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Abstract
This study analyzed the determinants that impact innovation on offshore wind energy (OSW) for a select group of 
countries, applying mixed-method approaches for a period between 2011 and 2021. The OSW sector witnessed cost 
reductions in recent years; therefore, this study analyzed how these factors impact technological innovation in the 
OSW sector. The fixed effects results proved trademark, carbon emissions, offshore wind capacity, and electricity 
from renewable energy, technical and scientific journals are significant and impact innovation regarding offshore 
wind energy. The maximum likelihood (MLE) coefficients are more robust than the restricted maximum likelihood 
(MREL) and better explained the significance of the variables in spurring OSW innovation. Ultimately, the interaction 
term “cross” came out significant in the analysis. It signified the importance of the interaction variables in scaling 
innovation. Similarly, the study forecasted OSW capacity additions to grow to more than 28GW by 2036, at a 48.8% 
growth rate, from the current over 55 G.W. capacity. Additionally, the infrastructure development of the OSW sector 
via a fitted line between total global offshore capacity and the development projects observed a negative relationship 
among these dual factors evaluated in the OSW, showing a decreasing trend of capacity additions among countries, 
as well as the fitted line relationship between total country OSW capacity and operational projects showed that China 
leads the globe with operational OSW projects. At the same time, Brazil is the new leader in the world regarding 
OSW capacity. The general analysis of the parameters of the OSW infrastructure plan showed the sector is declining 
regarding secured projects, development projects, operational projects, and capacities additions in some countries. 
However, global total capacity additions are on a steady path, declining a bit. This is attributable to the pandemic that 
slowed the global economy. This study will serve as a reference document for policy formulators regarding scaling 
up innovation for offshore wind energy.
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Introduction

Energy innovation strategy is vital for fighting the men-
ace of climate change, and ensuring energy security 
and access, especially in the emerging countries where 
electrification is at its lowest levels yet (Alemzero et al. 
2021). This study seeks to empirically determine what 
factors will influence innovation within offshore wind 
energy (OSW). The energy sector emits nearly 80% of 
carbon dioxide emissions that cause climate change 
(IRENA 2021a). Offshore wind is the panacea to abating 
climate change and delivering cost-effective electricity 
to the populace. However, this important aim can only 
be achieved based on sound technological innovation 
in offshore wind energy deployment and other negative 
emission technologies at scale.

Similarly, whereas innovation is cumbersome to esti-
mate, other parts correlated to important keys-ins and 
outputs can still be measured (Vidican-Sgouridis et al. 
2011). Hence, estimating innovation is vital for a nascent 
sector such as the offshore wind sector, which attracts 
huge expenditure across the private and public sectors for 
commercial upscaling (Vidican-Sgouridis et al. 2011). 
Recently, research has focused on data mining as the key-
in to the innovation process. Not much has been done 
to measure the outcomes and productivity of renewable 
energy innovation. Thus, this study applies variables 
such as patent data from the study units, gross domestic 
product (GDP), foreign investment (FDI), the capacity 
factor (C.F.), trademark, carbon emissions, trade flows, 
offshore capacity, installation costs, offshore wind instal-
lations, and science and technical journals to analyze 
innovation for offshore wind energy. These indicators 
would make room for a thorough relative assessment of 
technological innovation performance (Vidican-Sgour-
idis et al. 2011).

Furthermore, renewable energy innovation, such as 
offshore wind energy, research, development, and dem-
onstration, plays a key role. This will act to spur on the 
global energy transition. Since the transition is gather-
ing momentum and there are renewed commitments from 
governments, these place innovation at the heart of the 
debate. Overall, these steps result in promoting innova-
tion activities. Aside, these support mechanisms are con-
sidered key-ins in the innovation procedure, which will 
result in outputs, such as improved negative emissions 
technologies and transformations of the energy systems.

Nevertheless, innovation entails time differences and 
vagueness in producing knowledge, beating down costs, 
and scaling up the deployment of these technologies. In 
view of this, coupling the effects of the key-ins of the inno-
vation advancement on RE innovation and comprehension 
could be cumbersome. Nonetheless, grasping these impacts 

are necessary for learning from the past years’ innovation 
policies and measures in scaling up funding, in addition 
to underpinning future policy crafting process on offshore 
wind deployment (Green and Vasilakos 2020; IRENA 
2021a; Vidican-Sgouridis et al. 2011).

More so, several empirical studies have been done on 
the offshore wind energy sector, such as (Odam and Vries 
2020) utilized a panel qualitative approach to model 15 
small-scale and medium (SMEs) enterprises of wind 
farms and discovered opportunities and obstacles for 
partnerships between SMEs and big firms on innovation 
and cost competitiveness within the offshore wind energy 
sector. In this same vein, Doblinger et al. (2022) evalu-
ated the post-2012 when the Chinese wind energy mar-
ket developed, innovation increased by 80.7% alongside 
European suppliers working with non-European OEMs 
and by 67.2% with Chinese distributors working with 
non-Chinese. Similarly, via innovation support, techni-
cal innovation within the offshore wind energy sector 
integrates various approaches such as RD&D investment 
from public and private sources, market policies, and 
regulatory policies (IRENA 2021a; Jamasb and Köhler 
2007). Additionally, Odam and Vries (2020) assessed 
the overall development circumstances and innovation 
opportunities in offshore wind turbines foundation using 
patent analysis within the offshore wind energy sector 
and suggested that Chinese policy regulators enact poli-
cies to transform theoretical knowledge from academia to 
practical knowledge. However, these studies did not use 
a mixed-methods approach in their analysis, thus mak-
ing this study unique since it uses mixed methods and 
panel fixed effects to analyze the technological drivers 
of innovation within the OSW sector.

The novelty of this research is that it applies mixed meth-
ods approaches to empirically analyze the impact of innova-
tion within the offshore sector on the drivers of offshore wind 
capacity in the world. The analysis proved that the interaction 
of patent, R&D, and installation costs would encourage off-
shore wind energy innovation. Also, the study forecasted the 
global offshore wind energy capacity additions to increase 
to more than 28GW by 2036, growing at a 48.8 rate from 
the current 55GW. Furthermore, the study demonstrated that 
scientific publications, trademarks, and carbon emissions 
are meaningful in scaling up innovation. The dual relation-
ship between total global offshore wind energy capacity and 
development projects revealed Brazil as the new global leader 
in the offshore wind energy sector, but a decreasing trend 
of global capacity additions among some countries, which 
is attributable to the pandemic and country-specific circum-
stances. Ultimately, the study applied the Pesaran cross-sec-
tion (CD) test to analyze the heterogeneity econometrically 
and obtained significant and robust results. This adds to the 
growing literature on innovation in the offshore sector.
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The rest of the paper is structured as follows: “Literature 
review” reviews literature concerning innovation in the off-
shore sector. “Methodology” deals with the methodology 
used in the research analysis, and “Results and discussions” 
presents results and discussions. While “Conclusion” wraps 
up with the conclusion.

