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HIGHLIGHTS

e Renewable energy clusters potentially drive a reliable low-carbon energy transition.

e Renewable energy clusters are place-based and heterogenous.

e Industrial and material renewable energy cluster types are identified.

e Seven dimensions are proposed to predict renewable energy cluster emergence.
o The typification of renewable energy clusters will support policy development.
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ABSTRACT

Renewable energy transitions depend on activities at both ends of the value-chain or lifecycle, from the development
of new innovations and technologies to their widespread diffusion. Place-based at scale approaches to renewable
energy landscapes create local value, incorporate multifunctionality and decentralisation, mitigate harm for eco-
systems, address justice and local resilience. That the potential, demand, and production of renewable energies are
place-based phenomena is not accounted for in dominant energy-economy models, requiring new methods of
analysis for an energy transition. The emergence of renewable energy across landscapes is increasingly linked in
practice to the concept of “renewable energy clusters” that acknowledge the emergence of renewable energy as
spatially distributed, heterogeneous and place-based phenomena. Renewable energy clusters describe a range of
place-based energy activities along the energy value chain, from production of technologies and innovations to their
use. Despite their promise, there lacks a clear definition and typology of renewable energy clusters, and research has
not yet synthesised the place-based factors that influence or inhibit their emergence, that could be used to inform
place-based strategies that address local assets, actors, space, labour, knowledge issues, or localised justice issues.
This work offers a first step by serving as a preliminary investigation of renewable energy clusters and the factors
that may predict their emergence. First, a qualitative approach is used to identify three initial types of renewable
energy clusters along the energy value chain. The fields of regional sciences, technology innovation systems, and
energy geography are drawn upon to identify factors that may influence or inhibit the emergence and form of
renewable energy clusters. The seven synthesised dimensions that can be tested to typify and predict renewable
energy cluster emergence: actors, institutions, networks, knowledge and tools, proximity, location characteristics,
and path dependency. These initial types can guide the development of a sample of empirical cases of renewable
energy clusters that can be analysed through machine learning typification to identify a more nuanced articulation of
vertically integrated cluster types along the energy value chain. Typification can reveal characteristics these
renewable energy clusters have in common with others, and what outcomes emerge from these characteristics within
the specific context of place-based energy transitions.
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List of acronyms

IPCC Intergovernmental Panel on Climate Change

VRES Variable Renewable Energy Sources

SMEs Small and Medium-Sized Enterprises

IRECs Industrial Renewable Energy Clusters

SHRECs Shared Renewable Energy Clusters for the production, distribution and

consumption of renewable energy

RECPECIs  Renewable Energy Clusters That Power Existing Communities and
Industries

ICESs Integrated Community Energy Systems

RED II The revised Renewable Energy Directive

cVPP A community-based Virtual Power Plant

DisGenMi  Distributed Generation Microgrid

RECs Renewable Energy Clusters

R&D Research and Development

1. Introduction

Energy use is responsible for over two thirds of global greenhouse gas
emissions [1]. There are a range of low-carbon technology options
available that could be employed in an energy transition to mitigate
climate change [2]. The declining costs of renewable energy technolo-
gies have made them the lowest cost option, including compared to coal
[3]. Renewable energy is emerging across a range of contexts due to
activities along the energy value-chain, from the development of new
innovations and technologies, to their manufacture, to their widespread
diffusion, to the production, distribution and consumption of energy [4].
Currently, 3870 GW of renewable energy is installed, globally [5]. A
transition to predominantly renewable energy could see a global system
of 8700 GW [6] to 30,000 GW of renewable energy through the addition
of predominantly wind and solar power, with a much smaller share of
geothermal and hydroelectricity, while global annual investment could
reach $4.5 trillion USD in 2030 and $4.7 trillion USD in 2050 [7]. The
speed and scale of an energy transition that relies on renewable energy
has many societal implications and opportunities to incorporate citizen
participation, equity and justice in workforce transitions, and reconcil-
iation with Indigenous people [8].

