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Abstract

Whilst a well-established literature on metrics to assess innovation performance exists, relatively little work
has linked it to the energy technology innovation process. This paper systematically brings together indicator
sets and derives an indicator framework for measuring energy innovation, offering an important step forward
in the quantitative evaluation of energy innovation performance. It incorporates input, output and outcome
metrics that relate to different stages along the energy technology innovation chain, namely research,
development, demonstration, market formation and diffusion. To test its efficacy, the indicator framework is
applied to the case of wind energy in China, drawing comparisons against global market leaders such as
Denmark, Germany and the USA. The paper finds that the framework enables a more rigorous comparative
analysis of energy innovation between countries than currently offered by either the application of piecemeal
indicators and complements contextually rich qualitative case studies. The empirical analysis shows that
China has begun to lead across a range of innovation inputs (e.g. R&D expenditure) and outputs (e.g.
publications) but lags considerably behind international competitors against other output and outcome
indicators such as patents, revenue and exports.
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1. Introduction

Energy technology innovation has been identified as critical to achieving a transition to a sustainable energy
system [1, 2]. The world’s major economies’ energy RD&D budgets have grown significantly in a bid to
stimulate greater innovation following decades’ of decline and stagnation [3-5]. Given this growth in funding,
it is necessary to assess the effectiveness of energy innovation support and the types of policy interventions
that could accelerate innovation in the future. The first step in this direction is to develop an indicator
framework capable of offering in-depth quantitative assessments of energy innovation performance [6-8].

The literature on energy innovation indicators is still in its infancy. The IEA emphasised that the “ongoing
evaluation of innovation effort is needed to assess success, accumulate learning experience and determine
how to best support specific technologies” ([1], pp. 16). In a bid to advance the state-of-the-art on energy
innovation indicators, this paper draws upon innovation systems theory to synthesise a wide-range of
indicator sets to develop a comprehensive framework that allows for a more rigorous comparative analysis
of innovation performance than currently offered both by the piecemeal quantitative indicators and
contextually richer qualitative accounts of innovation studies.

The framework is employed to compare the performance of China, a relative newcomer to wind energy,
versus other global market leaders, namely Denmark, Germany and the USA. As of 2015, China accounted
for 33% of global wind power capacity [9]. However, few studies have measured its innovation performance
and there are mixed opinions in the existing literature as to whether China has grown as a leading innovator
in wind technology (see [10-13]). The framework is applied to offer insights into whether China has
technologically leapfrogged traditional industry leaders [10] or if its technological capability remains limited
[12, 14-16]. A more rigorous assessment of China’s wind energy innovation performance relative to the
world leading countries is offered.

The paper is structured as follows. Section 2 reviews the innovation systems literature. Section 3 reviews the
key characteristics of pioneering indicator frameworks, synthesising them to present a new indicator
framework to measure energy innovation performance. Section 4 mobilises the framework by presenting an
international comparison of wind energy innovation to assess China’s relative performance. Section 5
reflects upon the efficacy of the indicator framework. Section 6 presents conclusions and makes suggestions
for future research.



2. Conceptual background

Innovation is a non-linear but systemic process [17]. Academic views on the innovation process have shifted
from traditional linear models to the innovation systems (IS) approach [18]. A variety of IS approaches have
emerged, including national innovation system (NIS) [19-21], regional innovation system (RIS) [22],
sectoral innovation system (SIS) [23], technological innovation system (TIS) [24-26] and energy technology
innovation system (ETIS) [27-29]. They can be regarded as variants of a generic IS approach, each adopting
a different unit of analysis (i.e. national, regional, sectoral or technological) to suit the different research
questions being posed [30, 31]. This paper is concerned with innovation occurring in a particular
technological field within specific countries, so NIS, TIS and ETIS frameworks are most relevant. This
section offers the theoretical background against which efforts have been made to measure, understand and
explain the variations in innovation performance.

2.1. National innovation system

The NIS literature emerged in the early 1980s, with the theoretical foundation underpinned by key
contributions from Freeman [21], Lundvall [20] and Nelson [19]. Freeman [21] argued that the performance
of an NIS can be affected by a variety of factors, among which the flexibility of institutions may perhaps be
the most crucial element [21]. Nelson [19] confirmed that institutions, universities, institutes and corporate
R&D labs, as well as the connections among them, are essential for analysing NISs. Lundvall [20] held that
the core aim of an NIS is to create favourable institutions to incentivise the heterogeneous actors to interact
with each other to generate, adopt and diffuse new concepts and technologies. In essence, NIS is used to
explain the macro institutional and structural factors responsible for influencing technological change and
the long-term economic growth of nations.

In recent years, NIS studies have begun to focus on competence-building [32, 33], systemic problems [34,
35], dynamics of innovation [36, 37] and international linkages of innovation systems [38-40]. For example,
Borras and Edquist [32] argued that the core tasks of innovation systems are to build, maintain and use
competencies. In this sense, NIS can be seen as an evolutionary concept concerning how national systems
create diversity, stimulate variation and select routines [36]. In order to diagnose system failures that occur
in developed and developing economies [35], Edquist [30] presented a hypothetical list of functions similar
to TIS. In general, NIS is mainly concerned with the national factors that positively or negatively contribute
to innovation and technological change.

2.2. Technological innovation system

The TIS framework has gained much attention recently [24-26, 30, 41-44]. Different from the NIS approach,
TIS focuses on the key functions that stimulate or hamper innovation activities in a specific technological
area. According to the definition, “a technological [innovation] system is a dynamic network of agents
interacting in a specific economic/industrial area under a particular institutional infrastructure and involved
in the generation, diffusion and utilisation of technology” ([26], pp. 111). As a TIS typically involves fewer
elements and relationships than an NIS, the structure and dynamics of the system can be mapped out. Also,
geographical borders do not necessarily determine the boundaries of TISs.

A key feature of the TIS framework is the inclusion of TIS functions. These present a set of specific roles
the TIS performs in support of the development and deployment of an emerging technology [24, 25]. In
essence, if a TIS system’s functions are all performing strongly then it is assumed the technology is well-
placed to progress towards commercialisation, assuming the engineering challenges are surmountable.
However, should one or more functions perform poorly then the technology may fail to reach maturity [41,
45, 46]. Assessment of TIS function performance therefore helps us to identify weaknesses or ‘bottlenecks’
that are undermining energy innovation [31, 47]. These functions are Entrepreneurial Experimentation,
Knowledge Development, Knowledge Networks, Guidance of the Search, Resource Mobilisation, Market
Formation, and Creation of Legitimacy [24, 25].