Literature review

Offshore wind presents an opportunity for countries to scale 
up sustainable energy consumption as it emits zero carbon 
emissions. The increase in the growth of offshore wind 
energy will reduce carbon intensity greatly. Reaching the 
deployment of 30GW by 2030 in the UK will significantly 
reduce the system carbon intensity as the additional wind 
energy displaces the future of combined cycle gas turbines 
(CCGTs) (Aurora 2018). The World Bank energy sector man-
agement program together (ESMAP) with the international 
finance corporation (IFC) has committed $5 million to unlock 
finances of 20 million pounds from the UK government to 
help emerging markets scale-up projects on the development 
and deployment of offshore wind energy (Alemzero et al. 
2021). The sector has seen 23 GW of energy installed since 
2018, representing $26 billion of investment or 8% of total 
global investment in clean energy. The sector is projected to 
spend over $500 billion by 2030 (Green and Vasilakos 2020; 
SEforAL 2020). The key areas of focus for the World Bank 
and its Energy sector Management program are knowledge 
generation, destination, and information exchange in scaling 
up and adopting offshore wind energy.

By the end of 2020, global cumulative installed offshore 
wind energy capacity was above 34 GW, an increment of 
6GW from the previous year and nearly 11 times within 
2010, when the capacity was just 3 GW (IRENA 2021b). In 
addition, more than 70% of newly installed additions were 
located in Europe, and in 2020, China added over 3 GW of 
new capacity additions, more than any country (Green and 
Vasilakos 2020; IRENA 2021b).

Junginger et  al. (2004), using the learning curve 
methodology in his work, concluded that investment 
costs and the cost of electricity from offshore wind 
are likely to be lowered by 39% in 2020. This asser-
tion was based on the fast pace of the development of 
technologies and the attractiveness of offshore wind 
energy over conventional forms of energy. It is not 
exhaustible, too.

There is this debate regarding the transition to a low-carbon 
economy by technology development and mass development 
of technology for offshore wind development in the UK. They 
believe that it is not the mass deployment of technologies that 
matters in transiting to a low carbon future but that the market 

is already mature and may not drive down costs in the renew-
able energy sector. They contend there is a need to develop 
innovative technologies (Helm 2010; IRENA 2021b). Accord-
ing to Lee and Zhao (2021), global wind installations add up 
to an aggregate of 93 GW, with the offshore wind making up 
86.9 GW, a 59% increase relative to 2019 installations.

A divergent view is being held by (Alemzero et al. 2021) 
argue that there is historical antecedence regarding the pat-
tern of learning by doing and R&D in related technologies. 
The difference is well noticeable regarding the latter. A work 
done in the UK by Crown Estate (2012) contends that a 40% 
reduction in the levelised cost of electricity from offshore 
wind is achievable by 2020 through learning by doing in the 
supply chain. The cynics have said they are overly optimistic 
by the industry’s prospects in meeting this target against 
other forms of renewable energies.

A paper that reviewed the economics of offshore wind 
energy in Europe by (Green and Vasilakos 2020) concludes 
that offshore wind energy is associated with high installa-
tion and connections costs, making governments’ support 
essential. They say government policy drivers such as feed-
in tariffs in certain European are key to reducing costs and 
promoting offshore wind energy development. The siting 
up of interconnections of transmission infrastructure among 
European countries will drive down costs.

For instance, offshore wind could generate 28 GW 
in the USA from 2021 to 2022, thanks to the Bureau of 
Ocean Energy Management (BOEM) leases, generating 
about 1.2 billion in treasury earnings (Zhang 2020). The 
technical offshore wind energy potential of the USA is 
2450 GW; China is 2240 GW (IRENA 2021a). Also, auc-
tions in lease territories within the Gulf Maine and parts 
of California in 2022 possibly could generate an extra 
$800 million in earrings to the United States Treasury 
(Vanegas-Cantarero et al. 2022; Zhang 2020). Further-
more, significant financing would be invested in the econ-
omy of the USA to back offshore wind energy projects. 
The cumulative investments will be around $17 billion 
by 2025, $108 billion by 2030, and $166 billion by 2035 
(Zhang 2020). Also, Birol (2022) documented in their 
study that RES, grid investment, and storage solutions 
currently form more than 80% of new electricity invest-
ments. And that the tide is shifting in favor of offshore 
wind energy investments, with 2021 being the best year 
delivering about 20GW, and investments worth $40B 
were invested in OSW, which was hitherto dominated by 
onshore wind energy (Birol 2022). India, for instance, 
increased its RE investments to $14,397B in 2021/22 after 
the pandemic reduced investments in the sector in 2019, 
growing at 125% post- pandemic levels (Vibhuti Garg 
2022). Indeed, it is projected that jobs from the offshore 
sector will reach around 19.0000–45,0000 in 2025 and 
45,000–80,000 in 2030 (AWEA 2020). The multiplier 
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effect of the offshore sector on the US economy is fore-
casted between $5.5B and 14.2 billion by 2025 and $45B 
and $ 83B by 2030 (AWEA 2020).

Furthermore, global total installation costs plummeted 
by 28% from 2015 to 2019; nonetheless, cost rigidity per-
sists in the immature markets, coupled with LCOE plum-
meting to 32% from around USD 0.169/ kilowatts per hour 
in 2010 to USD 0.115 kilowatts per hour in 2019. The 
drivers of these reductions were research and development, 
learning by doing, and the scale of economies (IRENA 
2021a; Jafari et al. 2020). Additionally, the capacity grew 
by 18%, attaining 44% in 2019 (Alemzero et al. 2021; 
Doblinger et al. 2022; IRENA 2021a). Similarly, Vietnam 
has the potential to generate about 30% of it is electricity 
from offshore wind by 2050 (Enslow 2020). Additionally, 
Chile is another country in South America with a good 
potential for offshore wind generation, with a fixed off-
shore Wind technical potential of 131 GW and a floating 
offshore wind potential of 826, cumulatively making 937 
GW technical of offshore wind energy (SEforALL Sustain-
able Energy for All 2020). Interestingly, the G-20 mem-
bers account for about 99.3% of offshore wind installed 
generation capacity and about all installed generation 
capacity (IRENA 2021b).

In a nutshell, after combing empirical literature, it is 
clear that there is an overwhelming consensus on the need 
to scale up innovation within the offshore wind energy 
sector, considering the imperative to transition to a low-
carbon future. This study will therefore apply mixed meth-
ods approaches to econometrically analyze the drivers that 
impact innovation among some of the key drivers of the 
OSW sector.

