (NZE) scenario, solar PV is

projected to exceed 18 000 GW of installed capacity and

generate over 30 000 TW h of electricity globally by 2050.51 With

the integration of low-carbon renewables into the grid, the CO2

intensity of global electricity is decreasing and is expected to

reach 400 gCO2-eq per kW per h in 2026.48 The role of solar PV

systems in reducing GHG emissions is becoming increasingly

signicant in this global decarbonization effort.

In this study, we conduct a cradle-to-grave LCA study using

primary data from six different PV systems with varying tech-

nologies and management practices, located in the world's

largest PV power park. Although this study focuses on six large

PV systems located on the Tibetan Plateau, the ndings are

applicable to PV systems worldwide. Our ndings show

a decrease in GHG emissions from 38.8–54.7 gCO2-eq per kW

per h for Multi-Si PV systems to 32.5–35.8 gCO2-eq per kW per h

for Mono-Si PV systems in the past decade, aligning with

previous studies. However, despite this progress, current efforts

to reduce the life cycle GHG emissions of PV systems are

insufficient to meet global net-zero goals. Therefore, how to

further reduce the lifecycle GHG of PV systems remains critical

to addressing the climate change challenge and achieving the

net-zero emissions targets.

Technological progress of PV modules is an effective way to

reduce the GHG emissions from PV electricity generation

globally. Crystalline silicon (C-Si) PV modules (including Multi-

and Mono-crystalline Si modules) accounted for 95% of the PV

market in 2020 and are projected to become the world's primary

electricity source by 2040–2050.52 Mono-Si PV modules are

gradually dominating the C-Si PV module market due to their

higher efficiency and stability. Based on this trend, it is expected

that Mono-Si PV modules will play a key role in future global

energy decarbonization. Over the last decade, the GHG emis-

sions of Mono-Si PV systems have been reduced by 7.9–40.5%

and the EROI has improved by 1.5–52.5% compared to Multi-Si

PV systems.

China's dominance in the PV market, producing 74.7% (ref.

53) and 77.8% (ref. 54) of the global PV modules in 2021 and

2022, respectively, means that China's manufacturing stan-

dards largely reect global production levels. China's advance-

ments in Mono-Si PV technology have been driven by policies

like the 14th Five-Year Plan55 and the Action Plan for the Smart

Photovoltaic Industry (2021–2025).56 According to our contri-

bution analysis, Mono-Si PV modules made in China account

for 74.2–84.2% of CED and 67.8–79.5% of GHG over the life

cycle of the PV systems. It is therefore important to monitor the

GHG emissions and energy payback capability of PV modules

produced in China to achieve a global net-zero electricity

system.

As new PV module technologies emerge, it is critical to

periodically assess their GHG impacts and energy payback. This

study relies on primary data from PV modules produced in

China, which may introduce biases when applied to modules

from other countries. However, given that China supplies 79.4%

of polysilicon, 96.8% of wafers, and 85.1% of solar cells glob-

ally,53 the ndings remain broadly applicable, provided similar

raw material supply chains and quality management systems

are used elsewhere. Our sensitivity analysis shows that tech-

nological choices—such as module efficiency and silicon wafer

thickness—signicantly affect GHG impacts. Future studies

should conduct comprehensive assessments of PV modules

with varying production technologies and material usage on

a global scale to better understand their life cycle impacts.

The intermittent nature of solar PV electricity generation

requires precision management strategies for both PV plants

and the electricity sector. Strategies such as timely panel

cleaning, regular equipment inspections, replacing damaged

components, and expanding transmission grid capacity can

increase electricity generation and extend PV system lifetimes.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability
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The PV systems in this study, located on the Tibetan Plateau of

China, face issues such as “abandoned electricity” due to

limited transmission capacity, which leads to wasted electricity.