Scholars have begun to link the structure (e.g. actors, institutions, networks, infrastructure) with the

functions of a TIS in order to diagnose systemic problems [44]. Each function involves one or more structural

elements that have an important bearing on development, diffusion or use of innovations [41, 45, 46]. For

example, the function of Knowledge Development is likely to perform poorly in the absence of key actors

like universities and research institutes, networks that bring these together to foster collaboration and

infrastructure such as test facilities and laboratories. In this sense, the structure acts as the foundation of the
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system upon which the functions are developed and work as ‘intermediaries’ towards the ultimate goals of
the innovation system [48].

2.3. Energy technology innovation system

Energy innovation results from research, development, demonstration, deployment and diffusion efforts [28,
49]. The ETIS is an application of a systemic perspective on innovation to energy technologies [27, 28]. It
is developed in reaction to some of the characteristics specific to the energy system that together result in a
relatively slow process of technology innovation and diffusion. These include: (1) capital intensiveness of
energy technology investments; (2) longevity of capital; (3) extended time required to progress technology
from invention to innovation; and (4) extended time for technology clustering and spill-over effects to
emerge [50].

Diagram 1: The analytical framework of energy technology innovation system (ETIS)
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This stylistic illustration of ETIS describes the following key elements: analytical dimensions (the frame);
innovation stages (grey double-headed arrows); innovation drivers (green thombi and block arrows); and
innovation processes (blue and brown frame) that span across inputs (blue frame), outputs (brown frame)
and outcomes (orange arrow).

Source: [27]

The ETIS framework aims to capture these characteristically distinct innovation processes by emphasising
the multi-dynamic feedbacks between different stages [28, 29, 50, 51]. It describes: a) the four analytical
dimensions of ETIS (i.e. actors & interactions, resources, knowledge and adoption and use of energy
technologies) (see Diagram 1); b) the stages of energy technology innovation process (i.e. research,
development, demonstration, market formation and diffusion); c) the feedbacks between these stages; d) the
drivers of energy technology innovation (i.e. technology-push and market-pull); and e) the relevance of
energy supply and energy end-use technologies; [29].

The ETIS approach has absorbed core elements from different IS approaches like TIS, such as the focus on
structural dimensions like knowledge, actors, networks and institutions. However, the central difference
between ETIS and TIS is that the former is concerned with the historical stages of energy technology
innovation process affected by the four analytical dimensions, while the latter pays close attention to the
functions that contribute to the success of technological innovation. The indicator framework that this paper
aims to derive focuses on the historical progress (chain-linked process) of energy technology innovation
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with its associated inputs, outputs and outcomes. Indicators for measuring the presence and fulfilment of
system functions can also be developed (see [15, 25, 31, 52-55]), but they sit outside the scope of this paper.

3. An indicator framework for measuring energy innovation process

There is a burgeoning strand of work on indicators to measure energy innovation performance (see [50, 56-
60]). The indicators offer insight into how well different aspects of the innovation system are performing
and taken together present a comprehensive picture of innovation performance. This section reviews the
characteristics of existing indicator frameworks and highlights the need to synthesise them to enable a more
rigorous comparative analysis than that offered both by piecemeal indicators in current use, and by
contextually rich accounts of innovation studies.

3.1. Developments in energy innovation indicators
In broad terms, three types of indicators exist: inputs, outputs and outcomes:

e [nput metrics measure the tangible and intangible resources that are fed into the energy technology
innovation process, such as RD&D expenditure and the number of RD&D personnel;

e  QOutput indicators measure the desired outputs generated from these inputs across different stages of
the innovation chain, such as publications, patents, technological achievement (e.g. the capacity of
individual units) and total installed capacity;

e OQutcome indicators reflect the wider socio-economic and environmental impacts these energy
technology innovation outputs have had, such as economic growth, job creation and CO, emissions
reduction.

We briefly review the different indicator frameworks currently being operated for generic innovation
indicators before turning to energy technology specific innovation indicators.

3.1.1. Generic innovation indicators

There is a wealth of research on generic innovation indicators. Well-recognised indicator reports include the
Main Science and Technology Indicators [61], Science, Technology and Industry Scoreboard [62], Science,
Technology and Industry Outlook [63], Innovation Union Scoreboard [64], and Global Innovation Index
[65]. However, these frameworks and indicators have limitations. First, the indicators adopted in most of
these frameworks have been limited to inputs and outputs but rarely considered outcomes. The Science,
Technology and Industry Outlook (2016) began to include outcome indicators just recently. Second, many
studies neglected a country’s industrial mix which has significant effects on innovation rankings. Some
countries’ industrial mixes are more complex than others, and the share of manufacturing versus services
sectors and high-technology industry varies across countries. Third, composite indexes were often used to
benchmark countries, but the selection, weighting and aggregation of indicators varied considerably. Fourth,
an innovation system can be evaluated by process (see [66]) or function (see [25]) related indicators, but
many reports contain a mixture of indicator types without clarifying the differences. Overall, a transparent
indicator framework with clearly defined concepts is necessary for more accurate measurement of innovation
performance.

3.1.2. Energy innovation indicators

Building on these generic innovation indicators a number of energy specific indicators have subsequently
emerged to measure energy innovation performance. Klitkou, Scordato and Iversen [60] suggested five types
of indicators: structural, input, throughput, output and policy indicators. Structural indicators measure
framework conditions such as R&D intensity, industrial specialisation and energy mix. Input indicators
measure the amount of resources invested in public RD&D budgets. Throughput indicators evaluate
intermediate results of the innovation process by scientific publications and patents. Output indicators
capture energy technology exports. Finally, policy indicators assess the stability and longevity of energy
technology policies.

