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Abstract

Life cycle greenhouse gas (GHG) accounting is increasingly required to substantiate the
climate value of wind power beyond “zero-emission” operation, especially under China’s
dual-carbon targets. Robust estimation of life cycle GHG emission intensity and the iden-
tification of actionable mitigation levers are therefore important for credible transition
planning. In this study, a process-based life cycle assessment (LCA) was conducted for a
representative 100 MW onshore wind farm in Gaoyou, Jiangsu Province, China, following
ISO 14040/14044. To enhance engineering relevance, the construction and installation phase
was modeled in a refined manner by decomposing it into road, wind-turbine, booster-
station, and transmission-line engineering and further into unit processes. The results
show that the overall life cycle GHG emission intensity of the studied wind farm is 24.6 g
COy-eq/kWh. Scenario analysis further indicates that reducing curtailment and improv-
ing end-of-life recycling are effective pathways to lower emission intensity, while the
net advantage of hybrid versus steel towers depends on recycling performance when
end-of-life credits are included. The study also summarizes practical implications for
low-carbon equipment/material procurement and green supply-chain governance, low-
carbon construction and logistics, coordinated “source-grid—-load-storage” planning to
curb curtailment, and more standardized and comparable life cycle carbon accounting for
wind projects in China.
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1. Introduction

With the intensifying impacts of global climate change, environmental risks associ-
ated with GHG emissions—including more frequent extreme weather events, sea-level
rise, and ecosystem degradation—are increasingly threatening sustainable socioeconomic
development. The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment
Report indicates that global mean surface temperature has increased by approximately
1.1 °C relative to the pre-industrial period, and continued high emissions could lead to sub-
stantially higher warming by the end of this century, with severe ecological and economic
consequences [1]. In response, the international community has advanced coordinated
mitigation actions and low-carbon transitions through a series of climate agreements.

The Paris Agreement, adopted at the 21st Conference of the Parties in 2015, strength-
ened global consensus on climate action [2]. It aims to hold the increase in global average
temperature to well below 2 °C above pre-industrial levels and to pursue efforts to limit
warming to 1.5 °C. Unlike the Kyoto Protocol, the Paris Agreement requires all Parties to
submit Nationally Determined Contributions reflecting national circumstances, thereby
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promoting broad participation in mitigation and accelerating progress toward long-term
net-zero emissions.

As one of the world’s major emitters, China has actively aligned its national strategy
with global climate governance. In 2020, China announced its “Dual Carbon” goals: peak-
ing carbon emissions before 2030 and achieving carbon neutrality before 2060 [3]. These
commitments have accelerated energy-system transformation and industrial upgrading.
With advances in renewable technologies and grid infrastructure, clean electricity is increas-
ingly substituting for fossil-based generation, improving electrification and reducing CO,
emissions across the economy.

Among renewable options, wind power is widely recognized as a key technology
for carbon reduction due to its abundant resource base, scalability, and low operational
emissions [4]. Compared with other renewables, wind resources are broadly distributed
and can be deployed at a large scale with limited direct environmental burdens during
operation, making wind power a core pillar of power-sector carbon reduction strategies.
Supported by policy incentives and technological progress, global wind power capacity
has expanded rapidly in recent years, and China has become a leading market in terms of
both deployment scale and growth rate (Figure 1). According to the Global Wind Energy
Council 2024 annual report, China added 75 GW of new wind capacity in 2023, accounting
for nearly 65% of global newly installed wind capacity.

5000

300,000

4000
250,000 -

200,000 - 3000

150,000 -

2000

NN\
\

100,000 ~

Installed capacity (MW)

1000

Electricity generation (10° kWh)

50,000 -

TTESD

0 I ' I ' I ! I ! I ! I ' I ! I I 0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Figure 1. China’s installed capacity and power generation capacity of wind power from 2010 to 2020.

Despite wind power’s crucial role in reducing power-sector emissions, non-negligible
GHG emissions still occur across its life cycle, including raw material extraction, component
manufacturing, transportation, construction, operation and maintenance, and end-of-life
treatment. As installed capacity expands, cumulative embodied emissions associated with
wind projects become increasingly important. Conventional carbon accounting approaches
may not provide sufficient resolution for identifying life cycle hotspots and designing tar-
geted mitigation measures [5], particularly under China’s “Dual Carbon” policy framework
that emphasizes rigorous and transparent assessment.

Life cycle assessment (LCA) is a widely used “cradle-to-grave” environmental assess-
ment tool for carbon accounting and impact evaluation, which quantifies resource inputs,
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energy use, and emissions across all life cycle stages of a product or system and thereby
supports hotspot identification and mitigation strategy design [6]. In carbon-oriented appli-
cations, LCA is commonly used to (i) locate high-emission processes, (ii) optimize resource
allocation and technology pathways, and (iii) inform low-carbon policy and investment
decisions. Its usefulness has been demonstrated across multiple sectors. For example, in the
building sector, LCA is used to compare carbon burdens of alternative materials and design
options across production, transport, construction, use, and end-of-life stages [7]. In the
transport sector, LCA supports life cycle comparisons between new-energy vehicles and
conventional internal-combustion vehicles by capturing fuel- and electricity-supply-chain
emissions [8]. In the energy sector, LCA is extensively applied to benchmark renewable
and fossil-based technologies and to quantify carbon reduction potential under different
energy-system configurations [9].

To address diverse accounting needs and data constraints, several LCA modeling
paradigms have been developed, most notably process-based LCA (PLCA), input-output
LCA (IOLCA), and hybrid LCA (HLCA). PLCA disaggregates a system into engineering-
relevant unit processes and provides high-resolution attribution of emissions and miti-
gation opportunities, but it is data-intensive and may truncate upstream supply-chain
contributions when process data are unavailable [10,11]. In contrast, IOLCA uses monetary
input-output tables to capture both direct and indirect emissions throughout the econ-
omy, offering comprehensive coverage at the expense of lower technological resolution
and potential instability associated with sector-average statistics [12,13]. HLCA combines
both approaches—using PLCA for key processes and IOLCA for upstream completeness—
thereby reducing truncation while preserving interpretability, although it requires more
complex data integration and methodological choices [14-16].

