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Abstract

As a new and cost-effective renewable energy power generation technology, offshore wind power is getting more and more
attention. The development of offshore wind power industry is affected by policy-making, technology management, resources
and environment, market supply and demand, and the relationship among the influencing factors is complex. This paper analyzes
the factors that affect offshore wind power industry from a unique and comprehensive perspective. Fourteen factors are selected
and interpretative structural model (ISM) is established to study the relationship between the influencing factors of offshore wind
power industry. The results show that 14 influencing factors can be divided into five levels: the first level is the surface factors,
including the economic incentive policy, operation mechanism, industrial chain, energy market mechanism, investment, and
financing mechanism; the second and third levels are the intermediate factors, including generation cost, operation management,
and offshore wind power technology; the fourth and fifth levels are deep-seated factors, including development planning and grid
price, site selection, R&D investment, environmental protection policy, and offshore wind power supply. Deep-seated factors
have a direct impact on the intermediate factors, the intermediate factors have an important impact on the surface factors, and the
surface factors directly affect the development of offshore wind power industry. The influence of the 14 factors selected in this
paper on offshore wind power industry is from bottom to top, from deep to shallow.
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Introduction China’s commitment to achieve carbon neutrality by 2060
and increase the national contribution to CO, emission reduc-

On December 12, 2020, in the climate ambition summit,  tion will play a positive role in strengthening the domestic

President Xi Jinping announced that by 2030, the CO, emis-
sions from China’s gross domestic product will drop by more
than 65% compared with 2005. The proportion of non-fossil
energy to primary energy consumption will reach 25%, and
the total installed capacity of wind power and solar power will
reach 1200 GW. The declaration further improves the bottom-
line standard of CO, emission reduction target and clearly
puts forward the target of installed capacity of wind power
and solar power for the first time (New China Net 2020).
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determination of low-carbon transformation and the confi-
dence of global climate governance, but it also faces huge
challenges. In recent years, China’s wind power development
has made great achievements, especially the offshore wind
power. In 2020, the new installed capacity of wind power in
China reached 71.67 million kilowatts, including 68.61 mil-
lion kilowatts for onshore wind power and 3.06 million kilo-
watts for offshore wind power (NEA 2021). Offshore wind
power is set to grow globally to 228 GW by 2023 and poten-
tially to 1000 GW by 2050 (International Renewable Energy
Agency 2019). The increasingly prominent position of off-
shore wind power in renewable energy makes in-depth anal-
ysis of offshore wind power industry necessary. However, a
drawback of wind as an energy source lies in its high variabil-
ity (Kisvari et al. 2020), especially for offshore wind power
(Bains et al. 2020). It is urgent to study the relevant factors
affecting offshore wind power industry. Therefore, this paper
studies the factors influencing the development of offshore
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wind power industry and the relationship between them,
aiming to figure out the mechanism of these factors on off-
shore wind power industry and provide meaningful sugges-
tions for the development of offshore wind power industry
and promote the development of offshore wind power in
China and the world.

The research perspectives affecting China’s offshore wind
power industry mainly involve resources, technology, market,
policy, etc., but most of the perspectives are relatively single,
and there is no in-depth decomposition of each perspective.
So, there is a lack of analysis on the interaction between the
influencing factors and the influence degree of each factor on
the development of offshore wind power industry. This paper
intends to use the ISM model to analyze the structure and
hierarchy of the influencing factors of China’s offshore wind
power industry and explore the surface, intermediate, and
deep factors which affect the offshore wind power industry.

The contributions of this paper are as follows: Firstly, it
proposes a factor set influencing the development of offshore
wind power industry from the dimensions of policy, technol-
ogy, resources, and market and describes the characteristics of
each segmentation factor, so as to clarify the correlation be-
tween each factor. Secondly, this paper analyzes the structure
and hierarchy of the factors affecting the offshore wind power
industry with the ISM model and explores the action path of
each factor and analyzes the influence degree of each factor.
Thirdly, based on the influence degree of each factor, this
paper puts forward policy recommendations to promote the
sound and rapid development of China’s offshore wind power
industry.

The rest of the article consists of six sections. The
“Literature review” Section is the literature review, which
mainly introduces some factors affecting the offshore wind
power industry. The “Development status of offshore wind
power” section introduces the development status of offshore
wind power in the world and China and the relevant policies
of offshore wind power in China. The “Methodology” section
is methodology, which describes the modeling steps of the
interpretative structural model in detail. The “The influencing
factors of offshore wind power industry in China based on
ISM model” section shows how to apply ISM to the research
of the influencing factors of China’s offshore wind power
industry. The “Results and discussions” section is the result
analysis of the model operation and discussions. The
“Conclusions” section is the conclusions and policy implica-
tions based on the “Results and discussions” section.

Nomenclature

Abbreviations
A Adjacency matrix
a; Effect value of S; on S;
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CDM Clean development mechanism
COVID-19 Corona Virus Disease 2019
CWEA China Wind Energy Association
GIS Geographical Information Systems
GW Gigawatt

GWEC Global Wind Energy Council

1 Identity matrix

ISM Interpretative structural model
LCOE Levelized cost of energy

M Reachability matrix

MCDM Multi-criteria decision-making
MW Megawatt

NDRC National Development and Reform Commission
NEA National Energy Administration
P Reachable set

0 Antecedent set

R&D Research and development

N The system factor set

S; The ith influencing factor in S
S; The jth influencing factor in S
TWh Terawatt hour