Kettner, Koppl, Steffl and Warmuth [59] adapted the indicator framework of the Innovation Union
Scoreboard [67] and focused on four thematic groups — context, enablers, outputs and outcomes. However,
the appropriateness of certain indicators seems questionable. The indicator “share of small or medium-sized
enterprises (SMEs) conducting in-house research” is useful for investigating the diversity of actors and the



role of SMEs in developing novel knowledge and technology, but it does not directly measure the results of
innovation activities, namely outputs and outcomes.

In Energy Technology Perspectives 2012, IEA [68] assessed energy technology innovation from five
perspectives with six distinct indicators: (a) public R&D investment (R&D expenditure); (b) technology
development (number of patents); (c) technology demonstration (number of demonstration projects); (d)
technology deployment (growth of deployment rates); and (e) technology diffusion (number of patents filed
in at least two countries, and technology exports). These indicators focus only on a handful of specific aspects
relating to the energy technology innovation process.

Wilson, Grubler, Gallagher and Nemet [27] adopted input, output and outcome indicators for evaluating the
global ETIS. The indicator sets covered all stages, drivers and processes but did not clearly align the inputs,
outputs and outcomes with the associated innovation stages. Besides, some indicators such as learning rate
and UK/EU doctoral training centres may be inappropriate. For example, learning rate (percent cost
reduction per doubling of cumulative output) can be affected by many factors such as input prices, economies
of scale and changes in market conditions as well as “learning by doing” [69]. “Doctoral training centres”
do not even exist in some countries, which may encounter international comparability issues. This paper
intends to derive an indicator framework that pays particular attention to linking indicators with the specific
innovation stages and justifies the rationales and methodological challenges of the proposed indicators.

In summary, energy innovation indicator frameworks have evolved into two strands — one incorporates
indicators into system functions (see [15, 25, 31, 52-55]) and the other focuses on the energy technology
innovation process (see [27, 68]). Many piecemeal indicators are available for measuring the specific aspects
of innovation systems, but a more systematically integrated indicator framework is required to conduct a
more rigorous comparative analysis across the innovation chain. This paper aims to fill this gap by deriving
an indicator framework that focuses on the chain-linked process of energy technology innovation with the
associated inputs, outputs and outcomes.

4. An integrated energy innovation indicator framework

This section synthesises the existing indicator sets to present an integrated indicator framework to measure
the energy innovation process. The indicator framework consists of 18 indicators, each categorised by input,
output and outcome metrics (see Table 1), aimed at measuring energy innovation performance across the
different chain-linked stages.

The indicator framework is process related, whereby each of the three categories is chain-linked, with
outcomes following the delivery of inputs and outputs. By selecting different indicators, the chain effect is
illustrated. For example, R&D expenditure and personnel (inputs) are essential to generate technical
knowledge often in the forms of publications and patents (outputs), which can then be translated into the
manufacturing and deployment of new energy technologies (outputs), and can in turn result in industrial
revenue, job creation and CO, emissions reduction (outcomes). Whilst innovation inputs are mainly focused
on earlier stage activities (e.g. RD&D investment), some resource inputs (e.g. demand-pull subsidies and
asset finance) aim at supporting later stage activities (e.g. market formation and diffusion). Linking them
together can allow researchers to measure innovation performance across the energy technology
development lifecycle [49, 70].

The framework does not present an exhaustive set of indicators for measuring the energy innovation process
but it does provide a balanced list input-output-outcome metrics that covers all the key elements. The
framework presents indicators that have relevance to the vast majority of energy technologies. However, it
is designed as a menu from which an appropriate mix of indicators can be selected on a case-by-case basis
when taking into account the specific research questions being examined and the availability of data. For
example, installed capacity is a good measure for relatively mature technologies like wind and solar energy,
but it does not fit well for immature technologies such as wave and tidal stream, which have not yet
experienced sufficient commercial deployment to yield meaningful data.

Only one measurable dimension of each metric is displayed in Table 1. However, analysts can further
disaggregate these metrics to enable a more in-depth analysis. For example, R&D expenditure can be broken
down by funding sources (e.g. public vs. private) to track the financial contributions of different actors in
financing energy technology innovation. It can also be split into the stage of funding it aims to support, be it
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basic research, applied R&D or experimental development. The output and outcome indicators can be
interpreted in similar ways. For example, rather than the quantity of publications or patents, analysts can also
measure their quality, indicated by a country’s share of the world’s top 10% most cited publications or
patents.

To complement Table 1, Table 2 assesses the strengths and weaknesses of specific indicators, highlighting
the rationale for including them, associated methodological challenges and examples of global repositories
that contain the relevant data. The repositories rarely offer complete coverage across different technologies
and countries, and offer data across varying time periods. In some instances, metrics are identified that are
not covered by global data repositories but can be constructed via the aggregation of national datasets.

The proposed framework makes three important contributions vis-a-vis the existing frameworks identified
in Section 3.1. Firstly, it covers the entire innovation chain characterised by input, output and outcome
metrics, allowing the historical progress of a technology to be traced across different stages of innovation.
Secondly, each indicator is explicitly linked to the specific innovation stages, allowing analysts to select the
most appropriate indicator(s) according to their focus on a particular innovation stage. Thirdly, the
framework offers a detailed assessment of strengths and weaknesses, outlining the rationale for selecting
each indicator, the potential drawbacks associated with employing them and the appropriate data repositories.
Finally, the framework may also help analysts to assess the efficacy of an innovation system by comparing
the level of outputs or outcomes achieved versus the level of inputs, helping us to understand, for example,
whether a lack of outputs/outcomes can be attributed to a lack of inputs.