To so dramatically increase the share of renewable energy in global
energy systems requires overcoming a wide range of challenges often-
times related to path dependencies that are infrastructural, institutional
and cultural [9,10]. For example, one important challenge to increasing
the share of renewable energy in energy systems is based on their socio-
technological and spatial limitations in comparison to incumbent hy-
droelectricity, thermal power electricity and fossil fuel based energy
systems that can more easily meet demand both temporally and spatially
[11,12]. Many forms of renewable power are temporally variable
renewable energy sources (VRES), whether hourly, daily or seasonally
[13], and their potential is spatially dependent and dispersed, often
outside centres of demand (cities and communities) [14]. VRES can be
difficult to dispatch and to integrate into electricity grids to meet de-
mand reliably [9]. Many hypothetical engineering optimization models
indicate technological solutions, showing that one way to address VRES
and reliability is through the grouping, or clustering, of multiple types of
VRES (complementarity) and integrating flexibility, such as demand
response or storage. A systematic literature review to address comple-
mentarity and actors simultaneously demonstrated that these methods
of providing load balancing among VRES are well established in hypo-
thetical engineering optimization models [15]. Institutional challenges
to the diffusion of renewable energy are often from incumbents, vested
interests [16,17], and institutional inertia [18]. Social acceptance can
also be challenged through backlash to renewable energy procurement
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policies [19]. The social acceptance and implementation of renewable
energy is often linked to the transparency of decision making processes
and the distribution of impacts and benefits' among local actors [20],
often requiring the removal of structural barriers to participation
[21-23].

These combined social, spatial, and temporal challenges can be
addressed through the lens of “renewable energy landscapes” and
“place-based at scale” approaches that aim to adapt technology and
infrastructure collectively and coherently towards community goals and
create value locally [24]. Place-based at scale approaches to renewable
energy landscapes create local value, incorporate multifunctionality and
decentralisation, mitigate harm for ecosystems, address justice and local
resilience [24]. O’Neil et al. [24] argue that new cooperation between
disciplines to design renewable energy landscapes at scale could support
scaled approaches, provide insights for replicability that would accel-
erate a low-carbon energy transition, as well as reconcile the acknowl-
edged challenges and tensions between top-down and bottom-up
approaches [24].

The emergence of renewable energy across landscapes is increasingly
linked in practice to the concept of “renewable energy clusters” that
acknowledge the emergence of renewable energy as spatially distrib-
uted, heterogeneous and place-based phenomena. Renewable energy
clusters are described by a range of terminology and synonyms across
literature, exist in different forms along the energy value chain, and are
hypothesised as important to a transition towards predominantly
renewable energy systems and could help drive sustainability transitions
[15,25-28]. For example, the “renewable energy clusters” defined by
Jaegersberg and Ure [29] describe the research, development and
manufacture of renewable energy technology, as similar to the place-
based concept of industrial clusters, built upon regional agglomeration
economies. Whereas, “renewable energy clusters” defined by Hoicka
et al. [26] are characterised by the production, distribution and con-
sumption of energy, as the combination of multiple renewable tech-
nologies (e.g., wind and solar complementarity) with flexibility for
balancing, such as storage, demand response, virtual power plants, and
peer to peer sharing, and relate these to governance and procedural
justice aspects of renewable energy transitions.

Renewable energy clusters in their various forms currently exist on
several continents [27,29], but the factors that influence their emer-
gence in the real-world are much less understood [30]. That is, there
exists a gap in understanding between models, scenarios and forecasts
that hypothetically predict the uptake of renewable energy on the
ground, and what occurs in practice [15]. This study seeks to move
beyond hypothetical engineering and economic modelling to contribute
empirical and place-based knowledge about the factors that influence
the emergence of renewable energy by analysing how renewable energy
clusters emerge in different forms across the energy value chain, in
different places. Despite the perceived importance of renewable energy
clusters in energy transitions research, there exists little empirical evi-
dence about what influences their emergence. Furthermore, between the
two ends of the energy value chain there could exist a range of renew-
able energy clusters that exist in practice. If the factors that influence the
emergence of renewable energy clusters could be identified empirically,
the analysis would contribute to a better understanding of how to
replicate, accelerate and operationalize energy transitions that employ
large shares of renewable energy. As renewable energy clusters are
place-based phenomena, these empirical analyses could be more easily
linked to procedural (who participates in making decisions) and
distributive (who benefits through the distribution of revenue and
employment) energy justice concerns, as well as to their alignment with
ecosystem services and provision of local value creation.