VAT Value-added Tax

yuan/kWh Yuan per kilowatt hour

Literature review

Around the globe, government and legislative authorities at
the local, regional, national, and international levels are highly
concerned about the environmental impacts and risk factors
that influence the energy paradigm (Nazir et al. 2020b). In the
past two decades, with global energy, resources, and environ-
mental problems becoming more and more prominent, espe-
cially global climate change, wind energy has stood up as a
cost-effective source of energy. It is endorsed as having the
emission-free ability, green, and is also subsidies by state sup-
port and credit benefits for taxes (Nazir et al. 2020c). What’s
more, it has become one of the fastest developing renewable
energy in the world with the joint efforts of all countries (Guo
et al. 2019). Wind energy stands out in the process of energy
transformation because of its abundant reserves, clean and
efficient advantages. Wind power is divided into onshore
wind power and offshore wind power. Onshore wind power
appeared earlier and its technology is relatively mature.
Compared with onshore wind power, offshore wind power
has the advantages of abundant wind energy resources, wind
farm close to the energy load center, wide sea surface avail-
able area, and no land occupation. Ocean captures and stores
huge amounts of energy, which could satisfy five times of
world energy demand (Chen et al. 2018). The development
of offshore wind power is an effective guarantee for China to
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realize the national energy structure adjustment. Therefore,
the development and utilization of offshore wind power have
been paid more and more attention. However, there are some
problems in the development of offshore wind power, such as
lack of technical strength, high generation cost, and lack of
reasonable planning. In recent years, offshore wind power
technology has made new breakthroughs. A decreasing trend
in the cost of initial capital investment and the levelized cost of
energy (LCOE) for offshore wind-power generation develop-
ments is projected to continue (O'Kelly 2019). In 2020, many
countries around the world set “green energy transformation”
as the focus of future economic development, resulting in a
sudden increase in the number of offshore wind power pro-
jects under construction and to be built (Li 2021). With the
rapid development of global offshore wind power industry,
the installed capacity is advancing by leaps and bounds, and
the single unit capacity is also growing. The Corona Virus
Disease 2019 (COVID-19) that has spread across the world
has had a concussion on the energy industry: The construction
schedule is postponed; the investment environment of the re-
cession market is affected; in 2020, the electricity demand in
some areas is expected to drop by 10%. However, the devel-
opment cycle of offshore wind power is long. To a large ex-
tent, it will not be affected by the short-term impact of the
epidemic on the industrial chain like onshore wind power
(Sun 2020). Therefore, offshore wind power is bound to play
an important role in the future world energy structure.

China has become the global leader in wind power, its wind
power development has greatly promoted the growth rate of
global wind power, and it has become an indispensable force
in global wind power development (Zhang et al. 2020). China
has more than 18,000 km of continental coastline. In the off-
shore area within the 5-25 m water depth line, the installed
capacity at 50 m above sea level is about 200 GW, and that
above 70 m is about 500 GW (Min et al. 2016). And Yang
et al. (2017) have proved that the southeast region of China is
particularly rich in offshore wind energy resources. China’s
offshore wind power potential is huge.

By combing the relevant literatures on the development of
offshore wind power, it can be concluded that scholars study
the factors influencing the development process of offshore
wind power industry through the following aspects: First, pol-
icy-making. The development of offshore wind power will be
affected by many policies, such as land use regulation, energy
and environmental policy, economic incentive policy, and on
grid price policy (Tu 2019; Liu et al. 2015). In particular,
renewable energy policies also have an impact on the devel-
opment of offshore wind power (Papiez et al. 2019). The
promulgation of relevant policies will also have an impact
on the technical innovation, operation and maintenance cost,
and installed capacity of offshore wind power and then affect
the development process of offshore wind power (Reichardt
and Rogge 2015; Nguyen and Chou 2019; Cao 2018).

Although China has promulgated a series of policies to pro-
mote the development of offshore wind power industry and
achieved certain results, it is not difficult to find that there are
still some problems in China’s industrial policies, such as
unclear planning, low administrative efficiency, imperfect
competitive allocation system construction, and insufficient
financial support (Zhang 2019). Second, technical manage-
ment. The high cost of technology research and development,
high investment risk, and high energy price are the main rea-
sons for the development difficulties of offshore wind power.
Among them, the performance of wind turbines plays a key
role in the breakthrough of offshore wind power technology
(Tahir et al. 2020). What’s more, the wind turbine with higher
rated power produced higher energy output (Allouhi et al.
2017). In the field of offshore wind power and, in contrast to
more developed countries, China still has a problem with both
a weak technical support system and underdeveloped technol-
ogies (Zhang et al. 2018). There are few “highly cited” patents
in China’s offshore wind power industry, and the patent value
is not high. The length of the patent reference chain is gener-
ally short, the inheritance of main technology flow is poor, the
key technology path is monotonous, and the technical break-
through is difficult (Zheng 2017). Third, resources and envi-
ronment. First of all, considering the development cost, oper-
ation revenue forecast, wake effect, and other factors, the se-
lection of offshore wind farm sites is a very complex problem
(Wu et al. 2019; Cranmer et al. 2017). Tercan et al. (2020)
provided a solution to the problem of offshore wind power
location. It combined multi-criteria decision-making
(MCDM) methods and geographical information systems
(GIS) and was implemented in Cyclades (Greece) and in the
sea area of the Izmir region (Turkey). MCDM methods and
satellite technology for identifying suitable areas of wind
power plants have become increasingly popular in site selec-
tion decision-making (Shao et al. 2020; Nezhad et al. 2020).
Then, a precise assessment of wind resources is considered of
paramount significance for the construction of offshore wind
farms (Murthy and Rahi 2017; Guo et al. 2019). Ranthodsang
et al. (2020) presented an offshore wind resource assessment
and offshore wind power feasibility analysis on the western
coast of Thailand. Accurate and reliable wind speed forecast-
ing is also vital in power system scheduling and management
(Peng et al. 2020). And high-quality wind data is essential for
the whole wind energy assessment process (Zhao et al. 2019).
China has a lot of potential offshore wind energy resources to
be developed. Under the high-cost scenario forecast, it can
provide 1148.3TWh of energy in a cost-competitive way,
and under the low-cost scenario forecast, it can provide
6383.4TWh of energy, which is equivalent to 36% to 200%
of the total coastal energy demand after 2020 (Sherman et al.
2020). Fourth, market supply and demand. With an increase in
cooperation for wind farm development, the development be-
came more international and with more frequent alliances
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(Dedecca et al. 2016). Offshore wind power project has a large
amount of investment, and the demand for funds is relatively
concentrated. The funds are mainly solved through internal
financing and external financing (Zhang et al. 2015). The
financing cost of offshore wind power investment can be re-
duced by broadening direct financing channels, improving
private financing mechanism, introducing insurance policies
to encourage offshore wind power enterprises, and establish-
ing effective international reinsurance channels (Zhang and
Huang 2018). At present, China’s offshore wind power is in
the stage of high-speed development, and the offshore wind
power market has broad space and promising prospects (Xu
et al. 2019). Facing the fierce market competition, China’s
offshore wind power should take “innovation” as the core
and “cost reduction” as the goal, so as to better adapt to the
current development of offshore wind power (Ji et al. 2019).