Table 1 An indicator framework for measuring energy innovation process

Energy technology innovation chain Research Development Demonstration Market Formation Diffusion

Input

R&D expenditure ($)

Demonstration expenditure ($)

Asset finance ($)

Subsidies ($)

R&D personnel (counts)

State labs ($)

Output

Scientific publications (counts)

Patent applications (counts)

Unit capacity (MW)
Unit cost ($/MW)

LCOE ($/MWh)

Manufacturing capacity (GW)
Installed capacity (GW)

Outcome

Royalty and license fees ($)
Industrial added value ($)

Technology diffusion via trade (GW, $)

Job creations (counts)

Power generation (TWh)

CO; emissions reduction (tonnes)

N.B. The double ended arrows map out the timeframes of indicators across the energy technology innovation chain.
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Table 2 Strengths and weaknesses of the indicators

Indicators Rationale Methodological challenges Data repositories Reference to reviewed
frameworks
Input R&D expenditure ($) Most relevant for generating technical inventions [7, e Data is only available for certain countries IEA RD&D Database, [27, 54, 59-61, 64, 65,

71] e Difficulty of estimating private R&D spending Bloomberg Terminal 68]
Can be broken down by types and funding sources

Demonstration expenditure Complementary to R&D activities [72] e Only public budgets data (i.e. IEA RD&D Database) IEA RD&D Database [27, 54, 60]

(&) Essential for advertising the efficiency, reliability, is available for certain IEA countries
safety, cost and other performance of novel o Difficulty of distinguishing demonstration from R&D
technologies (prototypes) [56, 73] efforts [72]

Asset finance ($) Complementary to RD&D and production of devices e Data is only available for certain countries Bloomberg Terminal [27]
[74]
Crucial to deploy and diffuse novel energy
technologies

Subsidies ($) Creating a niche market for new technologies when o Official data is unavailable for many countries n/a (requires aggregation of n/a
they are not competitive with incumbents [75-77] e Subsidies may obscure the true cost of energy, create national data)
Speeding up the adoption of new technologies [78, 79] distorted price signals and unleash talented latecomers

[80, 81]

R&D personnel (counts) Human resources for developing cutting-edge o Data is unavailable for many economies OECD Main Science and (60, 61]
technologies [7] e Technology-specific data is unavailable Technology Indicators,
Can be broken down by gender, age, demographic e Data on education levels is hard to be obtained Eurostat (not energy specific)
characteristics and formal qualification[71]

State labs ($) State labs execute long-term and strategic scientific e Financial data is often unavailable n/a (requires aggregation of n/a
and technological missions and sustain national o Difficulty of estimating the number of technologies national data)
priorities [82, 83] developed or proportion of R&D personnel involved
State labs often conduct basic research, different from in state labs
private companies which mostly carry out applied
research and experimental development

Output Scientific publications Core output of R&D activities [84] e Language bias exist [86] Scopus, Web of Science [27, 54, 60, 64, 65]

(counts)

Patent applications (counts)

Unit capacity (MW)

Unit cost ($/unit)

Research quality can be estimated [85]
Can be broken down by technologies and components

Core output of R&D activities [87]
Research quality can be estimated [88]
Can be broken down by technologies and components

Indicates a form of embodied knowledge in
researching and manufacturing technologies [89]

A direct measure of (nearly) commercialised
technology

Indicates the economic advantage of the technology
[90]

Useful for comparing the effect of “learning by doing”
given other inputs’ cost is similar

Difficulty of determining the boundary of the
technological field

Searching queries vary among analysts [60]

Not all innovations are patented

Time lags between application and grant dates
Patent citations are subject to examination procedures
(88]

Difficulty of determining the boundary of the
technological field

Cannot reflect the quality and reliability of
technologies (larger unit capacity does not always
mean better technology)

Unit cost is affected by a variety of input prices (e.g.
labour cost) and economies of scale, apart from
“learning by doing”

PATSTAT, PatentScope,
national patent authorities

n/a (requires compilation
from company reports and
websites)

Bloomberg Terminal, IRENA
REsource

[54, 59-61, 64, 65, 68]

n/a ([89] adopted this
metric)

n/a




Outcome

Levelised cost of electricity
(LCOE) ($/MWh)

Manufacturing capacity
(GW)

Installed capacity (GW)

Royalty and license fees ($)

Industrial added value ($)

Technology diffusion via
trade (GW, $)

Job creations (counts)

Power generation (TWh)

CO, emissions reduction
(tonnes)

A robust methodological for calculating the cost of
electricity generated by technology [91].
An excellent metric for technology maturity

Core indicator for commercialised technology
Indicates the potential to modifying or
commercialising R&D efforts

Most relevant for indicating the deployment of novel
technologies

Easy to compare the data across countries and
technologies

Reflects the quality and impact of technology

A form of technology diffusion across firms and
countries

Core indicator for measuring economic returns

Indicates technological and economic impacts of
innovation [93]

Represents a form of social impact of innovation

Indicates technology codification and transfer to wider
workforce

Impact of technology on the energy system

Indicates estimated achieved emissions reduction (see

(961

A function of multiple factors acting simultaneously
that may not directly relate to technology performance
and vary dramatically by country such as operations
and maintenance, technology lifetime etc.

Cannot reflect the proportion of imported
technologies in manufacturing process

Subject to resource endowment [92], technology
development stage and technological characteristics
[o1]

Statistics for specific technologies are unavailable

Statistics for specific technologies need to be
improved

Statistics in economic terms are subject to input prices
(e.g. labour and material cost) and trade rules (e.g.
WTO rules)

Difficulty of estimating the number of direct and
indirect jobs

Subject to technological characteristics (e.g. labour-
intensive) and a country’s specialisation in global
trade

Subject to installed capacity and technological
efficiency [94, 95]

Subject to the emission factors of fossil fuels that are
affected by a variety of technological and policy
issues (see [97])

Bloomberg Terminal, IRENA
REsource

n/a (requires aggregation of
national data)

IEA, BP, Bloomberg
Terminal, IRENA Resource,
REN21, EnerData

OECD Statistics on
International Trade in
Services, UN Comtrade
Database (not energy
specific)

n/a (requires aggregation of
national data)

UN Comtrade Database,
Bloomberg Terminal

IRENA REsource

IEA, BP, Bloomberg
Terminal, IRENA Resource,
REN21, EnerData

IRENA Resource, IIASA
GAINS Model

n/a

n/a

[27, 68]

[61, 64, 65]

[61, 64, 65]

[54, 60, 61, 64, 65, 68]

[54, 60, 61, 64, 65]

[54]

[27, 59]

N.B. Data repositories have mainly considered nation-level data. For firm-level data, manual compilations from company reports and websites may be required.



5. Case study: cross-country comparisons on wind energy innovation

This section applies the integrated indicator framework to compare China’s performance relative to other
leading countries in wind energy innovation. It first describes the methodology that has been developed to
meet the needs of the problem at hand and then conducts both nation and firm-level comparisons across
countries. The empirical results are summarised afterwards.