A growing body of literature has applied LCA to wind power systems and reported
consistently low life cycle GHG intensities relative to fossil generation. Early European
studies provided quantitative benchmarks: Schleisner et al. reported life cycle intensities of
16.5 g COz-eq/kWh (offshore) and 9.7 g CO,-eq/kWh (onshore) for Danish wind farms [17],
while Ardente et al. estimated 8.8-18.5 g CO,-eq/kWh for Italian wind farms and identified
equipment manufacturing and construction as the main contributors [18]. In the United
States, Dolan and Heath synthesized 240 wind projects and reported an average life cycle
intensity of 11.0 g CO,-eq/kWh, emphasizing that cross-study variability is more strongly
driven by assumptions and system conditions than by turbine rating alone [19]. Compara-
tive analyses further indicate that differences in capacity factor, methodological choices,
manufacturing location, tower material selection, and end-of-life treatment can substantially
influence results [20]. Beyond Europe and the United States, studies in developing regions
also report low intensities, albeit with site- and supply-chain-dependent variation [21-23].
In China, wind-project LCAs have expanded rapidly using both process-based and hy-
brid approaches; for example, HLCA of the Donghai Bridge offshore wind farm reported
26.47 g COz-eq/kWh, with manufacturing and transport being major contributors [24],
while PLCA of a typical 2 MW onshore turbine reported 20.7 g CO,-eq/kWh with produc-
tion as the dominant stage and recycling rate as a key driver [25]. Additional Chinese case
studies similarly highlight manufacturing/construction as hotspots and show sensitivity
to boundary definitions, data representativeness, and recycling assumptions [26,27].

Despite these advances, existing evidence is not always directly transferable to China’s
rapidly evolving wind sector. Differences in project scale and geographic conditions, do-
mestic supply-chain characteristics, construction practices, curtailment and grid-integration
constraints, and locally representative background data can materially affect life cycle car-
bon estimates and hotspot profiles. Many published studies rely on simplified boundaries
or generic datasets, which may underrepresent balance-of-plant infrastructure and con-
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struction machinery or overlook the carbon-intensity implications of curtailment when
the functional unit is defined as electricity delivered to the grid. These gaps motivate a
project-grounded, engineering-consistent LCA with refined construction-stage modeling
and decision-oriented mitigation assessment, which is developed in this study.

In response to these gaps, this study applies a project-grounded process-based LCA to
a representative 100 MW onshore wind farm in Gaoyou, China, using as-built engineering
settlement/design data and a complete, engineering-consistent boundary with a functional
unit of 1 kWh delivered to the grid, thereby explicitly capturing curtailment effects on
carbon intensity. A distinctive feature is the refined modeling of the construction and instal-
lation stage, decomposed into road, wind-turbine, booster-station, and transmission-line
engineering and further into unit processes accounting for both material and machinery
inputs. Building on hotspot identification, a three-factor scenario analysis is conducted
to quantify mitigation potential and to derive practical pathways for low-carbon procure-
ment, construction/logistics carbon reduction, enhanced end-of-life circularity, and im-
proved accounting comparability for Chinese wind projects. Accordingly, this study makes
three contributions:

e It presents a project-specific LCA of a 100 MW onshore wind farm in China based on
as-built engineering data, reporting results per 1 kWh electricity delivered to the grid
electricity and explicitly accounting for curtailment;

e Itrefines the construction and installation modeling into engineering-consistent sub-
categories and unit processes, enabling more actionable hotspot identification;

e Itintegrates curtailment and end-of-life recycling into scenario analysis to quantify
practical mitigation pathways under China’s power-system context.

The remainder of this paper is structured as follows. Section 2 (Materials and Methods)
describes the goal and scope definition, the life cycle inventory analysis, the case study
description, and the scenario settings. Section 3 (Results) presents the life cycle impact
assessment results, including stage-by-stage contributions, scenario analysis, sensitivity
analysis, and comparison with relevant studies. Section 4 (Discussion) discusses implica-
tions and improvement opportunities. Finally, Section 5 (Conclusions) summarizes key
findings and outlines future work.

2. Materials and Methods

To systematically evaluate the life cycle greenhouse gas (GHG) emissions of the
wind power system, this study applied an LCA framework in accordance with ISO 14040
and ISO 14044 [28,29]. Foreground inventory data were compiled from project-specific
engineering documents and suppliers’ technical manuals, while background processes
(upstream material production, energy supply, and auxiliary processes) were modeled
using the Ecoinvent 3.11 database. Climate impacts were quantified using the IPCC 100-year
Global Warming Potential (GWP100) characterization factors, and results were reported as
kg CO,-eq per functional unit [30].

2.1. Goal and Scope Definition

The purpose of this study was to account for carbon emissions over the whole life cycle
of a typical wind power project and identify carbon emission hotspots, so as to provide
constructive suggestions for carbon emission reduction in wind farms. The functional unit
was defined as 1 kWh of electricity delivered to the grid. An explicit equation defining
lifetime delivered electricity is shown in Equation (S1) in Supplementary Materials. This
study divided the wind power-system boundary (Figure 2) into five stages: the production-
manufacturing (Stage I), the transportation (Stage II), the construction-building (Stage III),
the operation-maintenance (Stage IV), and the disposal-recycling (Stage V).
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Figure 2. The system boundary of LCA analysis of the Gaoyou wind power plant.

The assessed system covered the wind turbine generator systems and the balance-of-
plant infrastructure required to deliver electricity to the grid, including turbine foundations
and platforms, on-site roads, the internal collection system, the booster station/substation,
and the grid-connection facilities up to the on-site substation. Auxiliary facilities and
temporary construction works were included where inventories were available. Impacts
associated with administrative activities and staff commuting were excluded.

2.2. Life Cycle Inventory (LCI) Analysis

LCI involves data collection, data validation, data correlation, data distribution, and
system boundary adjustments, etc. The data for the wind power plant was primarily
collected from suppliers’ technical and maintenance manuals. Data for the background
system, including upstream and auxiliary processes, were sourced from the Ecoinvent
3.11 database. Notably, the most critical background data, such as the electricity mix,
was specific to China, ensuring the analysis reflects local conditions. Since China-specific
datasets for certain materials (e.g., steel and concrete) were not available in ecoinvent at the
required level, proxy datasets from “Rest of World /other regions (RoW)” were adopted.
For other background processes, global data sources were used, such as records from
Europe and other regions, due to the lack of a localized database in China. While this
may have introduced some uncertainties into the results, especially as some components
are internationally traded, efforts were made to prioritize Chinese-specific data wherever
available. In cases of data gaps, alternative secondary data were used.

2.2.1. Production-Manufacturing

Stage I accounted for embodied emissions associated with the manufacturing of wind
turbine generator systems and major electrical equipment (Table S1). Due to confidentiality
constraints, inventory data for key components (notably turbines and transformers) were
supplemented using publicly available literature and engineering-consistent approxima-
tions where primary data were unavailable. Specifically, the material compositions of the
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G115-2.0 [31] and V110-2.0 [32] turbines were obtained from literature data, and the main
transformer was modeled based on published studies [33].