This work offers a first step in addressing these research objectives by

1 These include socioeconomic benefits, such as the creation and distribution
of jobs and revenues.
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providing a preliminary investigation of the concept of renewable en-
ergy clusters and the factors that may predict their emergence. At a later
stage, beyond this study, the outcomes from this first step of research can
guide the development of a sample of existing cases of renewable energy
clusters to provide empirical analysis. Gathering a wide range of
empirical examples of renewable energy clusters offers the opportunity
to incorporate a wide range of empirical data and offer a nuanced
articulation of cluster types along the energy value chain, and to test the
factors that predict their emergence. Machine learning typification is
one modelling tool that can achieve these outcomes, by identifying the
characteristics these agglomerations have in common with others, and
what consequences emerge from these characteristics within the specific
context of place-based energy transitions. That is, the typification of an
empirical dataset of different types of renewable clusters could enhance
our understanding of place-based at scale renewable energy landscapes
by identifying how they may emerge differently in different locations
with different cultural, social, political and economic contexts.

To this end, in the first step in this study, several types of renewable
energy clusters are identified qualitatively. In the second step, the
technology innovation system approach in the field of sustainability
transitions, energy geography, and spatial and regional approaches are
assessed against the range of qualitative clusters, upon which an initial
analytical framework of the factors that could influence the emergence
of a range of renewable energy clusters is developed and presented.

2. Context in current literature
2.1. Challenges of renewable energy systems

Although renewable energy transitions are possible, their charac-
teristics, pathways and timeframes are strongly debated [e.g.,
12,31,32].

Renewable energy suffers from a range of disadvantages when
compared to traditional thermal generation that make it difficult to
replace fossil-fuel based systems with renewable energy systems. For
example, the low spatial density (often measured in Watts produced or
consumed per m?) of energy production of renewable energy is orders of
magnitude lower than that of traditional thermal, fossil fuel and nuclear
energy [12]. Unlike fossil fuels and nuclear power that can be sited
closer to locations of demand, renewable energy potential is often site
specific, making it a spatially dispersed resource, interacting with
landscapes and communities differently than historically developed
systems [33].

One long standing critique for the production, distribution and
consumption of renewable energy is that many renewable energy
sources are time-variable and typically do not match with demand either
spatially or temporally [13]. Reliable renewable energy systems exist
hypothetically in engineering models of multi-energy systems that
cluster multiple sources, uses and flexibility mechanisms to better match
supply and demand [15,34]. In theory, the reliability of renewable en-
ergy improves as innovations and technologies are clustered, taking
advantage of complementarity of renewable energy, demand response,
load balancing, storage, prosumership and other forms of flexibility, and
bi-directionality of energy supply in order to match supply and demand
temporally [27,35,36]. However, in practice, how these clusters of
technologies and innovations converge to be implemented and governed
to provide more reliable renewable energy in space and time, and which
types of actors are involved, remains largely unclear [15,30].

2.2. Production of renewable energy technologies and innovations

Over the past decade, the role of industrial clusters have been pro-
posed as loci where to foster sustainable transitions and/or forms of
sustainability within new synergistic processes [37,38]. The place-based
concept of “industrial clusters” can support the production of renewable
energy along different stages of the value chain and have been proposed
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as important to understanding how to accelerate this transition [28,29].

Industrial clusters have long been studied in regional sciences and
economic geography [28]. As policy tools and analytical concepts, in-
dustrial clusters are part of the broader stream of literature in economic
geography that looks at regional industrial path development [39].

Industrial clusters refer to geographic concentrations of inter-
connected companies, specialised suppliers, service providers, and
associated institutions, such as universities, research centres or gov-
ernment agencies, in a particular field present in a nation or region
[38,40]. The concept of “clusters” was popularised by Porter [41]
although there are several definitions of “industrial clusters”. For
example, “clusters are geographic concentrations of interconnected
companies and institutions in a particular field” clusters as “geographic
concentrations of industries related by knowledge, skills, inputs, de-
mand and/or other linkages” [42]. Clusters can also be “firms in a region
producing similar or related products, using similar processes, or
engaging in similar functions (headquarters; research and develop-
ment).” [43]. These clusters are defined as “a population of firms, mostly
small and medium-sized enterprises (SMEs), carrying out different ac-
tivities in the same industry and located in a geographically bounded
area” [44].