5.1. Methods and data

This paper assesses China’s performance relative to Denmark, Germany and the USA. These three countries
represent the pioneers in developing wind technology. By comparing China’s performance with the world
leaders, it is possible to identify whether China has become a leading innovator in wind power technology
as well as specific gaps across the energy technology innovation chain. Descriptive statistics are adopted to
measure wind energy innovation performance characterised by the growth or decline of innovation inputs,
outputs and outcomes across the chain-linked stages. It is noticeable that China, Denmark, Germany and the
USA vary significantly in terms of wealth and population (see Table 3). A common approach to eliminating
the effect of country size on empirical results has been to normalise indicators by GDP or population. This
paper does not normalise indicators by GDP nor population for two reasons.

Firstly, GDP and population are both aggregate figures. A country’s GDP includes economic production
from all sectors, whilst population consists of R&D and non-R&D workforce in all technological fields. It
therefore seems problematic to normalise indicators of energy technology-specific performance, such as for
wind energy, against indicators like GDP or population, when much of the wealth or population covered by
these economy-wide indicators is not directly related to wind energy. Doing so may see countries with very
large economies or populations, associated with growth outside the energy technology sector (e.g. agriculture
ICT and construction), perform poorly in relative terms.

>

Table 3 The comparable size of countries and firms, 2015

Nation-level China Denmark Germany USA
GDP (current billion $) 11065 301 3364 18037
Population (million counts) 1376 5.7 80.7 321.7
Total R&D personnel (thousands) 3759 59.5 641 n/a
Gross R&D expenditure (current PPP billion $) 409 8.2 115 503
Firm-level Goldwind Vestas Siemens* GE*
Revenue (current million $) 4750 9350 83935 117400
Employee (counts) 6526 20507 348000 333000
Total R&D personnel (counts) 1377 n/a 32100 58000
Total R&D expenditure (current million §) 250 234 4994 11500

N.B. * Goldwind and Vestas focus predominantly on wind power technology whilst Siemens and GE conduct many other
businesses apart from wind energy. The data for Siemens and GE are aggregate numbers rather than wind technology specific
which is not publicly accessible.

Source: [98-104]

Secondly, this research is mainly concerned with China’s role in the global wind energy sector, so the
adoption of absolute metrics is appropriate. However, if the narrower purpose had been to compare the
effectiveness of energy innovation systems, then normalised indicators may have worked better. Aggregate
data without being normalised by GDP or population can exaggerate the performance of large countries, so
this paper also incorporates a firm-level comparison, with a leading manufacturer selected for each country
(i.e. Goldwind for China, Vestas for Denmark, Siemens for Germany and GE for the USA) (see Table 3).
This multi-level approach of assessing innovation at both a national and firm-level offers a more
comprehensive picture of relative innovation performance.

The administrative data used in this paper are collected from a range of public and private sources. It is found
that commercial databases (e.g. Bloomberg Terminal) play an important role in closing the data gaps that
may not be filled by official agencies like the IEA, but the transparency of their methods in data collection
and compilation needs to be improved. Despite considerable efforts by the authors, some data is still
unavailable from existing data repositories, which means that only some of the proposed indicators are
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applied (see Table 4). The uncovered indicators caused by data constraints may inspire future efforts to
improve data infrastructure and statistics.

Table 4 The data coverage for cross-country comparisons

Metrics Nation-level  Firm-level Time period Data sources
Input

R&D expenditure ($) v \ 2005-2015 [106]
Demonstration expenditure ($) X x n/a n/a

Asset finance (8) \ x 2005-2015 [106]
Subsidies ($) x x n/a n/a

R&D personnel (counts) X X n/a n/a

State labs & testing centres ($) X X n/a n/a
Output

Scientific publications (counts) v x 2005-2015 [107]
Patent applications (counts) v \ 2000-2015* [108, 109]
Unit capacity (MW) x \ 1980-2015 Company websites
Unit cost ($/unit) x x n/a n/a
Manufacturing capacity (GW) S % 2005-2015 [106]
Installed capacity (GW) \ X 2005-2015 [9]
Outcome

Royalty and license fees ($) X x n/a

Industrial added value (8$) x \ 2005-2015% [106]
Technology diffusion via trade (GW, $) \ \ 2005-2015"

Job creations (counts) X X n/a

Power generation (TWh) S x 2005-2015 [9]

CO, emissions reduction (tonnes) \ X 2005-2015 [111]

N.B. * Patent statistics after 2011 are less reliable due to delayed disclosure of patent data; » firm-level data starts from 2006.

Source: The authors.

5.2. Nation-level comparison

5.2.1. Inputs

5.2.1.1. R&D expenditure and asset finance

China, in recent years, invested heavily in wind energy R&D and asset finance and began to lead in these
two areas. China’s wind energy R&D spending surpassed the USA in 2010 and is approaching that of
Germany (see Figure 1). Between 2005 and 2015, China invested 2.2 billion USD in wind energy R&D,
with an average annual growth rate of 11%, representing the fastest growth rate among the four countries
[106]. In addition, China spent 50 billion USD in 2015 on wind power projects, compared to 12 billion USD
by Germany and 14 billion USD by the USA [106]. In total, China invested 240 billion USD in asset finance
between 2005 and 2015, with an average annual growth rate of 47% [106].

5.2.2. Outputs

5.2.2.1. Scientific publications

China’s R&D efforts seem to be paying off regarding the production of scientific publications. In 2015,
China overtook the USA and became the largest producer of scientific publications in wind turbine
technology (see Figure 2). Between 2005 and 2015, the number of publications authored by Chinese
scientists increased from less than 30 to 560, with an average annual growth rate of 37% [107]. Even if it is
measured by the world’s top 10% cited publications, China now plays as significant a role as the USA. China
has leapfrogged other countries in terms of scientific publications.

5.2.2.2. Patent applications

However, China underperforms in terms of patent filings to the European Patent Office (EPO) and the US
Patent and Trademark Office (USPTO) (see Figure 3). In 2011, China only made 26 applications to the EPO
and 40 to the USPTO, compared to 398 EPO filings and 188 USPTO filings by Germany [108]. Before 2005,
almost no Chinese residents had made wind turbine technology patent applications to the EPO or the USPTO
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[108]. The gap between China and the other countries in EPO and USPTO filings has widened over the last
decade. However, China caught up fast with other countries in terms of patent applications to the China State
Intellectual Property Office (SIPO). It filed 820 SIPO applications in 2011, compared to 70 by Denmark,
130 by Germany and 148 by the USA [109]. From 2005 to 2011, China’s SIPO filings increased by a factor
five, with an average annual growth rate of 40% [109].

