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Abstract: As a clean form of energy utilization, wind power is important for alleviating climate
change. Although no direct carbon emissions occur in wind power generation, there exist upstream
carbon emissions from manufacturing and installation, which have indirect effects on both the
locations of wind farms and areas involved in upstream production and manufacturing. In this
paper, based on Input-Output based Life Cycle Analysis (IO-LCA), we explored the lifetime carbon
emissions of 378 wind farms in China that were still in operation in 2015. The regional distributions
of carbon emissions from wind farms during the whole lifetime were depicted. The embodied carbon
emission transfers from the location of the wind farm operation to upstream turbine manufacturing
regions were traced. The net emission reduction benefits among regions were also calculated. Results
show that carbon emissions mainly distribute in Liaoning, Inner Mongolia, and Tianjin in the turbine
manufacturing stage, with a total amount of 3.36 MT. Inner Mongolia contributes the largest carbon
emissions (5.94 MT) in the farm construction stage. Inner Mongolia has transferred about 0.99 MT
carbon emissions to itself and has the largest net emission reduction. Recognizing the carbon emission
transfer of wind farms and dividing the carbon emission reduction responsibilities among regions
may shed light on supply chain carbon emission reduction and provincial carbon quota allocation.

Keywords: life cycle analysis; carbon emissions; wind power; regional transfer

1. Introduction

In recent years, climate change has attracted more and more attention from the inter-
national community. As a type of clean energy, wind power can avoid energy consumption
and carbon emissions caused by the burning of fossil energy, and plays an important
role in reducing carbon emission and alleviating climate change. According to the report
of IRENA [1], the cumulative installed capacity of global onshore wind power would
grow more than threefold by 2030 relative to 542 GW in 2018. Although no direct carbon
emissions occur in the process of wind power generation, there exist upstream carbon
emissions from manufacturing and installation, which has indirect effects on both the
locations of wind farms and regions involved in upstream turbine manufacturing. The
regional distribution of lifetime wind farm carbon emissions is a global issue worthy to
be discussed.

To achieve the Paris climate targets, China also attaches great importance to carbon
emissions reduction. At the 75th UN General Assembly held in 2020, China clearly put
forward the goal of “achieving carbon neutrality by 2060”. Under China’s current energy
structure, carbon emissions from the power sector account for more than 45% of the coun-
try’s total emissions, making it the key of national carbon emission abatement. To transiting
to a clean and low carbon power generation structure, renewable power, especially wind
power, is attracting more and more attention. The State Council proposed that the installed
capacity of wind power was expected to reach more than 1.2 billion KW in Action Plan for
Carbon Dioxide Peaking Before 2030 on 26 October 2021.
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In addition to direct energy saving and emission reduction benefits, large-scale wind
power substitution in China will bring large amounts of indirect carbon emissions due to
upstream inputs such as turbine manufacturing and wind farm construction. Furthermore,
it will bring about a carbon emission spillover effect among regions in China from a supply
chain perspective. In April 2018, the State Council proposed to carry out quota distribution
according to the basic data submitted by different regions and the characteristics of relevant
industries. The carbon emission reduction responsibilities and initial carbon quota distribu-
tion in different provinces will become the focus of local governments. Recognizing the
carbon emission transfer of wind power industry among different regions may contribute
to exact carbon responsibility assignment. Therefore, it is necessary to calculate the indirect
carbon emission of wind power, mapping the regional distribution of direct and indirect
carbon emissions, and tracing the inter-regional transfer of emissions embodiment in a
lifetime perspective, which may contribute to the establishment of fundamental database
that serve carbon emission quota distribution.

Although many scholars have provided basic methodologies for wind power envi-
ronmental impact accounting [2-5], a systematic framework should be established from
a life cycle perspective to improve the accuracy. At present, life cycle analysis (LCA) of
the environmental impact of wind farms in various regions have been widely discussed.
Xu et al. [6] conducted a life cycle assessment of Saihan wind farm in Inner Mongolia and
compared its environmental impact with the coal-fired and natural gas power plants with
a similar megawattage in China. After assessing lifetime carbon emissions of the first wind
farm installed in Libya, Al-Behadili and El-Osta [7] found that wind energy generated
the lowest CO, emissions per kilowatt-hour of power generation comparing with fossil
fuel fired and other renewable power generation forms. Alsaleh and Sattler [8] conducted
a life cycle analysis of large onshore wind turbines in the United States, including all
stages of materials acquisition, manufacturing, transportation, installation, operation and
maintenance, and end of life, and analyzed the impacts on the environment, human health,
and resource consumption.