Methodology

Data and variables

This study analyses the impact of innovation on renewables 
deployment with a focus on offshore wind energy. That is, 
the study empirically analyses the drivers of innovation in 
offshore wind energy. The data was derived from the Inter-
national Renewable Energy Agency (IRENA) and the World 
Bank development indicators (WDI) for 2011–2021. The 
study applies the mixed methods approaches and panel fixed 
effects in the analysis. In all, the study utilized ten countries 
with the potential for offshore wind energy and currently drive 
offshore capacities worldwide. These are Brazil, China, Chile, 
Denmark, the Philippines, India, South Africa, the USA, the 
UK, and Vietnam. The patent variable is the explained vari-
able used for innovation. The rationale for selecting the vari-
ables for the empirical analysis is discussed below.

Innovation

Here, innovation, the explained variable measured by patent 
(Ahmad 2021), is one of the main instruments of the energy 
transition. Technological innovation is key at the heart of 
these; there are other innovations too. There is a need for 
innovation in market design, policies, as well as innovative 
financing models. Innovation indicators that serve as key-
ins are research demonstration and development. Market 
formation and commercial diffusion would contribute to 
knowledge, strengthen partnerships, and advance techno-
logical performances at the different stages of the innova-
tion cycles (IRENA 2021a; Jafari et al. 2020; Jenkins 2022). 
A patent application has been growing for these countries 
across all the technology types. Patents are very important 
for evaluating technological variations due to the granular-
ity of information they provide via innovation, invention, 
country, and the location the patent is registered (Jafari et al. 
2020; Vidican-Sgouridis et al. 2011), which is vital for coun-
try crosswise analysis.

Foreign direct investment

There has been a plethora of research on foreign direct 
investment (FDI) and innovation. This variable would shed 
light on its relevance in technological developments. A study 
by Amendolagine et al. (2021) found that green foreign 
direct investment attains a meaningful effect on green patent 
development such as offshore wind technology. On the other 
hand, Amendolagine et al. (2021) discovered FDI to have a 
negative impact on renewable development. Thus, this study 
will delve into the veracity of this claim. According to the 
Birol (2022), financing in the energy sector will increase 
to about 8% in 2022 despite economic setbacks from the 
global energy disaster. However, 2021 saw $1.7 T invest-
ment in debt issuances, alongside significant amount going 
to finance low carbon infrastructure projects and RES (Birol 
2022).This signifies the importance of finance in whatever 
form to scale up offshore wind energy deployment.

Trademark

A trademark is defined as a unique sign, which identifies 
particular goods and services like those provided by indi-
viduals or firms, according to the World Intellectual Property 
Organization (WIPO) (Marginson 2022; Mendonça et al. 
2004; Tahir et al. 2022). Trademark equals patents regard-
ing ease of access; however, patents provide more detailed 
information (Mendonça et al. 2004). Offshore wind energy 
has been acknowledged as a game-changer, boosting its 
deployment in the energy transition. From 2010 to 2015, 
the number of trademarks for offshore wind energy grew 
from 73 to 193, then plunged to 86 in 2019. Additionally, a 
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respectable number of the holders of trademarks shows the 
sector is getting to maturity and scaling up. While few firms 
hold the trademark, the bigger firms are pursuing an amal-
gamation strategy (Alemzero et al. 2021; Hao et al. 2021; 
IRENA 2021a). In addition, trademark has not been widely 
applied as an indicator to estimate innovation, and so will 
empirical analysis demonstrate how it impacts innovation 
within the offshore sector.

GDP

The gross domestic product of any country determines the 
level of development the country has achieved. Thus, coun-
tries that have greater GDP can invest part of it to scale up 
innovation. Several studies tend to say that developed coun-
tries have the wherewithal to invest a part of their GDP in 
energy consumption, renewables in particular (Ehsanullah 
et al. 2021) (Petrović-Ranđelović et al. 2020). For instance, 
(Jacobson et al. 2019; Li and Leung 2021) found that renew-
able energy adds to a robust economic output. This study 
will empirically assess this narrative.

Carbon dioxide emission

Carbon dioxide pollution has become the major cause of 
climate change. Some of the study countries are the major 
emitters around the globe. Globally, the USA and China are 
leading emitters of  CO2. Given the negative ramifications 
of climate change, there is the need for a transition to a low-
carbon economy. Many studies believe that innovation and 
changes in the energy systems are some of the ways to abate 
pollution and therefore avoid the menace of climate (Munir 
Ahmad et al. 2020; Al-mulali 2011; Kang et al. 2019; Kor-
kut Pata 2021; Mehmood et al. 2020; Wu et al. 2020).

Trade flows

The deployment of offshore wind energy to move to a 
greener economy has an economy-wide impact. The fast 
development of the offshore wind sector has increased trade 
in parts and equipment. There is significant growth in trade 
in wind turbines across the globe and gear and gearing boxes 
(IRENA 2021a). Trade figures from 2005 to 2015 have 
grown for both component types, particularly for gearing 
and gear, nearly double (IRENA 2021a). China, the USA, 
Germany, Japan, and Denmark are the leading blades manu-
facturers, while China, Germany, the USA, and Japan are the 
leading gears exporters (IRENA 2021a).

Capacity factor (C.P.)

The capacity factor explains the ratio of the mean produced 
power to the maximum potential output (Boccard 2009). The 

capacity factor is not static but increases as time goes on. 
For instance, in the UK, around 2010–2019 saw an increase 
in the capacity factor of 46%, and 2015–2019 grew by 22%. 
Denmark’s capacity factor grew between 2010 and 2019 
equally grew by 12%, whereas the capacity factor of Japan 
and China did not experience any changes on their capacity 
factors in 2015–2019 (Adefarati and Obikoya 2019; Boccard 
2009; IRENA 2021a).

Offshore wind capacity

Offshore wind capacity globally has been increasing. In 
2019, 28 GW capacity was installed, of which nine-tenths 
were commissioned and operational in the North sea as 
well as the Atlantic; Denmark, Germany, and the UK are 
the pacesetters in the Offshore industry; however, China, 
America, and the Korea Republic are gradually taking their 
rightful place in the sector (IRENA 2021a; Lacal-Arántegui 
et al. 2018). According to the GWEC (2021), offshore wind 
has grown from 1% of global installations since 2009 to 10 
per in 2019.