5.2.2.3. Manufacturing and installed capacity

China’s manufacturing capability has grown fast. Currently, half of the world’s largest wind turbine
manufacturers are Chinese firms [112] (see Figure 4). The supply of wind turbines at reasonable prices
enables China to deploy the technology at a massive scale. China’s installed capacity of wind power
increased from less than 1.3 GW in 2005 to 145 GW by 2015, with an average annual growth rate of 66%
(see Figure 5) [9]. The installed capacity is three times more than Germany and twice that of the USA.

5.2.3. Outcomes

5.2.3.1. Technology diffusion via trade

Denmark leads in wind power equipment exports, whilst China and the USA have contributed relatively
little in terms of international trade of wind technology (see Figure 6). For example, Chinese firms have been
exporting wind turbines since 2007 [113] and in 2015 China exported wind power equipment worth 290
million USD, compared to 3.2 billion USD for Denmark and 2.4 billion USD for Germany [110]. Between
2007 and 2015, China’s average annual growth rate of export of wind power generating sets is about 84%,
compared to 14% for Denmark, 27% for Germany and 85% for the USA [110].

5.2.3.2. Power generation and CO2 emissions reduction

China’s wind power generation reached 185TWh in 2015 (see Figure 7), almost the same as the USA [9].
Between 2005 and 2015, China’s wind power electricity increased by 62% on average, compared to 8% by
Denmark, 14% by Germany and 28% by the USA [9]. The adoption of wind power helped China reduce
nearly 200 million tonnes of CO2 emissions in 2015 alone that would otherwise have been emitted into the
air from fossil-fuel power plants (see Figure 8). The positive environmental impact of wind technology is
obvious for large countries like China and the USA.
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Figure 1 R&D expenditure (a, left) and asset finance (b, right)
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5.2.4. Summary of nation-level comparison

China leads in six but lags in two of the eleven indicators (see Table 5). To be specific, China leads in R&D
expenditure, SCI publications, SIPO filings, manufacturing capacity, installed capacity and CO, emissions
reduction, but falls behind in EPO and USPTO filings. Another observation is that Germany and the USA
perform moderately well while Denmark, often considered as one of the most advanced countries in wind
technology, underperforms in most indicators except exports. It suggests that large countries may be ranked
higher in nation-level comparison. To help mitigate the impact of country size on results, Section 5.3 will
conduct firm-level comparison.

The performance of the Chinese innovation system for wind energy has grown consistently in terms of inputs,
outputs and outcomes. The biggest issue is with the country’s deficit in EPO and USPTO filings. In
comparison, performance growth for the wind energy innovation systems of Denmark, Germany and the
USA has been less consistent - they all slowed the growth of, or cut, R&D expenditure. Asset finance in
Germany and the USA has also declined. Despite weak growth or the reduction of inputs, outputs and
outcomes have continued to increase for these traditional leaders. They are far ahead of China in EPO and
USPTO filings. The continued increase of outputs and outcomes despite the stagnant growth or reduction of
inputs indicates the importance of cumulative R&D. In other words, technological innovation requires
continuous R&D inputs, and the effect of prior R&D efforts and achievements matter a great deal (see [114]).

Table 5 The inputs, outputs and outcomes across countries, 2015

Metrics High < Low
Input

R&D expenditure (million $)

Asset finance (billion $)

Output

SCI publications (counts)

Top 10% SCI publications (counts)*
EPO filings (counts)*

USPTO filings (counts)*

SIPO filings (counts)*
Manufacturing capacity (GW)
Installed capacity (GW)

Outcome

Technology diffusion via trade (million $)
Power generation (TWh)

CO, emissions reduction (million tonnes)

| * The data is based on the year of 2011. China Denmark Germany

Source: The author.

5.3. Firm-level comparison

5.3.1. Inputs

5.3.1.1. R&D expenditure

Goldwind (China) has caught up fast in R&D and is heading towards being a top R&D spender. However,
this has happened only very recently. The cumulative R&D investment by Vestas (Denmark) over the past
decade is two and a half times greater than that of Goldwind. Vestas’ R&D expenditure peaked at 328 million
USD in 2012 but has declined considerably since then (see Figure 9). It was overtaken in 2015 by Goldwind
which invested 250 million USD for R&D activities [106]. The cumulative R&D expenditure by Vestas
between 2005 and 2015 hit 2.2 billion USD, compared to 0.9 billion USD for Goldwind [106]. During that
period, Goldwind’s R&D expenditure increased by 88% on average, compared to 13.6% by Vestas [106].
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5.3.2. Outputs

5.3.2.1. Patent applications

As for the relative weakness in patent applications at the national level, China’s patenting performance at
the firm level is also deficient. As of 2011, Goldwind had made only three patent applications to the EPO
and USPTO, plus five by its German subsidiary Vensys [108]. In comparison, Siemens (Germany) filed
about 180 patent applications to the EPO and 32 to the USPTO in 2011 (see Figure 10). Siemens, Vestas
and GE (USA) are significantly ahead of Goldwind.

Even in the Chinese market, Goldwind did not patent until 2010 [109]. The firm has made only 8 patent
applications to the SIPO, compared to 56 by Vestas, 58 by Siemens and 131 by GE [109]. Before 2007,
Vestas and Siemens had almost no patenting records at SIPO, but they have quickly built a strong patenting
stock since then. The rapid increase may be attributable to their cumulative knowledge — they can modify
their prior patents filed at the EPO or USPTO to meet the Chinese criteria so that the technologies can also
be protected in the Chinese market. Recent data indicates a rapid growth in Goldwind’s SIPO filings and a
significant decline of the other firms, but this may be affected by the patent authority’s examination
procedure and delayed disclosure of information.