However, most of the current studies focus on a single wind farm at the micro scale,
considering the actual material consumption, and applying bottom-up process-based
life cycle assessment for environmental impact assessment. Although the results are
specific and accurate, the bottom-up process-based life cycle assessment is not suitable for
evaluating the environmental impact of large-scale wind power integration at the macro
scale [9]. Many scholars have combined the input-output method with traditional life cycle
assessment in order to overcome the shortcomings of process life cycle assessment [10-12].
Compared with process life cycle analysis (PLCA), input—output-based life cycle assessment
(IO-LCA) provides methodological support for environmental impact analysis of the power
sector from a macro perspective. This top-down research method has been widely used
in global, urban, and sectoral carbon emission accounting [13-20]. Many scholars have
quantitatively analyzed the environmental impact of the energy and power sectors using
this method. For example, Wang et al. [21] combined process-based life cycle analysis with
input—output analysis to assess the triple effect of bioethanol production on the society,
economy, and environment. Combining the input—output analysis, Hertwich et al. [22]
established a global life cycle assessment model for the environmental impact assessment
of the global long-term and large-scale renewable energy power generation, based on
which the environmental performances of different renewable energy power generation
technologies were compared. Li et al. [23] quantitatively analyzed the water consumption
and CO; emissions caused by wind power in China by using the environmental input-
output model. Nagashima et al. [24] disaggregated the input-output table and analyzed the
impact of wind power on the environment, energy consumption, and the entire economic
system. Xu et al. [25] assessed the carbon dioxide (CO;) emissions, water consumption,
and water quality of pulverized coal, wind energy, and solar power generation in Inner
Mongolia by applying the environmental input—-output analysis and integrating PLCA with
IO-LCA assessment. PLCA and IO-LCA have also been combinedly used to evaluate the
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life cycle CO, emissions of a typical biodiesel supply chain, incorporating process-specific
data of rape methyl ester (RME) production and inputs from higher upstream processes
such as chemical inputs, mining, transportation, banking, equipment, etc. [26].

In summary, the environmental impact assessment of wind power has been extensively
discussed in existing studies, especially carbon emission accounting. Although the lifetime
accounting of carbon emissions of wind farms has been widely conducted, the following
issues still need to be further explored: Most of the existing research mainly focuses on a
single wind farm, using the process life cycle assessment to establish a detailed material
list and calculates the carbon emissions during the life cycle of a wind farm. Macro studies
on the impact of wind power penetration on carbon emission still need to be further inves-
tigated. In addition, as the whole life cycle of wind power generation occurs in different
regions, wind turbine manufactory, wind farm construction and operation will generate
carbon emissions at different places, i.e., wind power generation will inevitably foster both
onsite and offsite emissions. Therefore, it is important to further clarify the spillover effects
of carbon emissions among regions driven by wind power. The contributions of this paper
include: (1) Carbon emissions based on LCA and reduction benefits are evaluated at the
national level. (2) The transfer of carbon emissions from wind power generation among
different provinces in China is depicted, which reflects the spillover effects on a provincial
scale and helps assign clear responsibility for emission reductions in different regions. The
methodological framework proposed in this study can be used to identify the key points of
carbon emissions from wind power, and clarify the emission responsibilities of different
regions at the both national and global level.

2. Methodology
2.1. Methodological Framework

The proposed methodological framework is shown in Figure 1. The first step is to
define the system boundary. It generally includes the turbine manufacturing stage, wind
farm construction stage, and operation stage. The second step is to compile the material
input lists of different kinds of turbines. The third step is to classify material inputs into
related sectors of IO or MRIO. The carbon footprint of wind farms over the life cycle is then
calculated using Equations (1) and (2). In this paper, the IO-LCA model was employed. In
particular, based on the basic model, we extended IO to MRIO to explore carbon emissions
generated by construction and operation of wind farms in different regions. Based on
the modified model, the actual carbon emissions at different regions and the transfer
of carbon emissions from wind power generation among different provinces in China
can be accurately depicted, which reflects the spillover effect on a provincial scale and
helps assign clear responsibility for emission reductions in different regions. Furthermore,
direct emissions reduction benefits and net emissions reduction benefits were calculated,
which demonstrates the positive or negative impacts of wind power development on
different regions.