China is the world leader in wind energy, producing more
than a third of the world’s capacity (Nazir et al. 2020a). But
the research on the influencing factors of offshore wind power
industry is very scarce. Based on the above four aspects, the
14 influencing factors of this paper are identified from litera-
tures and expert interviews.

Development status of offshore wind power
International situation

At present, the total capacity of global offshore wind power
exceeds 35 GW, increasing by 106% in the past 5 years. In
2020, the new installed capacity of global offshore wind pow-
er exceeded 6 GW, which was second only to thatin 2019. As
shown in Fig. 1, China’s offshore wind power has led the
world for three consecutive years, with a new installed capac-
ity of 3.06GW, accounting for 50.43% of the world’s new
installed capacity. Europe has maintained steady growth, ac-
counting for most of the remaining new capacity. Specifically,

South Korea,
0.99%

Portugal, 0.28%

Germany,
3.91%

UK, 7.96%

Us, 0.20%

Belgium,

11.63% PR China,

50.43%

Total=6068MW

Netherlands,
24.60%

Fig. 1 Global annual offshore wind installations in 2020 (Data from
Global wind report 2021 (Global Wind Energy Council (GWEC) 2021))
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the annual new capacity of the Netherlands is second only to
China, reaching 1493 MW; Belgium (706 MW), the UK
(483 MW), and Germany (237 MW) also have new capacity;
the new floating offshore wind power installation is only from
Portugal (17 MW). As shown in Fig. 2, the cumulative
installed capacity of China’s offshore wind power exceeds
that of Germany, second only to the UK, becoming the
second-largest offshore wind power market in the world.

At present, Europe is still the largest offshore wind power
market in the world, but the Asia Pacific region also pays more
attention to offshore wind power. On December 15, 2020,
Japan established the long-term goal of “10 GW by 2030
and 30-45 GW by 2040” for offshore wind power (CWEA
2020). South Korea announced that “by 2030, South Korea’s
offshore wind power scale will reach 12GW, striving to be-
come one of the top five offshore wind power countries in the
world” (European offshore wind power 2020). In addition, the
Biden government actively seeks to develop the state and
company of offshore wind power industry and also vigorously
develop the offshore wind power industry of the USA
(Mackenzie 2020).

Chinese situation

Figure 3 shows the installed capacity of offshore wind power
in China from 2010 to 2020. Only in 2011 and 2013 did the
annual new installed capacity decline. Since 2013, the annual
new installed capacity has been growing. Especially in recent
years, China’s offshore wind power industry is developing
rapidly.

COVID-19 has formed a large-scale spread in early 2020,
and many industries have suffered from adverse effects.
However, the global offshore wind power industry still main-
tains a sustained growth trend during the epidemic period.

Other, 2%

Denmark,

. 4.83%
Belgium,

6.41%

Netherlands, UK, 29%

7.40%

Total=35,196 MW

Germany,

0,
21.30% PR China,

28.32%
Fig. 2 Global cumulative offshore wind installations by end of 2020.

(Data from Global wind report 2021 (Global Wind Energy Council
(GWEC) 2021))
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Fig. 3 China’s offshore wind
power capacity in 2010-2020.
Note: The data on the newly
added and cumulative installed
capacity of China’s offshore wind
power in each year are all from
the Global Wind Energy Report
of the GWEC over the years
(Global Wind Energy Council
(GWEC) 2019, 2020, 2021)
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China’s offshore wind power industry is even less affected by
the epidemic.

The Chinese government attaches great importance to the
significance of offshore wind power. As shown in Table 1 (Xu
et al. 2021), in order to encourage and guide the healthy and
sustainable development of offshore wind power and realize
energy structure adjustment, the state has issued a series of
planning policies to provide support and guidance for the de-
velopment of offshore wind power. From the perspective of
electricity prices, China has also issued a series of policies. On
June 5, 2014, the National Development and Reform
Commission (NDRC) issued the “Notice on Offshore Wind
Power Feed-in Tariff Policy,” stipulating that offshore wind
power projects which put into operation before 2017 (exclud-
ing 2017) had a feed-in tariff of 0.85 yuan/kWh, and the on-
grid electricity price for projects in intertidal zone was 0.75
yuan /kWh. Since then, until 2019, in order to encourage the
development of offshore wind power, the benchmark price of
offshore wind power had remained unchanged. On May 21,
2019, the NDRC issued the “Notice on Improving the Policy
for Wind Power Feed-in Tariffs.” It is clear that “for offshore
wind power projects approved before the end of 2018, if all
units are connected to the grid before the end of 2021, the on
grid price at the time of approval shall be implemented; for all
units connected to the grid after 2022, the guiding price in the
year of connection shall be implemented”. To catch up with
the feed in tariff deadline at the end of this year, China’s
offshore wind power construction boom is expected to con-
tinue in 2021.

Methodology
Warfield pioneered the ISM method in 1973 (Wang et al.