The deployment of an ESS offers a solution to reduce elec-

tricity wastage. China's 14th Five-Year Plan includes recom-

mendations for new energy storage development,57 and our

study shows that when a PV system is equipped with an ESS, the

GHG emissions can be reduced by 0.7 gCO2-eq per kW per h, the

EPBT is shortened by 0.1 years, and the EROI improves from 6.8

to 7.0. However, incorporating an ESS alone is not enough to

achieve signicant GHG reductions; effective management,

such as reducing the curtailment rate, improving the perfor-

mance ratio, and prolonging the system's lifetime, is also

required.

In this study, we explored different scenarios for techno-

logical changes, management strategies and grid decarbon-

ization. In light of the uncertainties in the scenarios of the case

PV plants and the simplifying assumptions based on key

parameters, the prospect of optimizing PV systems in different

regions will be examined in future studies. The results show

that both technological progress (S1) and effective management

(S2) scenarios contribute equally to reducing GHG emissions

and improving the EROI over the life cycle of PV systems. The S3

scenario integrating both S1 and S2 reduces the GHG to 14.2–

16.6 gCO2-eq per kW per h, shortens the EPBT to 1.8–2.2 years,

and improves the EROI to 14.9–17.3. This highlights the

importance of technological developments and sound

management in reducing GHG emissions and maximizing

energy payback. However, it is noted that PV technology choice

is locked in at the time of installation putting increased

emphasis on the importance of management strategies.

By establishing consistent boundaries and methodological

frameworks, this study enables cross-system comparisons of

technologies and management strategies. Scenario analyses

further show that technological innovation, optimized

management, and grid decarbonization collectively reduce the

GHG impacts of PV systems to below 14.7 gCO2-eq per kW per h,

outperforming historical results in Fig. 3a. These ndings

highlight the importance of standardized methodologies for

assessing PV system sustainability and emphasize the global

signicance of reducing PV-related GHG emissions.

While technological advances in PV systems will help

developing countries move away from traditional energy path

dependency, further unlocking the decarbonization potential of

PV systems will require a global focus on their management

strategies. As PV penetration rises and the grid transitions to

net-zero, challenges such as grid limitations, curtailment, and

management inefficiencies are becoming major barriers to the

development and competitiveness of the PV industry.7 To

overcome these barriers, local governments, PV owners, and

grid operators must collaborate to explore cost-efficient

management strategies that enhance PV system performance

and lifetime. Additionally, global stakeholders must promote

grid upgrades and expansion through policy incentives and

investments to support the growing share of PV generation.

Innovations in demand-side management will also be crucial

for balancing supply and demand, further unlocking the

potential of PV electricity generation.

As the share of global energy demand met by renewables

continues to increase, the carbon emission factor of electricity

supply will decrease, further reducing GHG emissions associ-

ated with PV module manufacturing. Our ndings demonstrate

that grid decarbonization, coupled with technological

advancements in PV module manufacturing and improved

management of PV systems, can accelerate the global transition

to net-zero electricity.

5. Conclusion

In this study, we conduct a cradle-to-grave LCA study using

primary data from six different PV systems with varying tech-

nologies and management practices, located in the world's

largest PV power park. Over the last decade, the GHG emissions

from Mono-Si PV systems have been reduced by 7.9–40.5% and

the EROI has improved by 1.5–52.5% compared to Multi-Si PV

systems. Effective management and technological advance-

ments decrease GHG emissions by 29.6–34.3% compared to the

current scenario. The technological progress (S1) and effective

management (S2) scenarios contribute equally to reducing GHG

emissions and improving the EROI over the life cycle of PV

systems. The S3 scenario integrating both S1 and S2 reduces the

GHG to 14.2–16.6 gCO2-eq per kW per h, shortens the EPBT to

1.8–2.2 years, and improves the EROI to 14.9–17.3. This high-

lights the importance of technological developments and

precision management in reducing GHG emissions and maxi-

mizing energy payback. It is important to monitor the GHG

emissions and energy payback capability of PV modules to

achieve a global net-zero electricity system. As PV penetration

rises and the grid transitions to net-zero challenges, stake-

holders must collaborate to explore cost-efficient management

strategies that overcome grid limitations, curtailment, and

management inefficiencies.
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