2.2.2. Transportation

Stage II covered off-site and on-site freight movements associated with the wind farm
across its life cycle (Table S2). Road freight was assumed because project logistics records
indicate road dominance. The transportation distances for each section were preset. It
included (i) delivery of wind turbine components (500 km) and electrical equipment from
manufacturing sites to the project area, (ii) delivery of bulk construction materials to the
site (200 km), (iii) intra-site logistics during construction and maintenance where relevant
(300 km), and (iv) transport of dismantled materials and wastes from the wind farm site to
designated recycling or disposal facilities at end of life (300 km). Transportation-related
emissions depend on mode, distance, and total freight demand. Unless otherwise specified,
only one-way transport was considered.

2.2.3. Construction-Installation

Stage III included emissions from civil works and installation activities required to
build the wind farm, including roads, turbine foundations and erection, the booster sta-
tion/substation, and grid-connection works. Detailed activity data (materials and construc-
tion machinery use) were derived from project settlement documents, material surveys,
and preliminary design reports. The construction stage was further decomposed into
sub-processes and unit operations to enable refined hotspot identification and mitigation
analysis (Table S3). Because the engineering inventory did not provide tower-type-specific
construction activity data, we distinguished steel and hybrid towers primarily through
their material inventories; potential process-level differences will be refined in future work
when activity-level construction logs become available.

2.2.4. Operation-Maintenance

Stage IV covered routine maintenance and overhaul activities over the 20-year lifetime,
including replacement of parts, lubricant and consumable use, and transport/energy inputs
associated with maintenance operations [34] (Table S4). Replacement and consumption
rates were estimated from observed operation records where available and supplemented
by engineering assumptions for lifetime extrapolation.

2.2.5. Disposal-Recycling

Stage V covered emissions from decommissioning activities and the end-of-life treat-
ment of major materials. End-of-life recycling was modeled using the avoided-burden
approach, where recovered secondary materials are assumed to displace the production
of corresponding virgin materials in the background system, and the resulting avoided
emissions are reported as negative credits [35]. To capture the effect of end-of-life recovery
on overall GHG results, this study selected several materials (Table S5) with the largest
contributions to life cycle emissions and quantified the corresponding recycling credits [36].

2.3. Case Study

The investigated wind power plant is located in the eastern part of Gaoyou in Jiangsu,
China (Figure 3). It occupies an area of 80 km?. The slope terrain is mostly between 18 and
40 degrees. The surface vegetation is mostly mixed deciduous and evergreen broad-leaved
forest. The physical geological condition is favorable to carry out engineering work. The
basic parameters of the wind power project are shown in Table 1.
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Eastern Gaoyou wind power plant \‘
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Figure 3. Geographical location of Gaoyou wind power plant.
Table 1. Technical parameters of the Gaoyou wind power plant.
Items Quantity Unit
Altitude 2~6 m
Longitude 33°55.5' /
Wind £ ) Latitude 119°37.7' /
ind farm site Average wind velocity 5.27 m/s
Wind power density 147 W/m?
Prevailing wind direction E, ESE /
Type 2MW-121 /
Rated power 2000 kW
Wind turbine generator Diameter 121 M
Hub height 120 m
Rated wind speed 8.8 m/s
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The site is equipped with fifty 2 MW wind turbines (each with a blade diameter of
121 m and a hub height of 120 m). Each wind turbine tower is connected to a 3500 KVA
box-type transformer (S11-2200/35, JULIL, Suzhou, China). The towers and the transformers
are installed on steel-reinforced concrete and concrete foundations, respectively. A 110 kV
step-up transformer is installed to connect the power plant to the existing DE]I substation.
The cables are arranged parallel to roads, buildings and structures according to the positions
of electrical equipment. In November 2018, after a one-year period of construction, the
plant started to operate, and it has a designed operational life of 20 years. The diagram of
the analyzed plant is shown in Figure 4.

®

Internal roads 110 kV Booster station Internal roads 35KV Transmission line Point of common grid

Figure 4. The diagram of Gaoyou wind power plant.

The installed capacity of the studied wind power plant is 100 MW. The annual average
wind speed is 5.27 m/s at a 120 m height, and the corresponding average annual wind
power density at this height is 147 W/m?2. An annual on-grid electricity of 230 GWh with a
25 GWh power curtailment was assumed in this study, and the capacity factor was set as
0.263 based on the practice in the past few years.

2.4. Scenarios Setting

Different scenarios for the future growth of the Gaoyou wind power plant were created
to estimate the changes in environmental impacts under different scenarios. The scenario
settings were designed to reflect key decision levers that were controllable at the project
and system level. By considering three variable factors—wind curtailment rate, concrete
wind turbine tower ratio and reuse level—to set different development scenarios, we were
able to obtain the carbon emissions and corresponding carbon reduction potential of this
wind power project under multiple scenarios. The selected parameter ranges were based
on observed practice in China and values commonly reported in the literature. For scenario
design (Table 2), the “wind curtailment rate” factor was categorized into three tiers: high
(20%), medium (10%), and low (5%). The baseline curtailment rate (10%) was obtained
from the Gaoyou wind farm’s operational/settlement statistics for 2018-2020, while 5%
and 20% were used as low- and high-curtailment scenario assumptions to bound plausible
integration conditions. The “concrete wind turbine tower ratio” was categorized as follows:
high (100%), medium (50%), and low (0%). The “reuse level” was classified into three
modes: high (90%), medium (50%), and low (10%). Then, 9 scenarios were set under 3 wind
curtailment rates.
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Table 2. Scenario setting of wind power project.
. . Concrete Wind
Scenario Setting WdeCa;r:i/ll)ment Turbine Tower Ratio Reuse Level (%) Description
o
(%)

S1 100 90
S2 100 50 Under three wind
S3 100 10 curtailment rate
S4 50 90 conditions, while
S5 5% /10% /20% 50 50 maintaining concrete
S6 50 10 wind turbine tower
57 0 90 ratio or recycling
S8 0 50 level, assess carbon
S9 0 10 emissions.

3. Results

Production-manufacturing |

Transportation -

Construction-installation —

Operation-Maintenance -

Disposal-recycling (Disposal) -

Disposal-recycling (Recycling) -

3.1. Life Cycle Impact Assessment
3.1.1. Result Analysis

Based on the LCI established in this study and the stage-specific carbon accounting
model, the life cycle GHG emissions of the Eastern Gaoyou wind farm were quantified. The
net life cycle carbon emissions of the project were estimated at 113,061 t CO;-eq, and the
stage-wise contributions are shown in Figure 5. Based on the wind farm’s theoretical annual
generating capacity of 230 GWh and an operating lifespan of 20 years, the carbon emissions
per unit of electricity generated over the entire life cycle of the wind farm were calculated
to be 24.6 g/kWh and 1131 t/MW. In terms of gross emissions, total emissions amounted
to 129,124 t COy-eq. The construction and installation stage was the largest contributor,
emitting 61,484 t CO;-eq (47.6%), followed by the production and manufacturing stage
with 42,694 t CO,-eq (33.0%) and the transportation stage with 21,300 t CO»-eq (16.5%).
By contrast, emissions from operation-maintenance are relatively small, totaling 2650 t
COs-eq (2%), and the emissions from wind farm decommissioning and recycling during
disposal-recycling amounted to only 1167 tons (0.9%). The carbon emissions at different
stages and unit processes are presented in Table 3.