2020). Warfield explored the methodological questions of
how frameworks of understanding and valuing could be

109 127 39 230 377 592 1161 1655 2493 3060

developed for complex societal situations collectively.
Warfield pointed out that the key dilemma in this exploration
was that the rate of societal change was faster than the rate at
which people can perform effectively in problem-solving and
goal-setting situations. His explorations have yielded a way
around this dilemma and an impressive theory of idea man-
agement (Warfield 1978). The basic theory of ISM is the
reconstruction theory of graph theory, which belongs to static
qualitative model. ISM has some limitations. First of all, there
is no feedback loop between the levels, so we can only see the
effect from the bottom to the top; second, the subjectivity is
too strong, which depends on people’s experience judgment to
a certain extent, but this is also the inevitable disadvantage of
all qualitative methods. However, compared with other quan-
titative methods, ISM still has irreplaceable advantages. It can
present the fuzzy relationship with a clear structure model, so
that people can more intuitively understand the complex rela-
tionship; and it is especially suitable for the system analysis
with many variables, complex relationship between variables
and unclear structure, and can also be used for the ranking of
schemes. For example, “multiple regression” is a very classic
method to study the relationship between variables. It can
study the influence of a series of factors on a variable, but
there is a certain subjectivity in the process of variable selec-
tion. In the face of many variables, “multiple regression” is
very difficult to deal with. Some data are necessary but not
available, which will make the “multiple regression” research
unable to advance.

The interpretative structural model decomposes a complex
system into several sub-system elements and constructs a
multi-level hierarchical structure model by combining peo-
ple’s practice, knowledge and experience, and computer as-
sistance (Jia 2020). Using interpretative structural model to
analyze, we can find out the surface direct influencing factors,
the middle indirect influencing factors, and the deep funda-
mental influencing factors from many influencing factors and

@ Springer



Environ Sci Pollut Res (2021) 28:52329-52344

52334

ySnoxy) pauruolop 2oud A1o1nod]d pLs-uo oy ‘YA /uenAk G/ 0
0} pAIsnlpy "0zoT U Ya/uenk g0 03 paisnipe oq [[im juowoFeueur
9[eOs [enuue ApISqns [B9sy Ay} ul papnjoul st pue uefd oy s1eaw jey)
ooud ooueprng 1omod puim a1oysgo paaoxdde Aimou oy pajuswuard
- 9q [[IM JeaK uondouuod pus J Joy 2oud souepin3 oy ‘puokaq
pue 7zog Ul pus oy 0 pajoauuod e syun [fe J] poyusw(dur oq
114 Teaoxdde oy ‘1 Z0Z JO PUo 9y} 910§9q PLIS 9} 0} PAIOAUU0D L S)un
I1e J1 ‘810 JO pud dy 210J9q paoidde udaq aaey jey syoaford romod
puIM 2I0YS}JO 10, “SuIppIq Y3noIy) JjLie} pL3-uo ) SUIULIdIOP [[IM
syoofo1d 1omod puim a10ysjjo pasoirdde Amau [y -eoud surepms e
(96107) DAN 01 padueyd aq [[im 1om0d PuIM 2I0YSJJO 10] JJLIE) PLIS-UO SILWYOUdq YL, 610T
‘Teaoxdde 30a(oxd Jo owm ot 1e IS
o Aq 39S SpjLIE) PLIS SUINIBWIYOUSQ PAILJ-[EOD [0] 9y} 0} SUIPIOOJE
(suorjoesuer) JasIeW poINqLYSIp pue sjofid uonoesuer) Joo11p AqIedu 10§
1dooxa) suonoesuen) pojusLIO-jaspIew AJoLod[e ur djedronied oy paxnnb
-a1 j0u re syo9foxd yons ‘(sreak (g ur Auewr) syrun 309fo1d uonerouasd
1omod oreyjorojoyd pue zomod puim M sjo0eNU0D 9fes pue aseydind
A1o110979 2o11d-paxyy wdl-3uo] ugis pue ‘s1os(o1d paroduu0d-pLd
dorid-mo] pue spoeloxd pu3 Ared 1oy Ayrommose Surseyoind jo Aijiq
-1suodsar ot sumsse sarwedwod pus 1omod [aAd-[erourrold 1o3foxd
joqid o ur popnyout st jeyy Jomod AFIOUS 9[qeMIUDI JO SPEI} JOIIP
(6107) VAN Pue DYAN Aqredu a3 10§ porduwoxa J0 paonpal aq [[Im SIAIPISNS-SSOIO PIseq-Ad1od 6107
‘uonnedwod YSnoIyy sjjLe) puS-uo pauruLIo)p pue
pam3yuod dq [[e pnoys s109foxd romod puim d1oyspyo (sanijedorunua
‘suoIgar snowouojne) sadurAoId [[e ‘spremuo ¢(g woi ‘g10g ur uerd
[eUISLIO 9y} 9OUBAPE 0} SNUNUOD UBD 103[qNS JUSUINSIAUL S} PIUIULID)
-ap aaey jey) syoafoxd romod purm oxoysgo oy pue ued uonONHSUOd
1omod puim g1z 3 panssi aaey ey (sepiedomunut pue suorgal
snowouone) saduraoid oy [, ‘uonnadwos y3nomy seord romod pr3-uo
PAUIULIANOP PUB PAJBIO[[. 9] [[BYS SINNUS JUSUISIAUI PANUIPIUN [PIM
(8107) VAN $109fo1d 1omo0d puim 210yso [[& ‘910U SIY} JO doULNSSI JO d)ep ) Wol] 8107
"sarpisqns sapiaoid
pun,] yuowdoorsq A310ug o[qemaudy Y], 9IS Y} Aq PI[Ies 9q
112 papa2oxa Jetp ed oy <pud 1omod [erouraoxd [e00] 241 AqQ P[RS 2q
[[IA SHUN PaIl-[20J [890] 10J (S}JLIE) [BAOWIAI JSNP PUE ‘UOHBILIIUSP
‘uonezuny[nsop SuIpn[our) sijLe) PUS-uo JILWOUIq Y} UIYHM
jred ot ‘Surppiq se yons spoyjow uonnaduwod joxIew Aq pauruisep
(9100) DYaAN sootid :paysnipe oq jou [[1a sjyLIE) Spewyoudq 1mod puim dI0YSFO 9107
“3UIppIq UOISSAUOD Sk Yyans spoyiow uonneduiod josrew
[y3noay) spjLIe; W-pagy pue sioumo judwdoraap 109foxd romod purm
QIOYS}JO QUIULLIOIOP 0} PASLINOOUD SI J1 “OUIT) QWILS A} J/ "INOY-PEeMO[]
1od uenkgy () st s109foxd romod puim [eprIejul I0J JyLIe) PLIS-uo
o pue ‘moy-pemorry 1od uenk ¢g8'( St (L107 Surpnoxa) £ 10z 210joq
#102) VAMD uonerado ojur ind syoafoxd romod purm a10ysjjo 10y JJLre) pus-uo YL, 107