Installation costs

Installation costs have been falling among the renewable 
energy sources; however, this is due to the multifaceted 
nature of offshore wind technology, controlling project 
costs, and other logistical needs, impacting the sector’s costs 
(Lacal-Arántegui et al. 2018). Offshore wind is a mature 
market; nonetheless, it is still growing in some regions of 
the globe (Alemzero et al. 2021). Hence, the need to empir-
ically estimate its growth patterns because of innovation. 
Again, Lacal-Arántegui et al. (2018) say installation costs 
of generating electricity from offshore wind can attain 75%, 
depending on the parameters taken into account by 2024 
(Lacal-Arántegui et al. 2018). Generally, installation costs 
have plummeted across the geographies, with the weighted 
mean falling by 28% in 2015 and 2019, around USD 5 260 
kWh to 3800/kWh (IRENA 2021a; Lacal-Arántegui et al. 
2018). The study will empirically analyze costs’ correlation 
among the study countries.

Percentage of electricity from renewables

The proportion of electricity from renewables is growing in 
some of the countries. Wind-generated about 8.3% of cumula-
tive electricity generation in the USA in 2020 (Alemzero 2022; 
Land-Based Wind Market Repot 2021; Yao et al. 2021) found 
when government grows the quantum of renewables genera-
tions in the power systems, costs fall, mirroring in the reduc-
tions in the prices of energy. Again, Ameyaw et al. (2021) 
demonstrated renewable energy generation in China and the 
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USA will grow under the business as usual approach in 2030 
and proffered policy incentives to boost generation levels.

Scientific and technical journals

With increased scientific publications on offshore wind 
energy, the knowledge from onshore wind energy tech-
nology was captured and spread. Between 2010 and 
2019, over 12,300 technology-correlated papers were 
published, with the yearly figure growing from 756 in 
2010 to 1777 in 2019. The published topics were varied 
and included technology, energy, engineering, and the 
material sciences (IRENA 2021a). This variable will sci-
entifically be analyzed to determine the correlation to 
spur up innovation in the study countries.

Research and development (R&D)

Research and development form the bedrock of innovation. 
This forms the foundation for the diffusion of knowledge 
across sectors and nations. The study will analyze the per-
centage of the gross domestic product that is spent on research 
development activities. Interestingly, Ragwitz and Miola 
(2005) found that public investment in RES sources attracts 
private investment, which ultimately increases research and a 
direct correlation between R&D and GDP growth.

Model

This study utilizes a panel data model to granularly evalu-
ate the determinants of technological innovation within 
the offshore wind energy sector. The reason for using the 
fixed effects model is that it creates space for individual 
differences among the intercept terms of the parameters. 
More so, the model is chosen over cross-section because 
it comes in handy in testing for complex relationships and 
patterns by controlling for latent heterogeneity among 
individual countries. Additionally, it gives solid ground 
for the granular analyses of aggregate data (Farooq et al. 
2022).

Panel data is used to test the hypothesis that techno-
logical innovation within the offshore wind energy sector 
is associated with unobserved and observed factors in 
scaling up technological innovation within the offshore 
wind energy development and deployment among the 
drivers of the sector. The unobserved variables are called 
fixed effects. Thus, panel data is used to derive consistent 
estimates of the coefficients of the parameters. Because 
of this, the country-level fixed effects are important to 
control for unobserved heterogeneity that also affects 
offshore wind energy advancement (Cheng et al. 2021; 
Eberhardt and Teal 2011; Odam and Vries 2020; Raghutla 

et al. 2021; Shahbaz et al. 2018, 2022; Uddin et al. 2021). 
As a result, the determinants of the relationship are for-
mulated below:

In order to empirically estimate the relationships among 
the parameters, the model is further broken down as follows:

where i represent each country …1.2…10. The period of the 
study is depicted by t.

Baltagi et al. (2001) comprehensively developed the MLE 
model approximation approach explained in the model below. 
Model (3) below is an unbalanced nested error component 
model. It seeks to estimate the unbalanced natural panel of 
groups such as individual countries or entities. Its unbalanced 
panel econometric form is presented below:

Here, Patentit depicts the explained variable of the ith coun-
try, for the tth time frame. X′ explains the vector of K non-
stochastic variables. The noise within the model is presented 
below:

where ui represents the ith country-specific effects that are 
presumed to be independently identity distributed

(

0, �2
u

)

 , vit, 
depicts the nested effect of each country which is said to be 
identically and independently distributed

(

0, �2
u

)

 . While �it 
portrays the residual stochastic term, which is presumed to 
be also identically and identically distribute (i.i.d)

(

0, �2
u

)

 . 
Thus, uit , vit,�it is self-reliant on one another and between 
themselves (Baltagi et al. 2001). This is a nested grouping 
in that every single part of the stochastic term is nested or 
embedded to the prior component of the parameter (Farooq 
et al. 2022). This approach ensures the observation of differ-
ent time horizons among individual countries.

Cross‑section dependence analysis

Peasaran advanced the idea of a unique method to tack-
ling cross-sectional dependence. He considered a single 
factor with varied loading factors regarding residuals, as 
presented in Philip and others (Hurlin and Mignon 2007). 
This is done to ensure that factors that impact technologi-
cal offshore wind energy innovation among countries are 
not spilled to another country and that country-specific 

(1)
Patentit = f (� + �1 + �2FDI + �3TRDMK + �4GDPgrwth

+�5COe + �6TRDFLWS + �7CPF + �8OWSCAP

+�9RELECT + �10INSTACSTS + �11STJNLS + �12R&D + �it)

(2)
Patentit = � + �1i + �2FDIit + �3TRDMKit + �4GDPgrwthit

+�5COeit + �6TRDFLWSit + �7CPFit + �8OWSCAPit

+�9RELECTit + �10INSTACSTSit + �11STJNLSit + �12R&Dit + uit

(3)Patentit = +X
�

it�it,i = 1, t = 1,… , Ti

(4)uit = +ui + vit, + �it i = 1, t = 1,… , Ti
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factors impact offshore wind energy deployment. There-
fore, Breusch and Pagan (1980) mooted the idea of the 
L.M. statistic, and Hurlin and Mignon (2007) proffered 
the idea of cross-sectional dependence (CD) that could 
be used for different panel models comprising of panels 
without units and unit root panels evolving with hetero-
geneity alongside short T and big N. The proposed model 
was fixed on the OLS approach mean pairwise associa-
tion coefficients of the residual from each parameter esti-
mation instead of the squares of the panels as it pertains 
in Breusch Pagan LM analysis (Hurlin and Mignon 2007; 
Pindyck and Rubinfeld 1997; Vidican-Sgouridis et al. 
2011). The linear model below is used for the empirical 
test for CD in the panels.