5.3.2.2. Unit capacity

There occurred remarkable upscaling in terms of wind turbine unit capacity in Europe and the USA between
the early 1980s and 2005 over which time Vestas, Siemens and GE upgraded wind turbines from less than
1.0 MW to 3.0 MW (see Figure 11). Goldwind was not able to develop a 1.5 MW wind turbines (prototype)
until 2003, thanks to a joint R&D project with Vensys. By 2015, Goldwind had scaled up turbine size to 3.0
MW when Vestas and Siemens successfully developed 6.0-8.0 MW offshore wind turbines. Goldwind has
developed 6.0 MW prototypes, but these are yet to become commercialised and are thus excluded in the
analysis. There still exists a large gap between Goldwind and the leading players in terms of unit capacity.

5.3.2.3. Manufacturing capacity

Driven by the fast-growing Chinese wind power market, Goldwind overtook Vestas and became the largest
wind turbine producer in 2015 (see Figure 12). The firm delivered wind turbines with a total capacity of 7.8
GW, compared to 7.3 GW by Vestas, 3.1 GW by Siemens and 5.9 GW by GE [106]. Between 2005 and
2015, Goldwind supplied wind turbines with a capacity of 32 GW to meet demand, with an average annual
growth rate of 64% [106]. Vestas and Siemens experienced a gradual increase while GE underwent ups and
downs.

5.3.3. Outcomes

5.3.3.1. Revenue and export

Goldwind far lags Vestas in terms of revenue (see Figure 13). In 2015, Goldwind made 4.8 billion USD, just
half of Vestas’ sales. This may be because Vestas turbines are priced higher than Goldwind’s. On average,
it costs 1.28 million USD/MW for Vestas wind turbines and 0.61 million USD/MW for Goldwind
turbines!'[106]. Lower prices have not led to competitive advantage for Goldwind in the international market.
The quality and reliability of turbines, as well as certification, are major concerns for wind farm developers
[115].

Regarding export performance, Vestas is the global leader (see Figure 14). In 2015, Vestas exported wind
turbines with a capacity of about 7.2 GW, compared to 115 MW for Goldwind [106]. Exports account for
96% of Vestas’ delivered capacity while it is only 1.5% for Goldwind [106]. The variation in export
demonstrates the international competitiveness between Goldwind and Vestas.

! Unit price is estimated based on the firm’s revenue divided by the capacity it delivered in 2015.
15



Figure 9 R&D expenditure

e GOldWiNd == Vestas

350

300 A

250 A

150 4

Million USD

100 A

2005 2007 2009 2011 2013 2015

Figure 10 EPO (a), USPTO (b) and SIPO filings (c)

Goldwind (a)

Vestas (a)

——— Siemens (a) GE (a)

= =Goldwind (b) === =Vestas(b) === =Siemens(b) === =GE (b)
=== Goldwind () = ===Vestas(c) = ===Siemens(c) ====GE(c)

200

150
-\
v \
5 100 | \
S %
A ]
-2\ v
50 1 ;"’ ‘\\‘-.—"-l
e e W
-~ N\ ‘\__41
T
o A g O Y
2000 2003 2006 2009 2012 2015

Figure 11 Maximum unit capacity

Goldwind =———Vestas =———Siemens =——GE
9.0
6.0
S
=
30
0.0
1980 1985 1990 1995 2000 2005 2010 2015
Figure 12 Manufacturing capacity
Goldwind Vestas e Siemens = GE
80
6.0
z
i) 40
20
0.0
2005 2007 2009 2011 2013 2015

Figure 13 Revenue

Goldwind Vestas

10

Billion USD
o o

2006 2009 2012 2015

Figure 14 Export of wind turbines

Goldwind ———Vestas

Billion USD
- o

2006 2009 2012 2015



5.3.4. Summary of firm-level comparison

Goldwind leads in two but lags in six of the eight indicators (see Table 6). To be specific, it leads the other
companies in terms of R&D expenditure and manufacturing capacity but falls behind in EPO, USPTO and
SIPO filings, unit capacity, revenue and export. The gap in patent filings is very large. Goldwind delivered
slightly more wind turbines than Vestas, but its revenue was half of the latter. When it comes to technology
exports, Goldwind’s share was tiny compared to Vestas.

Vestas performs excellently in almost all measures of input, output and outcome other than SIPO filings
which are only two less than Siemens. In contrast with the nation-level comparison, this firm-level
comparison shows that Denmark is the most advanced country in wind turbine innovation. It implies that
merely relying on nation-level comparisons may generate biased information. The consistent findings from
nation and firm-level comparisons are that China has caught up fast in R&D expenditure and manufacturing
capacity but lags significantly in patent filings and exports. A combination of nation and firm-level
comparisons produces more convincing results.

Table 6 The inputs, outputs and outcomes across companies, 2015

Metrics High < Low

Input

R&D expenditure (million $)
Output

EPO filings (counts)*
USPTO filings (counts)*
SIPO filings (counts)*

Unit capacity (MW)

Manufacturing capacity (GW)

Outcome
Revenue (million $)
Technology diffusion via trade (GW)

| * The data is based on the year of 2011. Goldwind Vestas Siemens GE

Source: The author.

6. Reflections on application of the indicator framework

6.1 Efficacy of the indicator framework

The proposed indicator framework synthesizes a host of existing indicator sets to present a valuable means
of undertaking a more comprehensive comparative assessment of countries’ energy innovation performance
across the multiple stages than that offered by piecemeal indicators currently in use.

The examination of multiple indicators across the innovation chain using this framework helps to uncover
the complex picture of innovation performance, with countries like China performing strongly against some
indicators but poorly against other. Consequently, the framework enables us to to identify strengths and
weaknesses at different stages along the innovation chain. It also offers insight into how countries’
performance has changed over time, unveiling trends in innovation performance, i.e. whether the system is
becoming stronger or weaker over time. For example, China has caught up quickly in terms of scientific
publications but has not performed as well in terms of patent filings. These are important lessons for industry
stakeholders to help inform their design of strategies to better support energy technology innovation.