o) (Ch

VAN PUE DYAN

VAN

DUAN

DUAN

1oMOJ PUIA
10 Korjoq Jure], pud-uQ ayp Suraoidwy uo 910N,

JONBIOUAD) JOMOJ OTBI[OA0JOYJ
pue 10M0J PUIM JO AJLIed PozZIpIsqnsup)
0} POTE[Y JIOM 2y Sumowold A[OATIOY UO 910N,

8107 Ul JUdWAGeueW UONON)SUOD
Jomod puIm J10J SJuWINDAI JUBAS[OI UO 9JMON],,

Jomog

PUIA\ 2I0USUQ O1eI[0A0I0Y{ JO JJHe] PLS-UQ

Sunprewyouag 9y} Junsnfpy U0 UOISSIWIO))
uLojoy pue Juowdo[aA(q [euoneN oY) JO 99NON,

Jomod ooud
puIM 2IOYS}JO J0J Ad1j0d JjLIe) pLIS-Uuo d) U0 INON],, ANOI[Y

Q0UQIRJOY SOATO2[qD)  IBO X

IoNSs|

QweN Qwy L

(120T T 10 nx) eury) ur 1omod puim I0YSIJO Jo ma1aar Ad1jod | djqel

pringer

Qs



52335

Environ Sci Pollut Res (2021) 28:52329-52344

(0207) uonensuIUpY

A310Ug [RUOLIBN

Jo yuounredoq
aarsuayardwo))

(86100 DYAN

(9107) uonensmuIwpy
21UB300) S VAN

(9102 VAN)

(#1020 VAN

“TouuERW A[I9pIo Uk UI UONONNS
-U0d 9ZIUeSIO pue ‘Uil pue SOAOUI ) JO [ONUOD e} A[qeUOSeal
1202 Jo pud ayy £q uonodwiod pue ‘)0z JO pus dy) Aq uononns
-uod ‘070z Jo pus ay £q syelod payosuuoo-pug pasunouue Aporqnd
are jep sj09foxd Jo sad4) 91 JO ISI[ A} JNSUOD UBD JAOQE PAUOT)
-uaw sadurao1d ‘gzog ut s19foxd romod puim a10ysyo jo jeaoxdde
pue uoneso[[e oannadwos oy puadsns 03 s1oS1e) pouueld oY) PapasdXd
oAey 9[eos dn-jre)s pue Ayroeded pajoduuod-prd asoym saourroxd annbay]
*MIN 0°C 10A0 1omod purm I0J sox0qIedd
‘Suumoeynuewr Juowdmba pue uonoONHSUOD WL PUIAY AIOYSO
‘Sumyoeynuewr juowdinbe pue juowdoAdp A30[ouyo9) suIqIn) puIm
QI0YSJJO 9A0qe pue MIA ' ‘uoneordde pue juowdo[oadp A3ojouyosy
wo)sAs Arejuswordwiod uonerouasd ramod oreyjoaoioyd pue ‘romod
puim Ajowreu ‘0dA) pageinooud ur sromod puim § re 219y, -odK)
POJEUTUI[d PUE ‘PAJOLISAI “POSLINOOUS :SOLI0FOYED IIY) OJUI PAPIAIP ST I
‘uonerado pue ‘UORONISUOI ‘U01101d [EJUSUIIOIAUD ‘SPUE[ST
pue seare s Jo asn ‘[eaoxdde joofoxd ‘Suruuerd juowdoossp somod
puIM 210UsJo Joj JudwaSeuew Ajfenb [eoruyds) pue juswdSeuew pue
UuOoNEZIUESIO SATIRNSIUTWPE Y} J0J SHuSWANNbaI ofy1oads premiof sind i
*2I0UI JO SYEMO[IY UOI[[IW G Yoral [[Im Ajoedes
PJOUU00-PLIT SAIB[NIND JY} PUEB ‘SPEMO[ UOI[IW ()] YOBAI [[IM
uonoNINsu0d 1omod puIm Jo 9[eds AU, "SPeMO[Iy UOI[IW | UBY) dIOW
oAl 1M $0urA0Id IO Y} UI UONONISUOD 1mod puim 2I0YUSEJo JO
J[eds oy ‘070z Ag seouraoid 1oyjo pue ‘SuopFuenn) ‘uerln,] ‘Fuerloyyz
‘nsSuerf uo Sursnooy ‘pajowoid A[iped)s pue A[Anoe 9q [[im 1omod
PUIM DIOUSIJO JO UONONNSUO0S A} ‘poridd ue[d J1ed X -0AL] Yi¢| oy Suung
(81894 7) pottad Ayprjea
o uriam paoidde oq pNOYS YOI M ‘SO UOI[IWU €60 JO
Aoedes 1830 8 yym (9107 107) Ue[d UONONISU0)) pue juswdojorsq
IOMOJ PUIA I0YS}O [euoneN oy ul papnoul spofoid i o1e a1y,
-ooud opIng pauonusw-oA0qe Ay} ueyy JoYSIy 9q
jou [[eys syoafoid romod puim a1oysjo paroidde Ajmau 10} uonnadwod

020t

610C

910C

910T

¥10T

UONENSIUIpPY
A31ouq [RUOnEN
J0 juounaeda(g

aarsuoyardwo)