0.9% ,2%

33% 47.6%

16.5%

= = ——

v ¥ ¥ ¥ ¥ v v ¥ T ¥ ¥ v L T ¥ L) ¥ L T ¥ 1
~20,000 0 20,000 40,000 60,000

Carbon emissions (t)

Figure 5. Carbon emissions and proportion at each life cycle stage.
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Table 3. Division of unit processes across all stages of the wind farm life cycle.
Period First-Order Second-Order Process  Third-Order Process ?ar.bon Perceontage
Process Emissions (t) (%)
Wind turbine Materﬁlz C/ fiffe‘f;mm"“ \ 40,559.3 314
Productlor}— Main transformer Materials/ Cpnstructlon \ 3416 03
manufacturing Machinery
Box transformer Matenals/(?onstructlon \ 1793.1 14
Machinery
Wind turbine Transportation energy \ 1562.2 12
transport consumption ’ ’
Construction Transportation energy
. materials transport consumption \ 8930.1 69
Transportation Transportation ener
Intra-site transport p . 8y \ 6030 4.7
consumption
Waste transport Transportatlon. cnergy \ 4777 3.7
consumption
Subcrust project Materials/Construction
pPro) Machinery
Base project Materials/Construction
Road engineering Mat Mlac/}gneril i 17,291.3 13.4
Deck project aterials/Construction
Machinery
Culvert proiect Materials/Construction
Pro) Machinery
Foundation project Materials/Construction
Pro) Machinery
Concrete tower frame  Materials/Construction
project Machinery
. . Lifting operation Construction
V:;n‘?n?err]?;“e project Machinery 29,397.1 2.7
& & Electrical installation =~ Materials/Construction
Construction- project Machinery
installation Transformer Materials/Construction
substation foundation .
project Machinery
Comprehensive Materials/Construction
Building Project Machinery
Production Building Materials/Construction
Booster-station Project Machinery
engineering Attached Building Materials/Construction 6269 4.8
Project Machinery
. Materials/Construction
Outdoor venue project Machinery
Cable line project Materials/Construction
Transmission line Machinery ) 8507 66
engineering Overhead line project Materials/Construction .
Machinery
. Daily operation .
Operatlon— d int Materials \ 870 0.7
Maintenance and maintenance
Replacement Materials \ 1781 14
Dismantle Construction \ 188.6 0.1
Disposal-recycling Machinery
Waste disposal and Landfill \ 997 0.8
treatment Recycling \ 16,062.7 \

Notably, the disposal and recycling stage yielded an estimated carbon credit of
16,063 t CO,-eq, reflecting avoided burdens from material recovery and reuse. This credit
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67.9%

reduces the overall footprint from 129,124 t CO,-eq to 113,061 t CO;-eq, corresponding to
an offset of approximately 12.4% of gross life cycle emissions. Overall, the wind farm’s life
cycle carbon footprint was dominated by production-manufacturing, construction-installation,
and transportation, while disposal-recycling provides a meaningful mitigation contribution
and operation and maintenance emissions remain comparatively minor. In the following
sections, the major emitting processes are examined in greater detail by life cycle stage to
identify key sources and driving factors, providing quantitative evidence to support targeted
emission-reduction measures for wind farm engineering and supply-chain optimization.

3.1.2. Production-Manufacturing

The production-manufacturing stage involves multiple large-scale pieces of equipment.
Because their fabrication is energy and resource intensive, this stage exhibits relatively high
embodied carbon emissions. In this study, Stage I primarily accounted for emissions associated
with manufacturing the wind turbines and transformers (Figure 6). The two turbine types
dominated the footprint of this stage, contributing 40,559 t CO,-eq, which represented approx-
imately 95% of Stage I emissions. In comparison, emissions from the main step-up transformer
and box-type transformers were much smaller, estimated at 342 t CO,-eq and 1793 t CO;-eq,
accounting for 0.8% and 4.2% of Stage I emissions, respectively.

Vestas V110-2.0 L .steel
7] Goldwind G115-2.0 2 iron
Main wransformer copper

[ | Box transformer EZ e]lwﬂﬁt:sm
glass fibre

- aluminium alloy

67.5%

production-manufacturing V110-2.0

Figure 6. Carbon emissions proportion in production-manufacturing stage and material composition
of two types of wind turbines.

To further explain the differences in embodied emissions, the material composition
of the turbine foundations and major structural components was examined. Owing to
differences in turbine configuration, the two turbine types with the same rated power
exhibited distinct material mixes and corresponding carbon intensities (Figure 4). The
Vestas turbine, configured with a steel tower, showed a material profile dominated by
steel, with steel accounting for approximately 67.5% of total material input. By contrast,
the Goldwind turbine, equipped with a hybrid tower, featured high shares of both steel
and concrete, which led to a different embodied-emission structure and shifted the main
material-driven hotspots within the turbine system.

3.1.3. Transportation

Emissions in the transportation stage were mainly attributed to four parts: wind
turbine transport, construction materials transport, intra-site transport, and waste trans-
port, accounting for 7.3%, 41.9%, 28.3%, and 22.4%, respectively (Figure 7). All material
movements considered in this project were assumed to be conducted via road freight
transport. The reason for this outcome is that turbine components are transported over
relatively long distances, whereas construction materials are processed and supplied from
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facilities near the project area, resulting in shorter transport distances but substantially
larger transported masses. Transportation distances for intra-site logistics and for waste
delivery to recycling/disposal facilities were estimated based on reasonable engineering
assumptions and local conditions.

‘Wind turbine transport

B it weewmnen (7777777777

- ‘Waste transport

Intra-site transport _|

Construction materials transport %///////////////////////%

Wind murbine transport

T T T T 1
0 2000 4000 6000 8000 10,000

Carbon emissions(t)

Figure 7. Carbon emissions proportion in transportation stage.

3.1.4. Construction-Installation

The construction-installation stage was the largest contributor to life cycle emissions;
to identify actionable hotspots, it was decomposed into road engineering, wind turbine
engineering, booster-station engineering, and transmission line engineering and further
into unit processes covering both material and machinery inputs.