2.2. I0-LCA

LCA is a bottom-up and process-based environmental impact assessment method.
LCA can be classified into process life cycle analysis (PLCA), Input-Output based Life
Cycle Analysis (I0-LCA), and Hybrid LCA [27-29]. PLCA is often used to analyze the
indirect environmental effects associated with a production process. However, there will
be obvious truncation errors in the calculation, when the system boundary is defined.
Although hybrid analysis has more advantages than the other two methods, it is more
complicated. Different from the above-mentioned methods, IO-LCA can avoid truncation
errors caused by inaccurate system boundary settings, thereby analyzing a complete life
cycle of a certain product.
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Figure 1. Methodological framework.

According to existing studies, IO-LCA is often used to assess wind farms carbon
emissions during entire lifetime. The calculation of the IO-LCA model is based on the
IO table. Input—output analysis is a top-down method that represents the monetary flow
among different economic sectors. It reflects the interrelationship among different economic
sectors through the production and consumption of intermediate sectors [30]. Assuming
that each industry consumes outputs of other industries in fixed ratios in order to produce
its own unique and distinct output, the basic input-output model can be described as

X=(I-A)"'xy 1)

where A is the direct consumption coefficient matrix of n x n. The element a;; of A represents
the direct input of products or services of sector i required by sector j to produce one unit
of product or service; I is an n X n unit matrix; the vectors X and Y of n x 1 represent the
total output and final demand of each sector, respectively.

Once the lifetime data for a product or service is captured, combining the environ-
mental emission coefficient of each sector and the monetary interactions among economic
sectors in the input-output table, the IO-LCA can capture all upstream emissions (such as
carbon emissions) of the concerned material inputs within the system boundary, as shown
in Equation (2). The details of IO-LCA can be referred to the work of Joshi [31].

CE=k x I-A)"'xY )

where k is an environmental burden coefficient matrix, which shows the amount of carbon
dioxide emission per unit of economic output for each industry. (I —A) ~!is the Leontief
inverse matrix, and Y is the diagonal matrix, which represents the final demands of different
sectors. In this study, the Y matrix is constructed by classifying the material inputs (in
monetary unit) of different turbines in different provinces into the corresponding sectors
of the multi-regional input-output table, i.e., matrix Y represents the demand for meeting
requirements of turbine manufacturing or wind farm construction. Then the economy-wide
total (direct and indirect) environmental burden associated with an exogenous demand
vector Y was calculated and represented as CE.

2.3. I0-LCA of Wind Farms in China

In this paper, assuming the lifetime of wind farms is 20 years, wind farms that were
built and put into operation from 1995 to 2015 are focused on. The lifetime carbon emis-
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sions of 378 wind farms in China are explored, covering turbines with installed capacity
of 1.5 MW, 2 MW, 3 MW, 0.85 MW, 0.66 MW, and 1.25 MW. The materials used in the
manufacturing of different turbines and construction of wind farms are compiled, while the
geographical locations of the wind farms are mapped, based on which the lifetime carbon
emissions of wind farms in each region are calculated using the IO-LCA method (mainly
considering turbine manufacturing, and construction and operation of the wind farm).
Moreover, the upstream carbon emissions of wind farms in each region are located, and the
transfers of carbon emission embodiment driven by wind power generation are traced. The
carbon budget due to wind power penetration in each region is also assessed and compared,
which may shed light on wind power deployment at regional and national scales.

2.3.1. System Boundary

The system boundary of the concerned wind farms is shown in Figure 2, which mainly
includes the construction of wind farms, the manufacturing of upstream wind turbines, and
operation. Since the data of the routes of material and equipment transportation were not
available, the transportation stage, which accounted for only 5.6% of total emissions, was
not taken into consideration [32]. As all the concerned wind farms are still in operation, the
disposal stage is not considered. The construction of a wind farm includes the installation
of power equipment, on-site transportation and storage, metering and transportation
equipment, and other manufacturing and technical services. The turbine manufacturing
includes metal and non-metallic materials, chemical products, petroleum coking processing
products, electrical machinery and equipment. Soil and water conservation and equipment
replacement are mainly considered in the operation and maintenance stage.
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Figure 2. System boundary.