OUAN

UOLRISIUIWPY
J1UBI2) RIS WVAN

VAN

VAN

(stuouos 10J yeIp) 0702
ur spoofoxd uonerouos romod oreyjorojoyd pue 1omod

PUIM JO UOIINIISUOD A} O) paje[al Siopewl uo JON],,

«(uaunuo) 10y yeiq ‘uonIpg 6107)
Soee) ooueping juounsn(py aInonng [eLysnpuy,,

uononnsuo)) pue Juewdooad
IOMOJ PUIA\ QIOYSIFO IO0J SAINSEAA QATEISIUTUIPY/,,

Juawdopara(g
IOMOJ PUIA\ JOJ UB[J Jed X -OAIL] (UMY,

910Z+107) urd uononnsuo) pue juowdojaadq
IOMOJ PUIA\ QIOUSJJO [BUOLEN U} UO 901ON],, Juluue[]

QIURIYY

SoA12[qO

Ied &

Jonss|

QweN Qway

(ponunuod) T J[qeL,

pringer

Qs



52336

Environ Sci Pollut Res (2021) 28:52329-52344

complex factor chains (Xue and Liu 2008). The explanatory
structure model plays an important role in system engineering,
which is the middle part of the transition from conceptual
model to quantitative model. It is widely used in systems that
are difficult to quantify directly and has been successfully
applied in risk management (Li et al. 2007), power demand
(Xu et al. 2009), and other fields, and its modeling steps are as
follows (Xu et al. 2009; Wang and Kang 2017,
Mathiyazhagan et al. 2013; Xu and Zou 2020). The flow-
process diagram of the ISM model is shown in Fig. 4.
Step 1: Determine the system factor set. Collect all the
components related to the system, and classify and
arrange them to form a set containing n elements,
which is determined as the system factor set S, which
is recorded as:

S:{Si|(i:1727'“7n)} (1)

Step 2: Establish a concept system. Associate each ele-
ment in the system factor set with other (n-1) elements to
judge whether there is a direct binary relationship be-
tween them, which can be expressed as:

g — 1 (S;hasan effectons;.
7710 (S;hasan effectonsS;.

0 (S; has no effect on S))

Step 3: Form an adjacency matrix. Arranging all the
direct binary relations to obtain an n-order matrix, which
is called adjacency matrix A and expressed as
A =(aij))M % N.

Step 4: Calculate the reachability matrix. A is a direct
binary relationship between elements. After transmission,
some elements may establish an indirect influence rela-
tionship. Find out all the indirect transmission relation-
ships and get the reachability matrix M, whose calcula-
tion formula is:

A+DEA+I #F#A+D" = A+D)"" =M (3)

According to the operational rule of Boolean algebra, A is
first added with identity matrix /, and then multiplied by itself.
When the result of multiplication will not change again, the M
obtained at this time is the reachability matrix.

Step 5: Hierarchical division. Find the reachable set P and
antecedent set O of all elements. If P(S;) N O(S;) = P(S)),
this element is a high-level element, the elements meeting
this condition are of the same level, and so on, different
hierarchical levels are obtained.

Step 6: Generate a hierarchical topology diagram. After
the hierarchical division is completed, the directed con-
nection graph is drawn, which can directly and clearly
represent the hierarchical structure of the system.

The influencing factors of offshore wind
power industry in China based on ISM model

Applicability analysis
There are three bases for using ISM method in this paper: (1)

offshore wind power industry is a complex system involving
cross knowledge of energy, economy, and other aspects. ISM

Fig. 4 Flow-process diagram of

ISM model Gle key problem determines the fact5

set and generates the concept system.

Manual processing

Adjacency matrix

Y

:

Reachability matrix

Computer processing

A
Antecedent_set)—b( Hierarchical division )4—( Reachable set )
I

o[ Hierarchical

"\ topology diagram /

Interpretation

Manual processing
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is suitable for the interpretation and analysis of dynamic sys-
tems with many variables, complex relationships, and fuzzy
structure. It can decompose a complex system into several
subsystems with the help of researchers’ practical experience
and professional knowledge (Shen et al. 2021). (2) Oftshore
wind power industry is affected by many factors such as pol-
icy, technology, resources and environment, and market sup-
ply and demand. ISM can classify, identify, and select the key
factors affecting offshore wind power industry, and deeply
analyze the characteristics and hierarchical relationship of
each key factor. (3) Compared with the empirical analysis of
other influencing factors, ISM can continuously supplement
the arguments according to the research progress, ensure the
timeliness, strictness, and saturation of the data, and enhance
the persuasiveness of the research conclusions (Liu 2017).

Determination of the influencing factors set

According to GWEC’s data (GWEC 2021), in 2020, China’s
new installed capacity of offshore wind power reached
3060 MW, ranking the first in the world. The cumulative
installed capacity reached 9996 MW, ranking the second in
the world. China’s offshore wind power has not only made
great achievements in the installed capacity but also made a
great breakthrough in technology. On July 12, 2020, China’s
first 10-MW offshore wind turbine was successfully connect-
ed to the grid for power generation at Three Gorges Group,
Fujian Fuqing, Xinghua Bay Phase II offshore wind farm. The
grid-connected power generation marks that China has inde-
pendent design, research and development, manufacturing,
installation, debugging, and operation capabilities of 10 MW
large-capacity offshore wind turbines. It also marks a historic
progress for China’s wind power development capabilities
and a great achievement in realizing the localization of major
offshore wind power equipment (China Three Gorges Group
Corporation 2020). In recent years, although China’s offshore
wind power industry has made great progress, it is still in the
exploratory development stage, facing the constraints of pol-
icy, technology, environment, and market. There are still
many problems to be solved. The site selection of offshore
wind farm is a key step in the development of offshore wind
power, which involves a lot of planning, and needs the coor-
dination from provincial functional departments to local mu-
nicipal government functional departments (Polaris wind
power network 2018); offshore wind power and ecological
environment are important factors for the location of wind
farm. Wind turbine is the lifeblood of wind power
generation. In the face of harsh marine environment, the
reliability of wind turbine will be greatly reduced, resulting
in high operation and maintenance costs of offshore wind
power. Michiel et al. (2019) discovered that the cost of oper-
ation and maintenance stage accounts for about 30% of the
total cost of offshore wind power generation. This has greatly