On the equation above, the cross-sectional time and 
times aspects ae i and t  , and ai and �i depicts the individ-
ual intercept and slope coefficient varying between pan-
els in time intervals. While xit portrays the exploratory 
variables, Pesaran (2021) documented the augmented 
Dickey-Fuller estimation alongside the cross-section of 
the mean of past values levels and first differenced of 
the series individually, which is an improvement of what 
was proffered by Breusch Pagan above. Thus, when the 
residuals are not continually associated, the jth term esti-
mation of a country is estimated below:

Here, ŷt−1 =
�

1

N

�

∑N

i=1
yi,t−1 and Δŷt=

�

1

N

�

∑N

i=1
Δŷt . The 

T  statistic of the ordinary least square estimator is �i when it 
is denoted as ti = (N, T) ; hence, Pesaran’s test is grounded 
on the augmented ADF, individually correctionally statistic 
called CADF.

The empirical model is otherwise ordinarily stated below, 
which seeks to account for cross-sectional dependencies for 
offshore wind energy development drivers.

where 
̂

�ij =
∑T

t=1
eitejt∕

�

∑T

t=1
e2
it

�

1∕2
�

∑T

t=1
eit

2

�

1∕2 , along-
side eit depicting the OLS residual centered on T observa-
tions according to every i = 1,… ,N. On the null hypothesis 
of cross-section independence CD ∼ N(0, 1) , thus the Monte 
Carlo experiments depict that the normal Breusch Pagan LM 
analyses performs below par for regarding N > T  panels, in 
which Pesaran’s CD does extra better concerning small T  
and big N panels.

(5)yit = ai + �ixit+ ∈it i = 1, 2… .N, ;t = 1, 2… ..T

(6)yi,t = ai + �iyi,t−1 + ciŷt−1 + diΔŷt+vi,t

(7)CD =

√

2T

2T − 1

(

∑N−1

i=1

∑N

j=i+1
�̂ij

)

Results and discussions

Table 1 depicts the descriptive statistics of the regressors. 
Carbon emissions have the highest mean figure of 1,498,000. 
This explains the need to innovate on negative emissions 
technologies in these economies. Trademark derives the 
next strong mean value of 152,090, which is very impor-
tant for technological innovation and diffusion. Trademark 
equally has a high mean figure of 152,090, explaining the 
business sector of the offshore wind energy sectors growing 
around the work, with increased manufacturers of turbines, 
the supply chains (OEMs) (Alemzero et al. 2021). Carbon 
dioxide emissions have a high mean value among the regres-
sors; this is no surprise because both the first and the sec-
ond emitters of carbon dioxide globally are China and the 
USA (Li and Leung 2021). Another noticeable variable that 
attains a strong mean figure is scientific and technical jour-
nals. Recently, more scholarly works have been published in 
energy and material mining, and China and the USA lead the 
world regarding academic publications (Marginson 2022).

Of course, the variable with the least means value is 
a shore wind energy capacity factor. This variable has 
been growing but at a reduced rate due to technological 
advancements and good wind resources in some areas. 
Indeed, some countries have experienced reduced or 
stagnated OSW energy capacity additions (RCG 2020). 
The USA has a significant offshore wind capacity factor 
than China (GWEC 2021). Conspicuously, the percent 
of GDP spent on research and development equally has 
the least mean value. This explains that these countries 
don’t spend much of their GDP on R&D, which is vital 
to accelerate innovation globally. Installation costs have 
the least mean, explaining costs are falling but not at a 
faster rate relative to onshore wind energy.

Table 1  Descriptive statistics

Source. Authors’ estimations

Variables N Mean SD Min Max

Patent 118 124,016 297,112 162 1,394,000
Fdi 118 2.488 3.106  − 10.99 12.06
Trdmark 118 152,090 313,334 0 1,997,000
Gdp 118 3.914 2.789  − 3.546 10.64
Coe 118 1,498,000 3,416,000  − 1E + 07 11,200,000
tradeflows 118 54.22 42.9 17.42 201
Cpf 118 0.788 3.967 0.14 43.5
Owcpa 115 587.2 2163 0 12,700
Reelect 118 35.6 16.18 2.2 79.5
instalcstow 117 1.2 8.842 0.015 96
Stjornls 116 107,821 176,130  − 195,362 692,738
Rd 116 0.583 0.95 0 3.085
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From the correlation matrix, the overall variables cor-
relate strongly. A correlation typically shows the associa-
tion between two variables. The range of figures is between 
zero and one. One depicts a stronger correlation between 
the two variables. It is clear from Table 2 that the associa-
tion between patents and scientific and technical journals 
is strong. These two variables correlate strongly together 
with the majority of the regressors. This elucidates the sig-
nificance of these variables in influencing innovation in the 
offshore wind energy sector. As these variables keep increas-
ing, the better for the offshore wind sector to grow faster. 
The subsequent variables that correlate strongly are carbon 
emissions and patents. The big elephant in the room, the 
log of carbon dioxide emissions, obtained the strongest cor-
relation alongside the log of the trademark with a value of 
0.50. Carbon emissions pollute the global economy causing 
climate change; hence, the imperative to innovate for nega-
tive emissions technologies such as offshore wind energy 
to abate emissions and transition the global economy to a 
lowcarbon future that is just and equitable. Interestingly, the 
log of trade flows correlates feebly with most of the regres-
sors; this explains the limited trade activities taking place 
within the global economy concerning offshore wind energy 
supply chain products. As it is known, offshore wind energy 
trade activity is limited to China, the USA, Germany, Japan, 
and a few others (AWEA 2020; IEA 2019). For the sector to 
be a global market that permeates all aspects of the global 
economy, it must enjoy economies of scale.

Table 3 presents the individual fixed effects of the panel, 
as well as the maximum likelihood effects (MLE) and the 
restricted maximum likelihood effects (REML). Only three 
variables are significant within the fixed effects analysis 
(FE). These are trademark, carbon emissions, electricity 
from renewable sources, and scientific and technical jour-
nals. However, they exhibit varied correlations. Trademark 

Table 2  Correlation matrix

Source. Authors estimations

Variables Patent FDI TRDMARK %GDP Coe Tradeflows CPF OWCPA %REElect InstalcstOW S&Tjornls R&D

Patent 1.00
FDI  − 0.08 1.00
TRDMARK 0.34*** 0.03 1.00
%GDP 0.26** 0.15 0.28** 1.00
Coe 0.81***  − 0.05 0.50*** 0.37*** 1.00
Tradeflows  − 0.22* 0.32***  − 0.18 0.32***  − 0.21* 1.00
CPF  − 0.04  − 0.04 0.02 0.09 0.01  − 0.06 1.00
OWCPA  − 0.10  − 0.23*  − 0.08  − 0.23*  − 0.13  − 0.09  − 0.02 1.00
%REElect  − 0.08 0.05  − 0.15  − 0.01  − 0.17 0.15  − 0.04 0.07 1.00
InstalcstOW  − 0.26** 0.09  − 0.14 0.11  − 0.20* 0.28** 0.11  − 0.09  − 0.26** 1.00
S&Tjornls 0.82***  − 0.04 0.44*** 0.11 0.70***  − 0.36*** 0.01  − 0.17  − 0.23*  − 0.33*** 1.00
R&D 0.46***  − 0.12 0.26**  − 0.01 0.50***  − 0.20*  − 0.06  − 0.07  − 0.01  − 0.18 0.40*** 1.00