2.3.2. Preparation of the Material List

The material inputs of wind turbines are collected from previous studies [8,33-37],
based on which inventories for different wind turbines were compiled. As shown in
Table 1, the inventory of six types of wind turbines with rated power of 1.5 MW, 2 MW,
3 MW, 0.85 MW, 0.66 MW, and 1.25 MW was listed. The materials inputs in the turbine
manufacturing stage and the foundations used in the construction stage are displayed
in physical unit, while other inputs in the construction stage and the operation stage are
displayed in monetary unit.
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Table 1. Material inventory for six types of wind turbines.
Stages Inputs 0.66 MW 0.85 MW 1.25 MW 1.5 MW 2 MW 3 MW
Material Mass (t) Material Mass (t) Material Mass (t) Material Mass (t) Material Mass (t) Material Mass (t)
Steel 66.43 Steel 90.86 Steel 101 Steel 193.31 Steel 237.21 Steel 222.34
Polyethene 11.38 R-F 20.07 Tron 17.1 Cast 21.03 Cast 23.64 R-F 5.02
ron ron
Al 8.37 Iron 19.20 i?;t 114 Copper 15.4 Fiberglass 11.24 Iron 4.80
Cast iron 6.00 Copper 1.05 R-F 6.60 Concrete  12.00 Casting ~ 9.49 Copper 3.99
Polybutadiene  5.14 Paint 0.93 Fiberglass  4.40 Fiberglass 7.48 Concrete  7.20 Al 2.31
on
g GRP 495 Al 0.60 Copper 3.80 Paint 5.29 Al 4.07 Paint 1.24
5
=1 - Epox
§ - Copper 376 PVC 0.18 Silica 0.40 PPOXY 455 Polymer ~ 3.83 PVC 0.70
g & ;
S < Turbine Painting 0.39 Polyester ;14 Carbon 5 7
= £ resin fiber
1 -
:E 'E“ Polypropylene 0.12 Iron 1.55 GRP 1.89
[E’ Lubricant 0.11 Electronics 2.47 Copper 155
PVC 0.07 PVC 1.99 Adhesive 1.36
Bronze 0.01 G:iilir 0.94 Lubricant 1.28
Polyethene 0.69 Wires 1.28
Al 0.23 Panting  0.65
Polyamide 0.23 Paint 0.63
Others 3.85 China 0.01
Brass 0.04
Concrete 4097.28 Concrete 480 Concrete 365 Concrete 575 Concrete 1116 Concrete 1140
Foundation
Steel 122.53 Steel 15 Steel 435 Steel 39.54 Steel 58.53 Steel 36
El_ectric 39.01 50.24 73.89 88.67 118.22 177.33
equipment
e Transport and 4.09 5.26 7.74 9.29 12.38 18.57
8 - storage
4 =
o o M t .
1 etering
‘E 2 equipment 0.17 0.21 0.32 0.38 0.51 0.76
a2 ]
S g Traffic
I3
o @ equipment 0.93 1.20 1.77 212 2.83 4.24
o
B
= Oﬁhef manu- 123.01 158.40 232.98 279.58 372.77 559.16
b acturing
F
= Tsed“}‘cal 4891 62.99 92.64 111.16 148.22 222.33
] ervices
=]
] £ Equipment
_% < replacement 1.13 1.46 2.14 2.57 3.43 5.14
b
g Soil and water
8-' conservation 5.11 6.58 9.68 11.62 15.49 23.24

Note: Al: aluminum, R-F: Resin fiber, GRP: Glass reinforced plastic.

The geographical distributions of wind farms were located and mapped by ARCGIS.
Figure 3 shows the distribution of 866 Chinese wind farms based on the global wind
power data released by S&P Global Market Intelligence LLC. Due to data availability, only
378 wind farms (marked in red dots in Figure 3) are taken into consideration.

On the basis of turbine brands and types, we further found out the specific province
where the wind turbine manufacturer of each wind farm was located, so that the province
where each wind farm was located can be linked to the upstream province where the
turbine was manufactured. The physical units of material inputs were then converted into
monetary units according to price of the material. Based on the MRIO table of the year
2002, 2007, 2012 and 2015, the material inputs in monetary unit were further classified into
the corresponding sector of the relevant MRIO table according to the national economic
industry classification (GB/T4754-2017), as shown in Table 2.
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Figure 3. Distributions of wind farms by province.

Table 2. Correspondence of MRIO and materials inputs.