hindered the large-scale development of offshore wind power
industry. From the perspective of the industrial chain, there is
no obvious difference between offshore wind power and on-
shore wind power, which can be divided into three parts from
bottom to top: wind farm operation, wind turbine manufactur-
ing and wind turbine parts manufacturing (China Investment
Advisory Network 2018). The operation of the industrial
chain has a great impact on the development of the whole
offshore wind power industry: the operation of wind farms
is affected by policy factors, and it also has a direct impact
on the cost of power generation; wind turbine manufacturing
is affected by policy factors and R&D input costs, and con-
trolling the cost of wind turbine manufacturing technology is
the key to reduce the cost of offshore wind power generation.
There are many and complex factors influencing offshore
wind power industry, which are affected by economic devel-
opment, policy situation, technological innovation, resource
environment, market supply and demand, etc. In this paper,
through literature retrieval method, the factors that can affect
offshore wind power are obtained, and then through expert
consultation method, the influencing factor set is further de-
termined, including 14 factors: development planning, on-grid
electricity price, economic incentive policy, environmental
protection policy, operation mechanism, operation manage-
ment, offshore wind power technology, offshore wind re-
source supply, site selection, power generation cost, R&D
investment, industrial chain, energy market mechanism, in-
vestment, and financing mechanism. The direct binary rela-
tionship among the influencing factors is shown in Table 2.

Adjacency matrix and reachability matrix

The 14 influencing factors listed in Table 2 and their direct
binary relations are expressed by formula (2), and a matrix A
of 14 x 14 is obtained, which is the adjacency matrix of the
influencing factor set, as shown in Table 3.

Run the program after inputting the adjacency matrix in
Matlab2018a software. When iterating for five times, the ma-
trix reaches a stable state, then exit the loop and get the reach-
ability matrix, arrange the reachability matrix in ascending
order according to rows, adjust the column direction accord-
ingly, and divide the hierarchy to get the reachability matrix
with clear hierarchy, as shown in Table 4.

Results and discussions

Matrix decomposition results

Hierarchical decomposition is based on the analysis of ante-
cedent set, reachable set, and their intersection set. The ante-

cedent set O is the set of factors that can influence S; through
direct or indirect conduction. Reachable set P is the set of
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Table 3  Adjacency matrix A
St S2 S3 S4 Ss S¢ S Sg So Sio Sit Si2 Siz Sig

S 0 0 1 0 0 1 0 0 O O O 1 0 O
S 0 0 0 0 0 1 0 O O 0O O 1 0 O
Ss 0 0 0 00 0OO O O 0 O 0 0 1
S 0 0 0 0 0 01 00 0 1 0 0 O
Ss 0 0 0 0 0 0 0 0 0 0 0 O 0 O
S 0 0 0 0 0 00 00 1 o0 1 0 O
s;, 0 0 0 0000 OO 1 0 O 1 O
Ss 0 0 0 0 0 0 0 061 0 0 0 0 O
S 0 0 0 0 01 0 0 O O O O 0 O
S 0 0 1 0 0 0 0 00 0O 0 O 0 O
S 0 0 0 0 0 01 00 I O O O O
S, 0 0 0 0 0 0 0 0 0 0 O O 1 O
S 0 0 0 0 0 0 0 00 0 0 1 0 1
S4 0 0 1. 0 0 0 0 00 0 0 1 0 O

factors that can be reached by conducting S; directly or indi-
rectly (Wang et al. 2017). According to the M, the reachable
set P, antecedent set O, and their intersection set are shown in
Table 5.

Directed graph of hierarchical structure

Enter the reachability matrix in Matlab2018a and run the pro-
gram, and the hierarchical decomposition can be calculated as
shown in Table 6. Hierarchical division is to better understand
the hierarchical relationship between various factors in the
system and the influence degree of each factor. The top-
level represents the ultimate goal of the system, and the lower
level is the reason for the upper level. The bottom factors are
the root cause of system motion.

Table 4 Reachability matrix M
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Establishment and analysis of ISM

It can be seen from the hierarchical structure model (Table 6
and Fig. 5) that the influencing factors of offshore wind power
industry can be divided into five levels.

First, all the influencing factors ultimately point to five
factors: economic incentive policy (S3), operation mechanism
(S5), industrial chain (S;,), energy market mechanism (S;3),
and investment and financing mechanism (S;,) through dif-
ferent ways and means. Therefore, these five factors are the
direct causes affecting the offshore wind power industry,
which are surface factors. Compared with other renewable
energy sources, the generation cost of offshore wind power
is higher and the development is more difficult, which leads to
greater investment risks. In this case, the economic incentive
policies composed of financial subsidies, tax incentives, elec-
tricity price subsidies, and investment incentives, as well as
the operation mechanism composed of clean development
mechanism, carbon emission trading mechanism, renewable
energy quota trading mechanism, and its supporting green
certificate trading mechanism are particularly important to en-
sure the operation and promotion of offshore wind power
industry. This is also a significant “high push” effect. The
decision-making of the state and relevant departments deter-
mines the implementation and resource allocation of offshore
wind power industry. Economic support directly stimulates
industrial development, and operation mechanism is the driv-
ing force of industrial development. In addition, industrial
chain, energy market mechanism, investment, and financing
mechanism also have a direct impact on the development of
offshore wind power industry. The supply and demand of the
market is the best signal for the development of offshore wind
power industry. Good market supply and demand relationship

Table5 Table of reachable set, antecedent set, and their intersection set

P(S)NQ(S)

S P(S) ors)

S, 1,3,6,10,12,13,14 1
S, 23,6,10,12,13,14 2 2

S; 3,12,13,14 12,3.4,6,7,8.9,10,11,12,13,14 3,12,13,14
S, 34,710,11,12,13,14 4 4
S; 5 5 5
Ss;  3,6,10,12,13,14 1,2,6,8,9 6
S, 3,7,10,12,13,14 47,11 7
Sy 3.689,10,12,13,14 8 8
Sy 3,69,10,12,13,14 89 9
S; 3,10,12,13,14 12,4, 6,7,8,9,10,11 10
S, 3,7,10,11,12,13,14 4,11 11

S 3,12,13,14
S5 3,12,13,14
S14 3,12,13,14

1,2,3,4,6,7,8,9,10,11,12,13,14 3,12,13,14
1,2,3,4,6,7,8,9,10,11,12,13,14 3,12,13,14
1,2,3,4,6,7,89,10,11,12,13,14 3,12,13,14
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Table 6 Hierarchical decomposition of factors

Hierarchy Influencing factor
First level S, 85,812,813, S14
Second level S0

Third level Se, S7

Fourth level 81,82, 89, 811
Fifth level Sy, Sg

can make the offshore wind power industry maintain sustain-
able and stable development.