Table 3  F.E., MLE, and REML estimations

CD test was performed according to the null hypothesis of the cross-
sectional independence; the second-generation unit root test was per-
formed under the null hypothesis wherein the variables are I (1); t sta-
tistics in parentheses. * p < 0.05, ** p < 0.01, *** p < 0.001. Source. 
Authors’ estimation

Variables (FE) (MLE) (REML)

Fdi  − 4579.7  − 4579.7  − 3196.4
(− 1.14) (− 1.07) (− 0.90)

Trdmark  − 0.140**  − 0.140**  − 0.263***

(− 3.21) (− 3.04) (− 8.02)
Gdp 7853.9 7853.9  − 13,686.9*

 − 1.42  − 1.34 (− 2.48)
Coe 0.0404*** 0.0404*** 0.00377

 − 6.66  − 6.3  − 0.8
Tradeflows 267.9 267.9  − 519.1

 − 0.8  − 0.76 (− 0.57)
Cpf  − 3517.6  − 3517.6  − 431.3

(− 1.21) (− 1.14) (− 0.23)
Owcpa 7.508 7.508 2.361

 − 1.31  − 1.24  − 0.36
Reelect 2028.3* 2028.3* 2215.6

 − 2.52  − 2.39  − 1.99
Instalcstow 57,992.7 57,992.7  − 18,363.7

 − 0.81  − 0.77 (− 0.38)
Stjornls 1.047*** 1.047*** 0.441**

 − 9.64  − 9.11  − 3.03
Rd 13,007.5 13,007.5 6658.1

 − 0.88  − 0.83  − 0.63
_cons  − 165,570.0**  − 165,570.0** 124,644.5

(− 3.12) (− 2.95)  − 1.83
lnsig_e_cons 11.71*** 11.77***

 − 175.33  − 176.18
N 112 112 112
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is significant and attains a direct correct with a patent which 
is the proxy variable for innovation. This result is in line with 
(Mendonça et al. 2004), which corroborated that trademark 
is vital for encapsulating vital parts of innovation phenom-
ena and the process of industrial transformation. As was 
expected, carbon emissions are significant and indirectly 
correlate to patent. This is rightly so because an increase 
in carbon emissions increases global economy temperature 
and its consequences. Hence, the need to innovate to abate 
emissions from the sector. So, the more innovation in the 
offshore sector, the more the world can reduce  CO2 emis-
sions levels  (Korkut Pata 2021; Sun et al. 2020). Equally 
significant from the analysis is offshore wind capacity. The 
past decade has seen an increase in offshore wind capacity. 
This implies that the world needs more patents on the off-
shore sector to abate the issue of pollution and generate clean 
electricity from the sector. For instance, in 2010, offshore 
wind capacity was 3GW and quickly grew to 23GW in 2018, 
giving a 30% per year increment more than any other source, 
except for solar P.V. (Energy and Special 2019; Lindman and 
Söderholm 2012).

Also, electricity from renewables source is significant 
but has an indirect correlation. This conforms with (Ahmad 
2021; Manish et al. 2006) that renewable electricity genera-
tion has grown globally. Trademark is important to scaling 
up innovation in the offshore sector since sound manufac-
turing standards can bring about economies of scale and 
thus make supply chains competitive. For stance, China is 
a hub for innovation in the offshore and onshore sectors, 
producing cheaper turbines and parts than any country in 
the world. Tahir et al. (2022) found that enforcing intellec-
tual property rights (IPR) in China can spur trademarks and 
promote innovation. Carbon emissions significance depicts 
the need to innovate to scale up the deployment of renew-
able energy sources (RES). The direction is direct, implying 
the need to increase OSW innovation as carbon emissions 
grow. OSW controls the environmental externalities that 
come with electricity generation (Runst and Höhle 2022). 
This finding was backed by Wen et al. (2022) who argued 
RES-boosted innovation.

Furthermore, electricity from renewable sources is sig-
nificant. This is so given the current push for deploying RES 
electricity due to climate change concerns (Countries et al. 
2021; Dutt and Ranjan 2022; Huang et al. 2022; IRENA 
2021b; Poudineh 2021). Thus, the technological innovation 
within the OSW sector is in tandem with the global impera-
tive for the world to transition to a low-carbon future and 
attain the Paris accord. In line with this goal, the future of 
offshore wind energy study (FOWS) (ARUP 2022) states 
that the UK needs to deploy about 140GW of OSW capacity 
by midcentury to achieve carbon neutrality goals. Also, the 
BOEM has committed 3B USD in capital debt to scale up 
offshore wind capacity of 30GW by 2030 via DOE’s loan 

program, under President Biden’s ambition for clean energy 
deployment (Alemzero 2022; Fellow 2022; Zhang 2020).

Similarly, technological advancements have enabled 
manufacturing turbines with more swept areas and greater 
sizes to produce electricity. The capacity factor is not static 
but evolves with time. The USA has an offshore wind capac-
ity factor above 40% (IRENA 2021b). For instance, Cali-
fornia’s capacity factor grew from 13% in 1985 to 24% in 
2001 (Boccard 2009). Scientific and technical journals are 
significant in the fixed analysis and the MLE and REML 
models. Scientific research is important to unleash new ideas 
in innovation. This underpins innovations in the OSW sec-
tor in China and globally. Currently, China leads the world 
in the scientific and technical publications or STEM in the 
world, according to Marginson (2022). Judging from the 
MLE coefficients, an aspect of the mixed methods approach, 
they are more robust than the REML, signifying that the 
MLE approach is more accurate in estimating the factors that 
determine the technological innovation of the OSW sector.