Sector of National Economy

Sector Code MRIO Sectors Sector Code Industry Classification
Nonferrous metals, ferrous metals, rare metal
14 Smelting and Pressing of Metals 31,32 smelting and calendering processing, alloy
manufacturing
12 Raw Chemical Materials and Chemical 2% Chemical raw materials and chemical
Products roducts manufacturing
Crude oiFand oil products manufacturing,
11 Petroleum Processing and Coking 25 synthetic crude oil production, processing of
nuclear fuel
17 Transportation Equipment 36 Automobile manufacturmg and spare
parts manufacturing
. .. Communication transmission equipment,
19 Electronic ar]1€d Telecommunications 39 electronic computers, electronic components
quipment f .
Manufacturing g}airrlllélfsctt;il;ir;%tomatic control
20 Instruments, M;f:g}s{ig;ltural and Office 40 system, electrical instruments and meters,
y environmental testing equipment, etc.
04 Construction 49,59 Bulldlr}g engineering, construction services,
building installation and decoration
Road cargo transport, cargo storage, loading,
25 Transportation, Storage, Post 54,59 unloading, handling, and other
transport services
Scientific research and technology services,
30 Other Service 74,76,77,78 water conservancy, environment, and public
facilities management
13 Nonmetal Mineral Products 30 Cement, stone, brlf:k and tile, and glass and
glass fiber products
Manufacturing of electrical machinery, wire,
18 Electric Equipment and Machinery 38 cable and other power stations, electrical

machinery, and equipment
production equipment

In terms of matching material inputs with the MRIO table, given that most of ma-
terials are produced locally except for a few provinces that lack the enterprises produc-
ing certain materials, it is assumed that manufacturers of wind turbines only use lo-
cally produced materials, i.e., material inputs are classified into the final demand Y of
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provinces where wind turbine manufacturing and wind farm construction take place.
If there are no relevant raw material production enterprises in a province, considering
the minimization of transportation costs, it is assumed that materials from neighboring
provinces will be imported. In this way, for example, if Jilin lacks copper manufactory
enterprises, copper from neighboring provinces will be imported to Jilin for wind tur-
bines manufactory. Table 3 shows the distributions of enterprises producing raw materials
used for wind turbine manufactory by Tian Yan Cha (Enterprise information website:
https:/ /www.tianyancha.com/?jsid=SEM-BAIDU-PZ-5Y-2021112-JRGW) (accessed on
29 June 2021).

Table 3. The number of enterprises producing main materials of turbines.

Province Iron and Steel Copper Aluminum Glass Fiber Resin
Anhui 33 9 63 29 37
Beijing 3 0 0 3 1
Fujian 40 2 42 19 10
Gansu 10 2 66 3 0

Guangdong 77 8 241 40 69

Guangxi 10 5 77 4 1

Guizhou 6 1 91 0 1
Hainan 4 0 7 0 0
Hebei 114 3 125 26 9
Henan 51 8 135 18 5

Heilongjiang 10 0 21 3 0
Hubei 46 1 57 11 12
Hunan 30 14 140 8 18
Jilin 15 0 27 7 1
Jiangsu 118 6 328 95 50
Jiangxi 19 26 60 14 8
Liaoning 58 6 122 19 8
Inner
Mongolia 12 7 44 6 1
Ningxia 6 2 5 0 1
Shandong 89 6 83 72 46
Shanxi 21 1 80 4 0
Shaanxi 24 2 69 4 7
Shanghai 10 1 52 7 10
Sichuan 17 10 83 16 11
Tianjin 77 1 62 5 14
Xinjiang 19 3 31 9 0
Yunnan 7 11 66 0 2
Zhejiang 25 6 80 42 28
Chongging 10 2 45 7 5

2.3.3. Data Sources

The 2002, 2007, 2012, and 2015 China multi-regional input-output tables that used to
calculate embodied carbon emission of wind farms come from China Emission Accounts
and Datasets (CEADS) and Pan et al. [38]. The carbon emission factors of different sectors
in different regions were compiled from the provincial carbon emission data published by
CEADS. According to the “China Energy Statistical Yearbook 2015”7, “China Electric Power
Yearbook 2015”7, and “2015 Electric Power Industry Statistics Collection”, the emission
factors of the electric power sector in each region were calculated, which were used to
calculate the direct emission reduction benefits of wind power penetration. The data of
wind farms in China were collected from S&P Global Market Intelligence LLC, including the
information of location, installed capacity, turbine size, construction year, etc. Compared
with other studies, we have more comprehensive and accurate accounting of carbon
emissions of wind farms by combining plant-by-plant wind farm data with macro input-
output table.
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3. Results and Discussion

Figure 4 shows carbon emissions per unit of electricity generation. Turbines with
capacity larger than 1.5 MW show that the larger the installed capacity of the turbine is, the
lower carbon emissions per unit of electricity generation are. This is consistent with the
results of previous studies. However, for turbines with installed capacity less than 1.5 MW,
as the amount of metal (such as iron and steel, etc.) consumption of 1.5 MW turbine is
much larger than other turbines (1.25 MW, 0.85 MW, and 0.66 MW), carbon emissions of
1.5 MW are much higher than those of other turbines.