As shown in Figure 8, among these four subcategories, wind turbine engineering
accounts for the largest share of carbon emissions, contributing 47.8%. This is followed
by road engineering with 28.1%. Booster-station engineering and transmission line engi-
neering have relatively lower emissions, with 10.2% and 13.9% of the total emissions in
the construction and installation phases, respectively. This breakdown enables targeted
strategies for reducing emissions in the highest-impact areas of the construction process.

Road engineering 7
7] Wind turbine engineering £
Booster station engineering  1ransmission line engineering

7] Transmission line engineering

Booster station engineering

Wi wibivewgineeivs | _______|

Road engineering |

T T T T T
] 5000 10,000 15,000 20,000 25,000 30,000

Carbon emissions(t)
Figure 8. Carbon emissions proportion in construction-installation stage.

Furthermore, Figure 9 illustrates the carbon emissions distribution among the unit
processes within each of the four subcategories. In the road engineering subcategory,
the construction of concrete road surfaces accounted for the largest share of emissions,
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contributing 59.7% (Figure 9a). In the wind turbine engineering subcategory, emissions
from wind turbine foundation project and concrete tower frame project together accounted
for 96.9% of the total emissions for this stage (Figure 9b). Within booster station engineering,
emissions were predominantly driven by the construction of comprehensive building,
which contributed 43.8%, followed by the outdoor venue and attached building, which
accounted for 34.4% and 13.7%, respectively (Figure 9¢c). Finally, in transmission line
engineering, emissions from the overhead transmission lines were notably higher than those
from the cable lines, reflecting the greater material intensity and construction complexity
associated with overhead line installation (Figure 9d).

Concrete pavement (b) Foundation project
(2) 12% 1% [ Road base layer 05% 1.1% [ Concrete tower frame project
. \“ - Concrete gravel base layer 1.5% B \ // ’ Electrical installation project

[ Reinforced concrete circular culvert [ Transformer substation foundation project

2% Construction machinery ‘Construction machinery
59.7%
57.8%

Road engineering Wind turbine engineering
Comprehensive Building Project Overhead line project
[ Attached Building Project d [ Cable line project
(C) 0.9% Production Building Project ( ) Construction machinery

[ Outdoor venue project
Construction machinery

8%
43.8%

76.5%

Booster station engineering Transmission line engineering

Figure 9. Carbon emissions proportion of four subcategories: (a) road engineering; (b) wind turbine
engineering; (c) booster station engineering; (d) transmission line engineering in construction and
installation stage.

Subsequently, the carbon emissions from materials and construction machinery across
the different stages of the construction and installation process were compared. The use
of steel and concrete accounted for over 95% of material consumption in this phase. As
shown in Figure 10, the material consumption across the construction-installation stage
was compared. In the wind turbine engineering stage, the significant consumption of
concrete and reinforcement steel was primarily due to the construction of foundations
for the 50 wind turbines and the box-type transformer foundations, which resulted in the
highest carbon emissions among the four stages. Additionally, since the wind farm employs
concrete road surfaces, there is substantial concrete consumption in the road engineering
stage as well, further contributing to the overall emissions during construction. In terms
of construction machinery-related carbon emissions, the transmission line engineering
stage exhibited significantly higher emissions compared to the other three stages. This
was primarily due to the extensive use of the Impact drill CZ-22 during the piling process,
which consumed considerable energy and generated high carbon emissions. The energy
consumption and associated carbon emissions from machinery used in the other stages can
be compared in Table S3, providing a clearer picture of the emissions distribution across
the construction-installation processes.
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Figure 10. Carbon emissions from materials and construction machinery across the different subcate-
gories of the construction and installation.

3.1.5. Operation-Maintenance

The operation-maintenance stage accounted for inputs associated with maintaining
stable wind farm performance over the designed service life, including replacement of
equipment and materials, consumption of lubricants and other maintenance supplies, and
related energy use. Figure 11 presents the carbon emissions attributable to each input. For
routine maintenance materials and energy consumption, the annualized inventory was
estimated using the average level observed to date and extrapolated as a constant yearly
value over the 20-year operating lifetime. Wind turbine blades were modeled assuming a
replacement rate of 1/3 of the blades over the life cycle. As a result, emissions associated
with blade replacement—driven by the embodied emissions of the required materials—
constituted the largest share of related emissions. In addition, the consumption of tap water
and lubricating oil during routine maintenance also contributed a non-negligible fraction
of the operation and maintenance carbon footprint.

V7] Replacement
/) Daily operation and maintenance

Tapwater |

Antifreeze

Epoxy resin

Glass fibre

Hydraulic oil 3

Lubricating oil m
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Figure 11. Carbon emissions in operation and maintenance stage.
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3.1.6. Disposal-Recycling

The disposal and recycling stage considered energy consumption during wind farm
dismantling and the treatment and end-of-life management of several bulk materials with
high mass and/or large associated emissions. Table S5 summarizes the energy inputs
required for decommissioning activities and lists six representative material categories
with relatively large quantities and emission relevance, together with the recommended
treatment routes adopted in this study. As shown in Figure 12, under the predefined
end-of-life assumptions, emissions in this stage were mainly driven by the handling of steel
and concrete and by the energy use during dismantling. In particular, steel recycling repre-
sented the key mitigation lever in this phase. Assuming a 50% recycling rate, the avoided
emissions associated with recovered steel resulted in a carbon reduction of 16,063 t CO;-eq,
highlighting the importance of improving metal recovery and recycling efficiency at end
of life.

b1 Dismantem ent

Dismantlement Recycle

[77/] Disposal
Copper
Iron
Steel
Concrete
Glass fibre
Epoxy resin

T T T T T
—16,000 —15,600 —15,200 —400 0 400

Carbon emissions (t)
Figure 12. Carbon emissions in disposal and recycling stage.

3.2. Scenario Analysis

To investigate the effects of wind curtailment, turbine type composition, and end-of-
life reuse/recycling level on life cycle carbon performance, a multi-scenario analysis was
conducted. Using the project’s current operating condition as the medium baseline, the
three factors were perturbed to quantify how total and unit electricity emissions changed
across scenarios. The curtailment rate directly affected the wind farm’s effective electricity
delivered to the grid over its lifetime, thereby changing the denominator of the carbon
intensity. The share of steel-tower versus hybrid tower turbines influenced both embodied
emissions in the production and manufacturing stage through differences in material inputs
and the total quantity of recoverable materials available at end of life. The recycling level
determined the magnitude of avoided emissions that could be achieved in the disposal and
recycling stage.

As shown in Figure 13, a total of nine scenarios under three wind curtailment rates
were generated, and the resulting net life cycle carbon emissions and carbon intensity per
kWh were calculated for each scenario, enabling a comparative assessment of emission-
reduction potential under different development pathways.
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Figure 13. Scenario setting and carbon emissions intensity.