From Table 4, the cross-section dependence test shows that 
the variables contain cross-section independence, thus caus-
ing the variable to be non-stationary. The suitable model for 
this test is the second-generation test based on the presump-
tion that cross-section units within the panel are independ-
ent. Nonetheless, several studies have asserted that macro-
economic variables tend to co-movement in unionson among 
cross-sections in units, such as Hurlin and Mignon (2007), 
Pindyck and Rubinfeld (1997), and Vidican-Sgouridis et al. 
(2011). Therefore, the appropriate method to tackle the co-
drifting of macroeconomic variables is the second-generation 
unit root tests formulated with the idea that there is cross-sec-
tional dependence among unit root analyses. So from Table 4, 
all the series have CD dependence, so the Pesaran second units 
root test was deployed to analyze the CD with the trend and 
without trend in Table 5, and the lag lengths were specified. 
After the Pesaran second-generation unit test, the variables 
were stationary at first differenced. Thereby, the hypothesis 
that innovation in the offshore sector is cross-sectionally inde-
pendent is accepted for some of the variables, except Patent, 
R&D, Relect, CPF, Reelect, and Stjornls, as shown in Fig. 5. 
On the other hand, there is sense of cross-section dependence 
on the CPF. This is due to the fact that CPF is not static but 
dynamic with time. Thus, as technology is developed in one 
country can spillover to another country. This is evident as 
more turbines are being developed with more swept areas are 
being exported to different countries for installation. Patent 
has a weak dependence since it is constrained to a particular 
region or country, before it is be diffused.

Interaction effect

An interaction term is performed to ascertain the impact 
of an independent parameter on the explained variable 
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and relies on the scale of another independent variable 
(Ai and Norton 2003). The table presents the interaction 
effect of the variables. As shown in Table 5, trademarks, 
carbon emissions, offshore wind capacity, electricity from 
renewable sources, and scientific and technical journals 

are significant as in the previous models. Nevertheless, 
the “cross” variable of interest is an interaction of patent, 
research, and development percentage of gross domestic 
product and installation costs, which came out perfectly 
significant, as shown in Table 6. It equally has a direct 
magnitude. Meaning that a patent increases, the interac-
tion term increases. A unit increase in the patent variable 
increases the “cross” by 50%. This signifies that when these 
variables are given the needed policy push, they can accel-
erate offshore wind energy deployment via innovation.

Figure 1 is the estimation of total global offshore wind 
energy capacity. According to IRENA (2021c), offshore wind 
energy capacity by 2021 was 55 678 MW or more than 55 
GW. Globally, China installed about half, that is 26 390 MW, 
of the global offshore capacity due to policy incentives and 
a robust regulatory environment. However, this current 
installed capacity is forecasted to reach more than 28GW 
in 2036, growing at about 48.8%, as depicted in figure one.

Furthermore, Fig. 2 presents a fitted analysis of the 
relationship between total global offshore wind capac-
ity and those in development within the offshore sec-
tor. As shown, Brazil is the new global leader within 
the offshore wind energy sector, with more development 
projects than any other country. Indeed, Brazil tops the 
countries with more offshore wind energy projects, with 
about 97 GW of offshore wind capacity (RCG 2020). It 
occupies the position at the end of the fitted line to the 
right. On the other, the global total offshore wind energy 
capacity drivers are China, the UK, Taiwan, Vietnam, 
etc. One noticeable relationship pattern is the decrease 
between total global shore wind energy capacity addi-
tions and development projects. This shows a trajectory 
of decreasing capacity installations going forward if 

Table 4  Second-generation unit root tests (CIPS)

CD test was performed according to the null hypothesis of the cross-
sectional independence; the second-generation unit root test was per-
formed under the null hypothesis wherein the variables are I (1); t sta-
tistics in parentheses. * p < 0.05, ** p < 0.01, *** p < 0.001. Source. 
Authors’ estimations

Without trend With 
trend 
P-values

Variable p-value Lags

Patent 0.69 0 1
Patent 0.00 1 0.07
Patent 0.33 2 0.01
Fdi 0.34 0 0.35
Fdi 0.67 1 0.79
Fdi 0.18 2 0.34
Trdmark 0.99 0 0.96
Trdmark 1 1 0.99
Trdmark 1 2 1
Gdp 0.15 0 0.28
Gdp 0.38 1 0
Gdp 1 2 0.96
Coe 0.99 0 1
Coe 1 1 1
Coe 1 2 0.28
tradeflows 0.01 0 0
tradeflows 0.2 1 0.75
tradeflows 0.22 2 0.61
Cpf 0.33 0
Cpf 0.78 1 0.85
Cpf 0.95 2 0.98
Owcpa 0.2 0 1
Owcpa 1 1 1
Owcpa 1 2 1
Reelect 0.2 0
Reelect 0.87 1 0.21
Reelect 0.98 2 0.78
instalcstow 0 0
instalcstow 0 1 0.28
instalcstow 0.02 2 0.95
Stjornls 1 0 1
Stjornls 1 1 0.92
Stjornls 0.95 2 0.14
Rd 0.5 0 1
Rd 0.95 1 0.57
Rd 0.99 2 0

Table 5  CD Test

Source. Author’s estimations. Notes: Under the null hypothesis of 
cross-section independence CD ~ N (0,1). Source. Authors’  estima-
tions

Variable CD test P-value corr abs (corr)

Patent 4.01 0.00 0.172 0.570 0.57
Fdi 0.85*** 0.394 0.032 0.327 0.327
Trdmark 4.2 0.00 0.187 0.676 0.676
Gdp 0.2*** 0.843 0.010 0.374 0.374
Coe 5.06*** 0.00 0.225 0.706 0.706
Tradeflows 1.97*** 0.049 0.086 0.411 0.411
Cpf 8.06*** 0.00 0.36 0.428
Owcpa
Reelect 4.71*** 0.00 0.21 0.713
Instalcstow 0.06*** 0.953 0.01 0.321
Stjornls 7.19 0.00 0.33 0.555
Rd 6.17 0.00 0.28 0.449

20114 Environmental Science and Pollution Research (2023) 30:20105–20120



1 3

nothing is done to change the trend. This trend is partly 
attributable to the covid that broke out in 2019 and 
stalled ongoing projects in development due to total eco-
nomic shutdowns worldwide. Countries such as China, 
Taiwan, the USA, Japan, South Korea, and Poland had 
their capacity additions decreased by a factor of two or 
three (RCG 2020). Given this negative outlook, these 
countries need to ensure the right policy frameworks are 
put in place to entice private sector participation and 
political commitment to see that happen.