3.0<107 4

25107

2.0x107

1.0-107 4

5.0x10°

Carbon emissions per unit of electricity gencration
(MT/MWh)

0.0 T T T T T T T T T ' T
0.66 MW  085MW 125MW 15MW 2 MW 3 MW

Figure 4. Comparison of carbon emissions of different types of wind turbines.

The bars in Figure 5 show the lifetime carbon emissions (MT) of wind farms in different
provinces, including direct carbon emissions caused by the construction of wind farms
and the upstream indirect carbon emissions driven by turbine manufacturing. The total
carbon emissions of Inner Mongolia and Ningxia far exceed those of other regions, reaching
7.74 MT and 2.64 MT, respectively. Due to the rich wind resources in Inner Mongolia and
Ningxia, large numbers of wind farms have been built, leading to the high-lifetime carbon
emissions in these areas. Figure 5 also shows that the proportion of carbon emissions from
wind farm construction exceeds those of turbine manufacturing in the whole lifetime. For
example, the proportions of carbon emissions from wind farm construction of wind farms
located in Inner Mongolia and Ningxia are 76.76% and 73.48% of total carbon emissions,
while their carbon emissions from turbine manufacturing account for 23.24% and 26.52%,
respectively. At the national level, carbon emissions from turbine manufacturing account
for 25.15% of total emissions, and wind farm construction accounts for 74.85% of total
emissions. The line in Figure 5 shows the carbon emissions per unit of wind power
generation (t/kw-h); that is, the ratio of the total carbon emissions from wind farms to the
wind power generation in a specific region. As shown in Figure 5, the carbon emission
per kw-h of wind power generation fluctuates significantly among different provinces.
Some provinces have relatively large carbon emissions per unit of power generation such
as Guizhou, Ningxia, Xinjiang, Hubei, Gansu, Sichuan, etc. According to data up to 2015,
provinces such as Guizhou and Sichuan have poor wind energy resources, resulting in
less installed capacity. This factor may attribute to large carbon emissions per unit of
power generation. As for Northwest China (Ningxia, Xinjiang, Gansu, etc.), the high
wind curtailment rate leads to large carbon emissions per unit of power generation. For
example, in 2015, the wind curtailment rate in Xinjiang and Gansu reached 32% and
39%, respectively.
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Figure 5. Total carbon emissions and emissions per unit of electricity generation in each province.

Figure 6 shows the sectoral distribution of CO, emissions that generated from wind
turbine production and wind farm construction. Among those economic sectors, the
Smelting and Pressing of Metals sector, the Nonmetal Mineral Products sector, and the
Construction sector, respectively, account for a large proportion of 21.45%, 25.53%, and
34.01% of total carbon emissions of all provinces. Taking Inner Mongolia as an example,
turbine manufacturing requires a large number of both metal materials, such as steel,
iron, copper, and chemical materials (e.g., epoxy resin), the Smelting and Pressing of
Metals sector, and the Raw Chemical Materials and Chemical Products sector account for
77.69% and 13.49% of total emissions, respectively. The construction of wind farms requires
not only building foundation and infrastructure, but also installing power generation
equipment and laying cables. Therefore, the proportions of the Nonmetal Mineral Products
sector and the Construction sector are 36.59% and 38.68% of total emissions, respectively.
The situation of other provinces varies slightly due to different material costs.

Wind turbines are the main components and core power generation units of wind
farms. It can be seen from Figure 6 that the construction of wind farms has stimulated the
upstream turbine manufacturing and driven a large number of carbon emissions. However,
the locations of many wind farms are different from that of turbine manufacturers, and the
construction of wind farms in a certain region may drive carbon emissions in upstream
turbine production regions. Based on the above analysis, if the turbine manufacturers’
upstream raw material production enterprise is located locally, the local raw materials will
be used by turbine manufacturer according to the cost minimization principle, and carbon
emissions of turbine manufacturing will take place in the local area. Then carbon emissions
will be transferred from provinces where wind farms are built, to provinces where wind
turbines are manufactured. If raw materials for wind turbine manufacturers cannot be
satisfied locally, materials from both local and neighboring enterprises will be used, leading
to the carbon emissions transfer from wind farms construction provinces to not only turbine
manufacturing provinces, but also upstream raw materials supply provinces.
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Figure 6. Proportion of carbon emissions from different sectors in each province.