Secondly, three factors, namely, power generation cost
(S70), operation management (S4) and offshore wind power
technology (S5), are intermediate factors. Among them, oper-
ation management and offshore wind power technology are
important factors that affect the supply of offshore wind pow-
er. The level of professional technology and operation man-
agement determine the development quality of the supply side
of offshore wind power industry. And power generation cost
is an important factor that affects the demand of offshore wind
power. The higher the generation cost, the higher the electric-
ity price. And high electricity prices will lead to a reduction in
demand. On the other hand, if the offshore wind power project
can achieve better operation and management and make con-
tinuous progress in offshore wind power technology, it will
definitely reduce the power generation cost of offshore wind
power, thus better developing the offshore wind power
industry.

Thirdly, development planning (S;), on-grid electricity
price (S>), site selection (Sy), R&D investment (S, ), environ-
mental protection policy (S,), and offshore wind resources

Fig. 5 Hierarchical topology
diagram of influencing factors of
offshore wind power industry

supply (Sy) are all deep-seated factors affecting offshore wind
power industry. Development planning policy and environ-
mental protection policy affect the layout and progress of the
whole offshore wind power industry. Development planning
policy helps to promote the offshore wind power industry in
an orderly manner, while environmental protection policy can
play a very good incentive role for the offshore wind power
industry. The supply of offshore wind resources determines
the site selection, and it is also a necessary condition for the
development of offshore wind power industry. But this factor
is often ignored. Therefore, the assessment of offshore wind
resources should be paid more attention. The input cost of
R&D is a part of the total cost, which is an indispensable
financial support for technology improvement. At the same
time, it affects the grid price.

Conclusions

As a kind of green energy, offshore wind power industry has
made great achievements in recent years and stands out in
renewable energy. Due to the abundant offshore wind energy
resources, there is of great development potential for offshore
wind power. However, the offshore wind power industry has
encountered new bottlenecks, so it is necessary to deeply an-
alyze the influencing factors of offshore wind power industry
development. ISM model is a method to analyze the hierar-
chical relationship between influencing factors. Firstly, the
influencing factor set of offshore wind power industry must
be determined. Offshore wind power industry is affected by
many factors, such as economic development, policy situa-
tion, technological innovation, resource environment, and

1
1
1
]
I
|
I
I
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|
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market supply and demand. Through literature search and
expert consultation, 14 influencing factors were identified.
By analyzing the 14 factors with the ISM model, these factors
can be divided into five levels. Among them, the factors in the
first level classified as the surface factors, including economic
incentive policy (S3), operation mechanism (S5), industrial
chain (S;,), energy market mechanism (S;3), and investment
and financing mechanism (S;,). The factors in the second and
third level classified as the intermediate factors, including
power generation cost (S;), operation management (S4), and
offshore wind power technology (S). The factors in the fourth
and fifth level classified as the deep-seated factors. They in-
clude six factors: development planning (S;), on-grid electric-
ity price (S,), site selection (Sy), R&D investment (S;;), envi-
ronmental protection policy (S,), and offshore wind resources
supply (Ss).

China’s offshore wind power industry is now in a critical
period of development. On the one hand, China’s offshore
wind resources are very rich, and offshore wind power has
good ecological and social benefits, and offshore wind power
occupies an irreplaceable absolute dominant position in re-
newable energy; On the other hand, offshore wind power still
has some technical problems and inevitable uncertainties such
as climate, which makes the economy of offshore wind power
in renewable energy at a disadvantage. There are many factors
affecting the development of offshore wind power industry,
including objective environmental factors and artificial fac-
tors. The surface factors and deep-seated factors need to be
paid close attention in order to clear the obstacles for the
development of offshore wind power industry.

According to the influencing factors, the policy recommen-
dations are shown as follow:

First, at the level of policy support, the policy system of
offshore wind power industry should be improved. China’s
offshore wind power industry has not yet reached the mature
stage, so the government needs to formulate corresponding
supportive policies. The policies of offshore wind power in-
dustry should cover development planning, on-grid tariff,
technology research and development, taxation, subsidies, in-
vestment and financing, etc. For example, in terms of technol-
ogy research and development, increase research and devel-
opment funds for key technologies such as offshore wind
power generators, blades, and unit converters, or encourage
key technology development by providing discount loans and
establish subsidies for offshore wind power machinery pur-
chase; another example is to further improve credit policies
and increase preferential efforts in offshore wind power in-
vestment and financing; carry out rolling development plan-
ning, regularly check whether the plan is completed, and make
timely and reasonable adjustments to the plan.

Second, at the level of technology management and re-
source environment, decision-makers should pay more atten-
tion to wind resources assessment and site selection; develop

more offshore wind power projects suitable for construction,
investment, and operation and stop projects with insufficient
or extremely unstable wind resources in time; more attention
should be paid to R&D investment of offshore wind power.
Technology is the primary productivity of offshore wind pow-
er industry and plays a key role in the better development of
offshore wind power.

Third, at the level of market supply and demand, govern-
ment departments should guide the whole offshore wind pow-
er industry chain to develop healthily and encourage enter-
prises to invest and finance offshore wind power projects, so
as to speed up the development of offshore wind power in-
dustry, and guide the supply and demand mechanism, price
formation mechanism, competition mechanism and risk
mechanism to ensure the large-scale and commercial promo-
tion of offshore wind power industry.
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