From the single-factor perspective, lower curtailment consistently led to lower carbon
intensity across all scenario combinations. Compared with the high-curtailment cases, the
low-curtailment cases reduced life cycle emissions by approximately 4-5 g CO,-eq/kWh,
indicating that curtailment mitigation is an effective pathway for reducing the wind farm'’s
life cycle carbon footprint per unit of electricity delivered. As the recycling level was con-
sidered, a higher recycling rate markedly reduced the life cycle carbon intensity across the
scenario set. Depending on the combinations of curtailment and tower-type composition,
increasing the recycling level could lower the carbon intensity by approximately 5-7%.
This reduction is mainly driven by the substantial use of steel in wind farm infrastructure
and turbine systems: higher steel recovery at end of life yields larger avoided-burden
credits, thereby decreasing the net life cycle emissions per kWh. Regarding turbine tower
configuration, the two tower types exhibited different embodied emission profiles. In this
case, each steel-tower turbine emitted approximately 157.3 t CO;-eq more than each hybrid
tower turbine when considering the production and manufacturing stage only. Under this
production-only comparison, adopting 100% hybrid towers would reduce the life cycle
carbon intensity by about 1.7 g CO»-eq/kWh.

However, when end-of-life effects are included, the advantage of hybrid towers
becomes conditional on the recycling level. In high-recycling scenarios (51, S4, and 57),
large quantities of steel are recovered while concrete is still assumed to be landfilled,
which narrows the gap between the all-steel-tower and all-hybrid-tower cases to only
~0.5 g COz-eq/kWh. In contrast, under low-recycling scenarios (S3, S6, and S9), fewer
materials are recovered and the difference increases, with the carbon-intensity gap reaching
~1.9 g COz-eq/kWh.

3.3. Sensitivity Analysis

Sensitivity analysis is a key procedure in life cycle assessment, as it evaluates how
uncertainties or variations in input data propagate to the life cycle impact assessment
results. In this study, the one-factor approach was applied by varying the input quantities
of materials across the life cycle by +10%, while keeping all other parameters unchanged.
This analysis identifies the materials with the greatest influence on the overall carbon
footprint and quantifies their corresponding sensitivity coefficients, thereby highlighting
the most critical inventory drivers for improving data quality and prioritizing emission-
reduction measures.

The sensitivity analysis indicated that steel, concrete, reinforcing steel, epoxy resin,
and iron were the most influential material inputs in the inventory. A £10% variation in
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their quantities led to changes in the overall life cycle carbon results of 2.8%, 2.2%, 1.1%,
0.38%, and 0.22%, respectively. This ranking was consistent with the process-level hotspot
findings: steel and concrete dominated the bill of materials in both the manufacturing and
construction stages, and therefore small relative changes in their quantities translated into
comparatively large changes in total embodied emissions. Rebar showed a lower but still
notable sensitivity because it was closely coupled with concrete-intensive works such as
turbine foundations, transformer foundations, and civil structures. In contrast, epoxy resin
and iron exhibited smaller sensitivities, reflecting either lower total mass contributions or a
more limited system-wide deployment; nevertheless, they remained important because
they were associated with specific high-impact components. Overall, the results suggest
that improving the accuracy of inventory data and prioritizing mitigation measures should
focus first on steel- and concrete-related processes, followed by targeted strategies for
reinforcement and composite material use.

The sensitivity analysis in this study varied only material quantities (10%) based on
the project engineering inventory. Other potentially influential parameters—namely the
curtailment rate, project lifetime, recycling rate, and electricity mix—were not included due
to the lack of robust project-specific and scenario-consistent data within the current scope.

3.4. Comparison

To benchmark the life cycle carbon performance of the Gaoyou onshore wind farm,
five Chinese wind farm LCA studies reported in the literature were selected for compari-
son. As shown in Table 4, the reported carbon intensities spanned a relatively wide range
(4.4-31.2 g COy-eq/kWh), suggesting that results differed substantially across projects and
studies even within the same national context. Nevertheless, even the upper end of wind
farm life cycle intensities remained orders of magnitude lower than fossil thermal genera-
tion; for context, China’s average CO; emissions intensity of thermal power generation in
2024 was reported as 823 g CO,/kWh [37].

Table 4. Comparison of carbon emissions intensity of other onshore wind power projects in China.

. . . Installed Carbon Intensity
Location Operation Time Type Capacity (MW) (/kWh) Ref.
Fastern 2012 Onshore wind farm 495 31.2 [38]
Inner Mongolia
Northern Anhui 2013 Onshore wind farm 48 7.6 [39]
Southern Inner 2009 Onshore wind farm 495 8.63 [34]
Mongolia
China unspecified \ Onshore wind farm 40 16.4~28.2 [40]
Eastern Xinjiang 2012 Onshore wind farm 49.5 4.4 [33]
This study 2018 Onshore 100 24.6 \
Gaoyou, Jiangsu wind farm

Although the carbon intensity reported in this study may appear slightly higher than
that of some Chinese wind farm LCAs (summarized in Table 4), this difference should be
interpreted primarily as a consequence of more comprehensive system coverage and more
realistic project representation, rather than inferior carbon performance. Many published
studies adopted simplified boundaries or relied heavily on generic datasets, which could
lead to systematic underestimation. In contrast, this study applied a complete, engineering-
consistent system boundary that explicitly included key infrastructure required to deliver
electricity to the grid. In addition, transportation was treated consistently across the life
cycle, including the transport of dismantled materials/wastes to recycling or disposal
facilities, thereby reducing boundary truncation and improving accounting completeness.
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Our study is consistent with representative Chinese wind LCA literature in adopting a
cradle-to-grave system boundary. Key differences are instead found in the functional unit,
curtailment normalization, and process resolution, as well as in how EoL recycling benefits
are operationalized. Xu et al. [34] defined the functional unit as 1 kWh electricity provided
by the 220 kV step-up transformer and reported plant-level curtailment in the operational
description, while Li et al. [38] evaluated wind electricity on a 1 kWh basis without explicitly
parameterizing curtailment in the functional-unit normalization. In contrast, we report
impacts per 1 kWh delivered/on-grid electricity and explicitly incorporate curtailment rate
by normalizing results to delivered electricity. Regarding construction-stage resolution, two
mentioned Chinese wind LCAs did not further break down construction into activity-level
sub-processes; consequently, construction machinery impacts are commonly represented
by aggregated diesel/gasoline consumption proxies, which may reduce accuracy when
equipment utilization, scheduling, and idling vary across sites and tower types. Finally, for
end-of-life, our baseline adopts an avoided-burden recycling approach, crediting recycling
via displacement of primary material production, and we state the substitution assumptions
transparently for comparability.