Figure 7 reflects the flows of embodied carbon emissions caused by the transfer of
turbines among provinces. Different colors on the circle represent different provinces.
The width of the arc connecting the circles represents the amount of embodied carbon
transference. If an arc connects two different provinces in different colors, it indicates
that carbon emissions are transferred from the province with same color as arc to another
province with a different color from the arc (indicating the direction of flow). From the
perspective of the turbine manufacturing provinces, it is obvious that Inner Mongolia is
the biggest turbine manufacturing provinces. Most of the turbines manufactured in Inner
Mongolia were used locally, which account for 73.18% of the total carbon emissions from
turbines manufactory in Inner Mongolia. Except for local demand of wind turbines, other
turbines in Inner Mongolia were delivered to nearby provinces such as Hebei, Xinjiang,
and Heilongjiang. Therefore, the embodied carbon emissions from Hebei, Xinjiang, and
Heilongjiang that are transferred to Inner Mongolia constitute 7.43%, 6.53%, and 4.39%
of Inner Mongolia’s total carbon emissions, respectively. Moreover, it is shown that large
numbers of turbines manufactured in Tianjin are used in Inner Mongolia. Therefore, Inner
Mongolia transferred 0.56 MT carbon emissions to Tianjin, accounting for approximately
41.80% of the total carbon emissions from Tianjin’s turbine manufacturing. The third largest
turbine manufacturing province is Liaoning. Turbines in Liaoning are mainly transferred to
Hebei, Inner Mongolia, and Xinjiang, resulting in 28.21%, 16.71%, and 12.11% of Liaoning’s
total embodied carbon emissions, respectively. From the perspective of the province where
the turbines are used, Inner Mongolia mainly used the turbines from its local manufactory,
Tianjin and Liaoning. Therefore, carbon emissions for meeting its own turbine demand
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account for 55.05% of total carbon emissions transferred from Inner Mongolia, and 31.13%
and 6.15% of carbon emissions transferred from Inner Mongolia are delivered to Tianjin
and Liaoning, respectively. For Ningxia, it is worth noting that turbines used in Ningxia
are mainly supplied by itself, generating 52.82% total carbon emissions transferred from
Ningxia. Moreover, large number of turbines were imported from neighboring provinces,
such as Gansu, Tianjin, etc. The transference of carbon emissions to these provinces
account for 25.36%, 15.23% of the total carbon emissions transferred by Ningxia. Based
on the analysis above, provinces such as Liaoning, Inner Mongolia, and Tianjin have
manufactured a large number of turbines for other provinces and generate a large number
of carbon emissions due to turbine manufactory. Provinces such as Ningxia and Inner
Mongolia have transferred a large number of carbon emissions to other provinces, and
although the local carbon emission burden was alleviated, the environmental burden of
upstream turbine manufacturing provinces was aggravated.

v,
LY
"\\\ e

[

£5%
77X

Figure 7. The transfer of embodied carbon emissions among provinces.

Figure 8 shows the distribution of carbon emissions from turbine manufacturing and
wind farm construction, and the emission reduction benefits in different provinces. The
direct emission reduction benefit refers to the reduction in carbon emissions due to wind
penetration, which is calculated by multiplying the on-grid wind power and the baseline
emission factors of each province. At the national level, the total emission reduction benefits
are very significant and reach 1.47 x 108 T. Moreover, it can be seen from Figure § that
some provinces have significant wind power emission reduction benefits, such as Inner
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Mongolia (5.32 x 107 T), Shandong (1.15 x 107 T), Hebei (1.05 x 107 T), Jilin (9.75 x 10° T),
Heilongjiang (7.85 x 10° T), Fujian (7.16 x 10° T), and Ningxia (7.04 x 10° T). Due to
rich wind energy resources, these provinces have large amounts of installed capacity and
longer hours of operation for power generation, resulting in significant emission reduction
benefits. Generally speaking, the more abundant the wind resources are, the more hours of
operation for power generation are, the more carbon emission will be reduced.

N Installed Capacity (MW)

A | 0.0000

| 0.0001-142.9000

P 142.9001-290.9000
B 290.9001-676.6200
B <76.6201-972.1000
B 572 100115658500
B s65.5501-4513.1600

Al

|:| Turbine manufacturing carbon cmissions (T)

l:l Carbon emissions from wind [arm construction {1
I:I Carbon emission reduction benefits {T)

& -

0 215 430 860 Miles ‘ .

S B e B B e L |

Figure 8. Distribution of carbon emissions and emission reduction benefits in different provinces
(Note: Figure 8 shows the logarithm of real value).