2.3. Modelling energy through typification

To inform an energy transition, models are often used for their pre-
dictive and decision-making capacity to support policy decisions [45].
Many of the dominant energy-economy models are Integrated Assess-
ment Models and techno-economic models [46]. While these are useful
to estimate the impacts of policies on outcomes like greenhouse gas
emissions and energy use, they do not incorporate operational [47],
spatial [11] or actor dimensions [15] or provide insight into socio-
technical transitions [48]. Sustainability transition models that incor-
porate actors, but not space, are less dominant. Engineering models take
into account technology and behaviour but are not necessarily place-
based and context driven [15].

The creation of a good typology can support the identification, pre-
diction and explanation of emergence and evolution of renewable en-
ergy clusters. Renewable energy clusters are representative of real-
world, place-based phenomena that have strong potential to transform
our current energy systems. Typification models hold promise as the
factors of analysis are able to incorporate place-based phenomena more
accurately than other types of dominant models.

2.3.1. Typification as a method of analysis

Typification is a commonly used method or model of analysis in
social sciences, especially for informing policymaking.

Typologies are “ex-ante classifications” that result in types or clusters
with a predictive and explanatory capacity [49]. The term “typology” is
also often used interchangeably with terms such as “classification”
[50-52], “categorization” [53] or “grouping” [54]. Typologies can be
formed by a diverse number of types or multiple categories, sometimes
called clusters. For example, several authors employ concept clustering
identifying one to five types to create a typology [54-56]. However,
typologies also allow the use of a larger number of types. For instance,
Fiaschetti et al. [57] applied a statistical data-clustering algorithm to
identify 20 different regional clusters in Europe.

Typologies are measured or predicted through four major
approaches:

1. User defined clustering: the user defines the main thresholds for each
cluster. For example, Copus et al. [58] identifies 6 types of de-
mographic changes using a set of thresholds based on positive or
negative total population change combined with positive or negative
natural increase, and in- and out-migration.

2. Threshold clustering: the user defines pre-specified thresholds,
identifying specific characteristics that each cluster should have.
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Hedlund [53] applies this method to create a typology of rural areas.
The author defines a populational threshold before creating an
agglomerative hierarchical cluster analysis using Ward’s method
measured with squared Euclidean distance [53].

3. Data driven clustering: unsupervised clustering which groups the
data according to similar properties or features. For example,
Graskemper et al. [59] used Partitioning Around Medoids, an un-
supervised clustering method, to identify clusters of German farmers.
This method allows the analysis of multiple variables and reduces
issues caused by researcher bias [59].

4. Concept/Qualitative-based Clustering: comprises methodologies
that rely on literature reviews, surveys, and methods based upon non
quantitative inference of primary or secondary research. For
example, Ermolaeva and Agapeeva [54] identified typologies of
Russian corporate social responsibility practices from surveys and
interviews. These approaches often are useful for identifying rele-
vant differences from primary data, and to synthetize [54] and
identify commonalities among existing studies [55].

2.3.2. Typification using data driven approaches

Unsupervised machine learning models are considered data driven
approaches. An advantage of these approaches is that they are able to
analyse multiple variables to see which characteristics are most common
(or diverse) within the same typology [57,60]. These models allow for
the use of numeric inputs from a variety of sources which results in
clusters based almost entirely on the data: through these inputs, the
models can identify which observations are most similar to each other.

The main advantage of this method is that it can reduce large data-
sets with many variables to portable and manageable comparative
metrics and allow researchers to create multidimensional inputs for
better describing their unit of analysis through the use of numeric inputs
from different fields, and further, reduces the level of arbitrarity
affecting threshold-based measures [59,61].