Similarly, Fig. 3 presents a dual-dimensional relationship 
between total country offshore wind energy capacity and 
operational OSW projects. Conspicuously, Brazil is miss-
ing from this analysis because it is a late comer to the off-
shore energy sector. All its projects are in the pipeline. The 
outlier countries are the UK and China, with operational 
OSW capacity and total installations. These are leaders 
when it comes to operational projects and capacity installed. 
For instance, the UK has 10.5GW functional and 9.8 GW 
secured, while China added about 8GW in 2021, surpassing 

Table 6  Interaction effect analysis

***  p < .01, ** p < .05, * p < .1
Source: Author’s calculations

Patent Coef St.Err t-value p-value [95% Conf Interval] Sig

Fdi  − 2939.469 4047.699  − 0.73 .47  − 10,984.709 5105.771
trdmark  − .211 .039  − 5.36 0  − .289  − .132 ***
Gdp  − 363.546 4466.935  − 0.08 .935  − 9242.063 85,14.971
Coe .081 .009 8.63 0 .062 .1 ***
tradeflows 334.511 286.661 1.17 .246  − 235.259 904.281
Cpf  − 1900.307 2266.095  − 0.84 .404  − 6404.415 2603.802
offswcap 584.492 485.561 1.20 .232  − 380.613 1549.598
Reelect 1167.452 555.742 2.10 .039 62.854 2272.049 **
instalcstow  − 81,938.699 62,757.06  − 1.31 .195  − 20,6675.15 42,797.754
Stjornls .065 .114 0.57 .571  − .161 .29
Rd  − 20,982.938 12,418.74  − 1.69 .095  − 45,666.528 3700.652 *
Cross .507 .127 3.99 0 .254 .759 ***
Constant  − 37,530.394 46,836.337  − 0.80 .425  − 130,622.69 55,561.898
Mean dependent var 119,382.460 SD dependent var 292,481.806
R-squared 0.909 Number of obs 100.000
F-test 72.359 Prob > F 0.000
Akaike crit. (AIC) 2586.402 Bayesian crit. (BIC) 2620.269
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Fig. 1  Forecast  of global offshore wind capacity. Source. Authors’ 
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the UK as the leader in operational OSW globally (RCG 
2020). It is essential to notice that the relationship between 
these variables is direct, implying that these counties are 
growing their installation capacity additions. This is so 
as new countries like Finland, Australia, and Italy emerge 
among the global drivers of OSW capacity. They see off-
shore wind energy as the promising means to decarbonizing 
their economies. This will spike capacity additions, hence 
the direct relationship of these variables (Fig. 4).

Ultimately, all these parameters are on a declining trajec-
tory, even steeper around 2015, and went flat in 2019 and 
2020 thanks to the pandemic that shipwrecked the global 
economy and the offshore wind energy sector, to be precise. 
Also, the percentage change in capacity additions in 2019/20 
negatively or positively impacted drivers of global capaci-
ties. However, global total offshore wind energy capacity 
remains on a steady but decreased pathway post-2020. This 

shows the world is on track to growing total capacity addi-
tions if these pipeline projects are developed.

Figure 5 shows the cumulative global offshore wind 
capacity additions from the top movers of all ongoing pro-
jects. As shown in the pie chart, Brazil leads with current 
projects with 15%, the UK with 13%, China and Vietnam 
with 10%, and Finland with 2% as a newcomer. The pie 
chart depicts ongoing projects that are likely to come online.

Conclusion

This study analyzed the drivers of innovation in the 
offshore wind energy sector, using a mixed-method 
approach of fixed effects, the maximum likelihood 
effects and REML between 2011 and 2021. This was 
done to deeply understand the variables that impact inno-
vation in the offshore sectors by utilizing patent, trade-
mark, capacity factor, installations costs, offshore wind 
capacity, percentage of GDP spent on research and devel-
opment, electricity from renewable sources, trade flows, 
carbon emissions, scientific and technical journals, and 
FDI. The rationale is the current need to deploy negative 
emissions technologies, such as offshore wind energy, to 
transition the world to a low-carbon economy.

The findings revealed varied results. On the fixed 
effects analysis, trademark, carbon emissions, and elec-
tricity from renewable sources, technical and scientific 
journal is equally meaningful. China has witnessed a 
significant rise in this aspect, publishing more STEM 
papers, and the USA has committed more funding to the 
DOE to research new technologies. Their meaningful-
ness depicts their importance in incentivizing innovation 
within the offshore wind sector. This amply connotes the 
rising emissions in the world causing climate change, 
making the deployment of OSW relevant, hence, the sig-
nificance of these variables. Judging from the MLE coef-
ficients, an aspect of the mixed-methods approach, coef-
ficients are more robust than the REML, implying their 
impact on offshore wind energy innovation and precise 
in estimating the factors that determine the technological 
innovation of the OSW sector.

Furthermore, the interaction term cross came out signifi-
cant and had a direct correlation to further reinforcing the 
interplay of patent, R&D, and offshore wind energy capacity, 
underpinning technological innovation within the offshore 
wind energy sector. Thus, as offshore wind energy capacity 
increases, innovation increases too.

Furthermore, the study forecasted global offshore 
wind energy capacity additions to grasp the trend of 
capacity additions by 2036 and arrive at a growth rate 
of 48.8% by 2036, reaching a capacity of 28500GW, 
more than the current 55GW installed. Also, the study 
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analyzed the infrastructure development of the OSW by 
drawing a dual relationship via a fitted line between total 
global offshore capacity and development projects and 
observed a negative relationship among the drivers of the 
OWS, showing a decreasing trend of capacity additions 
among countries, due to the pandemic in 2019. However, 
a new global leader in the sector has energy with the 
most developed OSW in Brazil.

Additionally, after analyzing the relationship between 
operational OSW projects and total capacity additions, 
China leads the world with overall capacity in operation, 
next to the UK. The analysis equally found Brazil does not 
have any operational OWS capacity yet. The general analysis 
of the parameters of the OSW infrastructure plan showed the 
sector is on the decline regarding secured projects, develop-
ment projects, operational projects, and capacities additions 
in some countries. However, global total capacity additions 

are on a steady path, declining a bit. This is attributable to 
the pandemic that slowed the global economy.

Therefore, sustained policy backings in the form of eco-
nomic, political, and environmental are key to de-risking, 
creating technological consciousness about the OSW, bench-
marking from best practices in the mature markets, and mod-
ernizing the grid for the rapid uptake of the OSW sector.

Ultimately, the interaction effect produced interest-
ing findings consistent with another analysis model, with 
trademark, carbon emissions, and scientific and technol-
ogy journals significant. The interaction term “cross” is 
perfectly significant and has a direct magnitude. That 
means the interaction of patent, R&D, and installation is 
key in commercializing innovation.

Overall, offshore wind energy is one the fastest grow-
ing renewable sources that has achieved cost reductions 
and policy support. The findings reveal that more policy 

Fig. 5  Top movers of global 
offshore wind capacity. Source. 
Authors’ construct from (RCG 
2020)
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support is needed to scale up innovation in the sector con-
sidering the factors analyzed, such as increased emissions 
and the need to transition to a low-carbon economy.

The drawback of this study is that it focused on some 
counties in the OSW sector instead of all the countries 
with offshore OWS projects. Thus, future works can con-
sider the entire OSW sector in their analysis.
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