Figure 9 shows the comparison of total carbon emissions and direct emission reduction
benefits in different provinces, as well as the net emission reduction effects. The overall
net emission reduction benefits of wind power in China are positive, reaching 118.89 MT.
As shown in Figure 9, regions with obvious net emission reduction benefits include Inner
Mongolia (45.95 MT), Shandong (9.62 MT), Hebei (8.49 MT), Jilin (8.02 MT), Heilongjiang
(6.73 MT), Gansu (4.92 MT), Shanxi (4.85 MT), Ningxia (4.59 MT), and Liaoning (3.95 MT).
In these provinces, due to the abundant wind resources and stable wind speed, lots of
wind farms are built, resulting in large installed capacity and large wind power generation.
Therefore, there are prominent emission reduction benefits due to wind power penetration.
Provinces with negative net emission reduction impacts are Tianjin (—2.799 MT), Beijing
(—0.06.7 MT). In these provinces, the direct emission reduction benefits due to wind power
generation are lower than the carbon emissions generated by turbine manufacturing or
wind farm construction, i.e., extra carbon burden is exerted on these provinces to support
the national wind power development.
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Figure 9. Emission reduction benefits of each province.

4. Uncertainty Analysis

LCA may results in slightly different results when different methods are employed. To
ensure the accuracy of our results, uncertainty analysis was conducted. In this assessment,
the uncertain parameters include: A (direct consumption coefficient in IO table) and Y
(material inputs). For A (direct consumption coefficient) in Equation. (2), the 2002-2015
MRIO tables were used to ensure that the changing characteristics of the industrial structure
in the research period are reflected. In terms of Y, the uncertainty of material inputs in
inventory analysis was reduced by investigating engineering details and choosing the
most reliable data sources from different databases. In addition, the results of this paper
are compared with the results of other studies, as shown in Table 4. The results from
other studies show that turbine manufacturing carbon emissions account for 25.1-46.87%
of total carbon emissions and construction and operation carbon emissions account for
36.64-76.74% of total carbon emissions. The results we get obtained in this study fall within
this interval, reflecting its rationality and creditability.

Table 4. Comparison with other research results.

Manufacturing (%)  Construction & Operation (%) Wind Turbine Reference
* 76.74% 2 MW [30]
25.10% 72.3% * [32]
30.01% 66.90% 850 KW [39]
30% 70% 1.5 MW [40]
46.87% 36.64% 1.5 MW [2]
25.15% 74.85% Six types of turbines  In this study

Note: * means that the section is not considered in the study.
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5. Conclusions and Policy Implications

This paper established an IO-LCA framework to account for the lifetime carbon
emissions of 378 wind farms. The carbon emissions from the turbine manufacturing,
wind farm construction, and operation stages were considered under the LCA framework.
The IO-LCA was used to calculate the regional and sectoral distributions of total carbon
emissions. Moreover, the embodied carbon emission transfers from the location of wind
farm operation to upstream wind turbine manufactory regions were traced. Compared
with the baseline emission factors of each province, the net emissions reduction effect of
each region was calculated due to the development of wind power. The main conclusions
and policy recommendations are as follows:

Concerning different types of wind turbine, turbines with lower carbon emissions per
unit of power generation should be promoted. As the materials used in manufacturing
are mainly concentrated in the Smelting and Pressing of Metals sector and the Nonmetal
Mineral Products sector, the key is to reduce carbon emission in material production.
Investment in research and development (R&D) should be increased to reduce carbon
emissions in equipment manufacturing. At the same time, as the operation stage also
includes the replacement of turbine parts, green materials should be considered as a
priority. For example, the blades can be made of carbon fiber as a substitution. Carbon
emissions from wind farm construction are mainly concentrated in the Nonmetal Mineral
Products sector. Therefore, in the construction stage of wind farm, green building materials
should be used. Moreover, construction plans should be reasonably formulated and the
utilization efficiency of construction machinery should be improved to reduce carbon
emissions.

At the national level, the net emission reduction benefits brought about by the devel-
opment of wind power are far greater than the lifetime carbon emissions. Considering the
transfer of carbon emissions among provinces, for instance, 28.21% of the carbon emissions
of turbines manufactory in Liaoning are driven by demands on wind turbines in Hebei,
Xinjiang, and Inner Mongolia. Therefore, regions (such as Hebei, Xinjiang, and Inner
Mongolia) that delivered carbon emissions to other regions should bear more emission
reduction responsibility and should provide financial and technical support to other high
emission regions (like Liaoning). For the regions (such as Liaoning) that bear more carbon
emissions to support the wind power development of other regions, a higher initial carbon
quota should be allocated. Meanwhile, the local government should give subsidies to guide
the reasonable layout of wind turbine manufacturers in different provinces.
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