The typification of renewable energy clusters by relevant charac-
teristics as well as by the synthesis of factors that typify their emergence
would be useful to understand how a renewable energy transition might
occur (or conversely, be disrupted) in various locations. The potential
factors that may influence the emergence of various types of clusters can
be input into a machine learning model to identify typologies of
renewable energy clusters as they relate to the production of technology
or of energy. This would allow the identification of commonalities and
differences among types of renewable energy clusters. The outcome
would be increased insight to support decision-makers in selecting,
prioritising, and financing clean innovation strategies, taking into ac-
count sector-specific pathways and the distributional impacts of pro-
posed low-carbon and/or resilient recovery policies and programs.

The first steps, however, are to identify existing clusters to use as
inputs into a future model, and further, identify the potential factors that
can be tested for their influence on the emergence, characteristics, and
position of the value chain of a renewable energy cluster.

3. Material and methods

The first two steps of analysis were 1) a literature review to identify
initial concept/ qualitative types of renewable energy clusters; 2) a re-
view of the literature to identify the potential explanatory factors of
emergence of renewable energy clusters.

Concept/ qualitative-based clusters are useful for identifying rele-
vant differences from primary data. The starting point to identify initial
concept/qualitative-based cluster types was to consider empirically
derived evidence about the manufacture, production and distribution of
more reliable renewable energy. To address the challenge of a lack of
common terminology around similar concepts, starting concepts used to
define the clusters were derived from literature around:
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e renewable or sustainable energy clusters from regional sciences ap-
proaches [e.g., 28,29,62];

renewable energy clusters from socio-technical and governance
literature [27,28,35];

community Virtual Power Plants from socio-technical literature
[631;

technical aspects of decentralisation [64];

and integrated community energy systems [36].

To expand the range of literature consulted, the reference lists of
these studies were checked, and a forward search of citations was con-
ducted. To address potential gaps in this list and identify additional
literature about renewable energy clusters, additional academic litera-
ture was identified through searching the Google Scholar database. A
search string combined the search terms (both with and without quotes)
related to (1) renewable energy clusters; (2) renewable energy industrial
clusters; (3) green energy clusters/sustainable energy clusters/cleantech
clusters/green tech clusters (4) renewable energy communities. The
reference lists of the identified literature were checked, and forward
search of citations were conducted to find more relevant literature. 52
additional sources were identified through this process. The initial
concept/qualitative-based cluster types were typified by consolidating
clusters using broad conceptual similarities depending on the goal of the
cluster and its position on the value chain.

In the second stage of analysis, the potential explanatory factors for
the emergence of renewable energy clusters were identified. Three lit-
eratures that define factors that could predict the emergence of renew-
able energy technologies and innovations are:

1. The technology innovation system approach in the field of sustain-
ability transitions. This approach recognizes that innovations diffuse
through both technological and social systems [65]. Diffusion of
innovations theory, which originated from Rogers [66], was selected
as it explains the diffusion portion of the technology innovation
system, and it has recently been expanded to include a range of
explanatory factors [67-69]. The technology innovation system
literature was employed as it addresses the emergence and supply of
socio-technical innovations depends on institutions, networks and
actors across the research, development, deployment, diffusion
stages [70], that provide the know-how that support them [71], and
require supports to challenge the established socio-technical fossil
fuel regime [35,72].

2. Energy geography was selected as it frames low-carbon energy
transitions as spatially-constituted and a major driver in land cover
change, by redistributing energy and economy related activities
across space [73]. This approach accounts for the characteristics of
spatial heterogeneity and unevenness of actors, communities and
renewable energy potential due to geographic and spatial de-
terminants of resources, and the emergence of a range of new actors
involved in the development and governance of renewable energy
projects in energy transitions [e.g., 73].

3. Spatial and regional approaches were selected as they have recently
been applied to energy transitions to examine the spatial agglomer-
ations, clustering of innovations, urban and rural differences, and
actors in liberalised energy markets [74,75].

These literatures were assessed against the range of qualitative
clusters for factors that could be tested to predict their emergence.

4. Findings
4.1. Renewable energy cluster types

The results of the literature review to identify initial concept/
qualitative types of renewable energy clusters identified three types:
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Fig. 1. Three Qualitative Cluster Types.

1. Industrial renewable energy clusters (IRECs) that relate to research,
development and manufacturing of renewable energy technologies
and innovations.

2. Shared renewable energy clusters for the production, distribution
and consumption of renewable energy (SHRECs) that relate to the
production, distribution and consumption of renewable energy.