Whilst the descriptive power of the framework is evident, its explanatory power is less so. A future
application of the framework could be to compare the levels of output and outcome as a function of the level
of innovation input, such as the reduction in levelized cost of electricity (LCOE) or the increase in unit
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capacity achieved through RD&D investment or the recruitment of skilled graduates. This could reveal, for
example, that relatively little technological progress has been achieved due to a lack of relevant innovation
inputs. However, this approach may suffer from temporal issues across indicators (see Section 6.3). The real
explanatory power is likely to come from subsequent detailed qualitative case studies, that are selected on
the basis of interesting system weaknesses/strengths and trends initially identified by this quantitative
indicator framework.

6.2 Nation and firm-level comparisons

Country size may influence quantitative assessments of relative innovation performance. To remedy this, a
combination of nation and firm-level comparisons have been undertaken to offer a more balanced view of
performance. The two types of comparisons have generated different pictures. Nation-level comparisons
ranks China an innovation leader except for EPO and USPTO filings and technology export, whereas firm-
level comparison ranks Vestas the highest. This suggests that merely relying on nationally aggregated data
may produce biased information, as large countries may be ranked higher from a national perspective.

The excellent performance of Vestas implies that country size does not necessarily ensure that firms in large
countries will rank above those from smaller countries; instead, firms in small countries can be very
technologically competitive on the global stage. It also indicates that large countries can catch up fast in
R&D expenditure, but it is a hard and slow process for them to leapfrog existing frontiers in technological
capability. This may be attributable to the effect of cumulative R&D efforts. Innovation is a cumulative
process in nature.

Despite some differences, there is broad consistency in the nation and firm-level comparisons. They both
indicate that China has caught up fast in terms of wind energy R&D and is heading towards becoming the
top R&D investor. China’s manufacturing capacity is huge, but the country lags significantly in EPO and
USPTO filings, revenues and exports. The consistency between nation and firm-level comparisons suggests
the overall reliability of the quantitative results.

6.3 Temporal issues between indicators

The framework can also offer insights into the effectiveness of innovation policy by dividing outputs and
outcomes by inputs, such as publications or patents per unit of R&D spend (counts/million $), manufacturing
or export capacity per unit of R&D (GW/million $) and installed capacity per unit of asset finance
(GW/million $). However, time lags, such as those between R&D funding, publications, patents,
commercialised innovation and technology diffusion, are very important and can skew results. Studies have
identified a 2-10 years’ time lag between R&D funding and publications, and 4-12 years’ time lag between
R&D funding and patents in the energy sector [116].

There are time lags between each indicator across the energy technology innovation process. Existing
literature has mainly focused on the time lags between R&D funding and publications (or patents) (see [117-
119]), while few studies have examined the time lags between R&D funding and later stages such as
manufacturing, deployment and export. Some studies have used patent citations to estimate the time lags
between a technical invention and subsequent diffusion. It was approximately 20 years (see [120, 121]),
equivalent to the term of a patent - the period during which the patent protection is in force. The incomplete
estimations of time lags across indicators are not sufficient to allow the normalisation of output and outcomes
by inputs, nor outcomes by outputs.

Another issue is the estimation of cumulative effect of R&D in advancing technological innovation. It has
been demonstrated in Section 5 that traditional industry leaders have continued to outperform China
regarding EPO and USPTO patent filings and maximum unit capacity despite their temporal decline in R&D
expenditure. This means that countries which temporarily cut R&D expenses can continue to perform well
owing to their prior knowledge base and the cumulative effect of R&D (see [114, 122]). Applying a discount
ratio like knowledge depreciation rate (see [117-119, 123, 124]) may help to account for temporal factors
between indicators.

7. Conclusions

This paper presents a synthesized indicator framework for measuring energy technology innovation
performance. It incorporates a range of input, output and outcome indicators that stretch across the energy
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technology innovation chain (namely research, development, demonstration, market formation and
diffusion), potentially offering a comprehensive assessment of innovation performance across different
innovation activities and stages. The efficacy of the indicator framework is tested by applying it to the case
of wind power, examining in particular China’s performance relative to the global market leaders - Denmark,
Germany and the USA. It finds that China is beginning to lead in terms of inputs (e.g. R&D expenditure)
and certain outputs (e.g. publications) but lags the world leaders in other indicators especially technical
inventions and outcomes (e.g. export). The case study points to a set of methodological issues, which include
the normalisation of indicators (or otherwise), nation and firm-level comparisons and timeliness.

Finally, further research on input, output and outcome metrics will be valuable for enriching and validating
the indicator sets. The identification of correlations between indicators could be helpful in understanding
which variables may have influenced a system’s performance most, however normalisation and temporal
issues need to be carefully addressed to ensure meaningful comparisons are conducted. In addition, further
examination of the use and limitations of existing energy innovation statistics may help improve the
accessibility, quality and reliability of data.
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Annex

Annex 1 Searching queries for bibliometric and patent analyses

Types Searching codes

Bibliometrics TI=(energ* OR electricity* OR power* OR blade* OR rotor* OR gearbox* OR generator*
OR nacelle* OR tower* OR inverter* OR converter* OR transformer*) AND TS=(wind)
Language: English
Document type: article, proceedings paper, book chapter, review
Database: SCIE, ISI Web of Science
Patent analysis =~ For PATSTAT (jointly established by the EPO and USPTO), CPC codes were referred to:
« blades or rotors (YO2E 10/721)
e components or gearbox (Y02E 10/722)
o control of turbines (Y02E 10/723)
e generator or configuration (YO02E 10/725)
o nacelles (YO2E 10/726)
e offshore towers (YO2E 10/727)
o onshore towers (YO2E 10/728)
e power conversion electric or electronic aspects (YO2E 10/76)
For PIAS (developed by the SIPO), IPC code was referred to:
e wind motors (FO3D)

Annex 2 Notes for figures

Figure 1:  a) Unless indicated, all monetary data is calculated using exchange rates and converted into
constant prices with 2015 as the base year; b) both public and private R&D is included.

Figure 3:  Patent data after 2011 was less reliable from the PATSTAT and thus excluded.

Figure 4: Manufacturing capacity for each country is aggregated based on a few companies’ data, i.e.
Goldwind, United Power, Mingyang and Envision Energy for China, Vestas for Denmark,
Siemens and Enercon for Germany, and GE for the USA.

Figure 8:  CO, emissions reduction by utilising wind power was calculated by referring to the emission
factors of fossil-fuel power plants estimated by IIASA’s GAINS Model.
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