More importantly, the inventory in this study was grounded in project-specific, as-built
engineering data, enabling a more precise and transparent quantification of life cycle emis-
sions. Activity data for construction and installation were derived from project settlement
documents, material surveys, and design reports, and the construction stage was further de-
composed into subcategories and unit processes to capture material- and machinery-related
emissions in a manner consistent with actual construction practice. By combining this
high-resolution foreground inventory with China-representative background parameters
where available, the study provides a robust estimate of wind farm life cycle emissions
and yields more reliable hotspot identification and mitigation prioritization. Meaningful
benchmarking across projects will require harmonized reporting and modeling, including a
consistent reference boundary and transparent, standardized assumptions for curtailment
treatment and end-of-life allocation.

4. Discussion
4.1. Life Cycle Emission Reduction Pathways for Onshore Wind Farms

Rather than viewing wind power as “zero-carbon” in operation, the results highlight
that the achievable reductions depend on managing embodied emissions and end-of-life
credits under a complete system boundary. The case study demonstrates that the carbon
performance of an onshore wind farm is shaped by a portfolio of mitigation levers across the
full life cycle, rather than by a single stage-specific measure. Given that embodied emissions
from materials and civil works dominate the footprint while end-of-life management can
generate meaningful credits, effective carbon reduction should combine technology choices
at the design/manufacturing stage, low-carbon construction practices during delivery and
installation, and improved circularity at decommissioning.

First, equipment configuration and manufacturing-oriented choices can reduce em-
bodied emissions without sacrificing energy performance. In particular, turbine/tower
selection should be evaluated not only by cost and annual energy production, but also by
life cycle carbon implications. The scenario analysis indicates that increasing the share of
hybrid towers can reduce manufacturing-stage embodied emissions per unit of installed
capacity; however, the net advantage depends on end-of-life assumptions and recycling
performance, highlighting the need to assess tower options under consistent life cycle
conditions rather than relying on component-level comparisons.

Second, the transportation and construction-installation stages offer practical opportu-
nities for rapid emission reductions through “low-carbon construction”. A key direction is
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the electrification of transport fleets and construction machinery, replacing diesel-based
trucks and equipment with electric alternatives where feasible, supported by grid elec-
tricity and/or temporary on-site charging solutions [41]. Partial substitution with rail or
water transport—where feasible—would generally reduce transport emissions per ton-km
compared with road freight and therefore decrease Stage Il impacts, with the magnitude
depending on achievable modal share and last-mile trucking needs. Complementary mea-
sures include optimizing logistics to reduce unnecessary hauling, improving equipment
utilization and scheduling to avoid idling, and prioritizing low-carbon energy sources
for temporary power and commissioning activities. These actions directly target fuel-
related emissions and can be implemented through procurement requirements, contractor
management, and construction planning.

Third, further reductions can be achieved by strengthening end-of-life recovery and
recycling, especially for materials with large mass and high emission relevance. While
metals already provide substantial mitigation potential through recycling, additional gains
depend on improving the recovery of materials that are currently recycled at low rates
or treated via higher-emission routes. Advancing dismantling and sorting technologies,
expanding recycling pathways for difficult-to-recycle materials, and avoiding high-carbon
disposal options such as incineration where alternatives exist would increase recycling
rates and enlarge avoided-burden credits. Overall, these three directions—low-carbon
equipment choices, electrified /low-carbon construction, and enhanced circularity—form a
coherent life cycle mitigation strategy that aligns with the hotspots identified in this study
and provides actionable targets for wind farm developers and supply-chain stakeholders.

4.2. Enhance the Green and Low-Carbon Level of the Supply Chain

Green supply-chain governance determines the embodied emissions that are locked
into a wind farm before it starts operation and therefore sets the baseline of life cycle carbon
performance regardless of subsequent operational improvements. From a full life cycle
perspective, the largest share of emissions is often associated with material inputs across
manufacturing and construction, including turbine production and the steel and concrete
consumed during civil works. In this context, the carbon reduction challenge for wind
power investment is not limited to building more capacity, but also to reducing the carbon
footprint of what is built. Given that life cycle assessment allocates upstream embodied
emissions to the delivered electricity over the project lifetime, lowering embodied emissions
through cleaner materials and manufacturing processes directly improves life cycle carbon
intensity and complements system-level measures.

This logic places carbon disclosure and low footprint procurement at the center of wind
farm development policy and project governance. Encouraging manufacturers to disclose
product-level carbon information and requiring comparable, verifiable carbon footprint
data in tendering can steer procurement toward lower carbon turbines and lower carbon
construction materials. Contractual mechanisms can translate disclosure into action by
linking supplier selection and pricing to carbon performance attributes, while third-party
verification helps ensure credibility and reduces the risk of inconsistent accounting. For
construction-intensive inputs such as steel and concrete, procurement standards that favor
lower-footprint products can create a demand signal that incentivizes upstream carbon
reduction, making green supply-chain management an actionable pathway to reduce life
cycle impacts without waiting for disruptive technology shifts.

4.3. Coordinated “Source-Grid—Load—Storage” Planning to Reduce Curtailment

Curtailment rules and flexibility governance determine the effective utilization of wind
generation and therefore shape its life cycle carbon intensity when the functional unit is

https://doi.org/10.3390/pr14071045


https://doi.org/10.3390/pr14071045

Processes 2026, 14, 1045

20 of 24

defined on delivered electricity. Market-based dispatch, transparent curtailment accounting,
and investment incentives for flexibility are conducive to improving system absorption
and enhancing the climate value of variable renewables. With the rapid expansion of
wind capacity in resource-rich regions, wind power development has entered a stage in
which the core constraint shifts from installation to integration, and the industry faces the
challenge of reducing curtailment while maintaining cost-effectiveness and supporting
green development. Given that life cycle carbon intensity is calculated per unit of electricity
actually supplied to the grid, any electricity that is generated but not absorbed reduces
the denominator and increases the carbon intensity even if embodied emissions remain
unchanged, implying that policy-controlled curtailment becomes a decisive lever for carbon
performance. Scenario analysis results confirm that lowering curtailment consistently
improves carbon intensity by increasing the volume of delivered electricity and diluting
upstream embodied emissions over larger on-grid output. Thus, bold and effective policies
should be implemented to treat curtailment as a controllable outcome rather than an
unavoidable byproduct. For example, coordinated source—-grid-load-storage planning can
be mandated to align generation expansion with transmission reinforcement and flexibility
procurement [42]. In addition, market mechanisms that compensate storage and demand
response services can be strengthened to improve temporal matching between supply and
demand. Particularly, regions with concentrated wind deployment can be selected as pilots
for integrated flexibility markets and credible curtailment disclosure, so that the mitigation
benefits of wind power are realized through higher absorption and lower curtailment.

4.4. Improving the Accuracy and Comparability of Life Cycle Carbon Accounting

Improving the carbon performance of wind power requires not only technical and
system-level measures, but also a more accurate and comparable accounting framework.
For wind projects, reported life cycle carbon intensity can vary substantially across stud-
ies even when technologies are similar, largely because system boundaries, functional
units, data sources, and allocation choices are defined differently. This methodological
variability weakens cross-project comparability and may bias investment and policy deci-
sions. Strengthening LCA practice, therefore, becomes an enabling condition for credible
mitigation claims and for identifying the truly dominant levers along the value chain.

A core requirement is to standardize boundary and functional-unit definitions in a
way that reflects power-system reality. This study adopts delivered on-grid electricity
as the functional unit, so the denominator must be consistently defined as net electricity
injected into the grid, with explicit treatment of auxiliary consumption and curtailment to
avoid implicit shifts in carbon intensity driven by accounting choices rather than physical
performance. End-of-life modeling should be handled with equal clarity: recycling, disposal
routes, and the choice of allocation approach (cut-off versus substitution/system expansion)
need to be transparently reported and applied consistently, otherwise recycling credits can
dominate results or become incomparable across studies.

Methodological integration can address persistent data gaps along multi-tier supply
chains. Where engineering inventories are available, PLCA provides transparency and
traceability; where data are incomplete or inaccessible, input—output LCA can serve as a
structured backstop to capture upstream activities such as complex services and indirect
supplier contributions. A HLCA framework that combines both approaches can improve
completeness without sacrificing interpretability, provided that a clear mapping of which
modules are covered by process data and which are estimated by IO-LCA is established,
along with explicit “de-duplication” rules to prevent double counting at the interface
between the two methods.
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As for the evaluation method, this study focuses on life cycle greenhouse gas emis-
sions as the key indicator for evaluating the environmental performance of a wind farm.
Accordingly, the IPCC 100-year Global Warming Potential method was selected, as it allows
for a direct and robust assessment of carbon emissions throughout the full life cycle. While
multi-impact assessment methods such as ReCiPe could provide complementary insights
into broader environmental impacts, their application would significantly expand the scope
of the present study and introduce additional uncertainty in climate change assessment.
Future research could integrate ReCiPe or similar frameworks to explore trade-offs between
climate change impacts and other environmental categories under different physical and
regional conditions.

Recycling credits are sensitive to end-of-life allocation. Under the avoided-burden
approach applied here, recovered materials are assumed to displace virgin production,
generating negative credits. Under a cut-off (or allocation-at-point-of-recycling) ap-
proach, these credits would be reduced or excluded from the project system, increasing
net GHG intensity and potentially changing the magnitude of tower-type differences.
Therefore, conclusions regarding the size of recycling benefits should be interpreted as
method-dependent.

Data representativeness remains a major source of uncertainty, particularly when
inventories rely on a common database. While ecoinvent offers broad coverage and internal
consistency, its default datasets may not fully reflect local production routes, electricity
mixes, transport patterns, and construction practices. A limitation is the use of RoW/other-
region proxy datasets due to the lack of China-specific ecoinvent datasets, which may
introduce regional representativeness bias. A pragmatic pathway is therefore to couple
ecoinvent with incremental localization: prioritize high-impact contributors, replace generic
factors with domestic or project-specific data where feasible, and progressively build a
localized database over time. This effort should be supported by explicit data-quality
evaluation, uncertainty and sensitivity analysis for key parameters, and stronger primary-
data collection through procurement records, engineering quantities, transport logs, etc.
Together, these steps make LCA results more accurate, comparable, and decision-useful for
guiding green procurement, carbon disclosure, and system planning.

5. Conclusions

This study applied a project-grounded process-based LCA to a representative 100 MW
onshore wind farm in Gaoyou, Jiangsu, China, using an engineering-consistent system
boundary and a functional unit of 1 kWh of electricity delivered to the grid. The overall
life cycle GHG emission intensity of the wind farm was estimated to be approximately
24.6 g COz-eq/kWh. The results confirm that, while wind power is low-carbon in operation,
non-negligible embodied emissions arise across the life cycle and should be managed
explicitly when evaluating carbon-reduction benefits.

A key contribution of this work is the refined modeling of the construction and instal-
lation phase. By decomposing this phase into road engineering, wind turbine engineering,
booster-station engineering, and transmission line engineering and further into unit pro-
cesses that include both material and machinery inputs, the analysis provides actionable,
engineering-level hotspot identification. The findings indicate that steel- and concrete-
intensive civil works and related construction activities dominate emission drivers, which
is consistent with the sensitivity analysis showing that the total footprint is most responsive
to changes in steel and concrete quantities.
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Scenario analysis demonstrates that reducing wind curtailment and increasing end-of-
life recycling are effective pathways to lower emission intensity, because curtailment directly
reduces delivered electricity and recycling enlarges avoided-burden credits for recoverable
materials. The comparative assessment of tower configurations suggests that the carbon
advantage of hybrid versus steel towers is conditional on recycling performance when
end-of-life effects are included, highlighting the need to evaluate technology options under
consistent assumptions and complete boundaries rather than component-only comparisons.

Compared with published life cycle GHG intensities for onshore wind farms reported
in the literature, the estimated value for this project falls within the typical range and is
broadly consistent with studies adopting cradle-to-grave boundaries. Notably, differences
across studies are driven not only by site conditions but also by methodological choices,
particularly system boundary completeness, the treatment of curtailment, and end-of-
life allocation and recycling credits. By using as-built engineering data and explicitly
accounting for curtailment and end-of-life effects, this study improves transparency and
helps reconcile variability in reported carbon intensities across Chinese wind projects.

Overall, the study provides a transparent and replicable carbon accounting framework
and supports practical mitigation strategies across the full life cycle: low-carbon procure-
ment and green supply-chain governance for major materials and equipment, low-carbon
construction and logistics, strengthened circularity at decommissioning, and coordinated
“source-grid—load-storage” planning to reduce curtailment.

Future work should prioritize further localization of background datasets and im-
proved primary-data collection to reduce uncertainty and improve comparability across
Chinese wind projects. In particular, future studies should (i) develop or substitute China-
specific inventories for key upstream materials and energy supply chains where regional
proxies are currently used; (ii) strengthen construction-stage activity data by collecting site
records and equipment-hour logs to reduce reliance on aggregated fuel proxies; (iii) expand
scenario and uncertainty analyses beyond the foreground material inventory to include
influential parameters such as curtailment dynamics, lifetime assumptions, recycling per-
formance, and electricity-mix evolution; and (iv) test the robustness of conclusions under
alternative LCIA methods and characterization frameworks to evaluate the sensitivity of
results to impact-assessment choices.
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