3. Renewable energy clusters that power existing communities and
industries (RECPECISs) relate to the diffusion and market formation of
renewable energy technologies.

These three qualitative cluster types are presented along the energy
value chain in Fig. 1, and more detail of each type of renewable energy
cluster is provided in the results that follow.

4.1.1. Industrial renewable energy clusters (IRECs)

The first qualitative/ concept type of renewable energy cluster type
found from the analysis was Industrial renewable energy clusters (IREC).
The findings indicate that conceptually, industrial clusters that produce
renewable energy technologies and innovations emerge from and
exploit the advantages of agglomeration economies, with a clear refer-
ence to the vast body of literature and experience devoted to regional
economic clusters. IRECs are characterised by the spatial and/or
network agglomerations of the firms, governments, universities, services
and suppliers, as industry and small and medium enterprises, that pro-
duce renewable energy technologies and complementary low-carbon
innovations [29], described visually in Fig. 2 through interconnected
relationships. These groups of clusters are also the closest to the

Small & Medium
Sized Enterprise
(SMEs)

|
Industry

Fig. 2. Industrial Renewable Energy Clusters [adapted from Jaegersberg and
Ure 29].

Porterian definition of clusters [76] in that they build upon existing
competitive advantages and the relationships between firms and other
main actors for creating additional value compared to other forms of
territorial and industrial organisation. For example, IRECs can function
as intermediary actors accelerating sustainability transitions and facili-
tate the diffusion of sustainable practices at the regional level [28],
support low carbon emissions goals and can create local jobs and raise
employment levels [25]. The range of illustrative definitions of IRECS
that were found are outlined in Table 1.

IRECs are characterised by the spatial and/or social concentration of
all or some of the elements of the value chain. Cleantech clusters and
green energy clusters are more strictly focused on the production of or
research and development related to green energy technologies [77,78].
In both cases, the agglomeration concerns the firms and institutions
engaging in the production of often export-oriented technologies and
services, leading to broad sectors and supporting institutions [78], but
with a lower emphasis on the role of residents and society at large. IRECs
may display characteristics from the SHRECs and RECPECISs, especially if
social ties across the actors are strong. Some IRECs were found to be
vertically integrated-structured to include several steps along the energy
value chain, from research and development to energy distribution and
consumption. For example, in Butturi et al., [79], McCauley and Ste-
phens [28], and Soukissian et al. [80] renewable energy clusters are
conceptualised as industrial clusters that include firms supported by
both the general public and public institutions, where the production of
renewable energy locally is one of the drivers of the cluster. The firms
within the IREC described by Soukissian et al., [80] operate primarily in
sectors that are ancillary to technologies, such as in the permitting
processes for marine renewable energy, designed for procuring offshore
renewable energy. This is reflected in Germany and Denmark, where
energy policies were built to address both domestic energy production
and to build an export industry [81].

4.1.2. Shared renewable energy clusters for production, distribution and
consumption (SHRECs)

The second qualitative/ concept type of renewable energy cluster
type found from the analysis was shared renewable energy clusters for
the production, distribution and consumption of renewable energy
(SHRECs) the focus on the production, distribution and consumption of
energy within a local area or region. SHRECs are closer to local energy
systems modelled in engineering studies [34,87]. The objective of
SHRECs is often to provide reliable and resilient electricity resulting
from combining technologies, innovations and actors. Technologically,
SHRECs are considered the building blocks of a reliable, renewable
energy system [88]. SHRECs are described as having the following
general features [27]:

e Aninterconnected energy system among a range of actors [27,30,36]
e Bidirectionality of electricity flows, for example, via prosumership or
micro-grid connection and isolation from the main grid [27,36,88]
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Table 1
Types of industrial renewable energy clusters.

Terminology Description Definitions Key characteristics Context

Renewable energy Agglomeration of related businesses, Jaegersberg and Ure [29] use a broad Top-down approaches work if Global
clusters organisations, in geographic proximity and  definition of clusters based on: Marshall’s sociocultural, intellectual, and

benefit from co- localisation and industrial districts [82], to Beccatini [83], organisational capital of clusters is
collaboration [29]. to Camagni [84], Krugman [85], and fostered by continuous interaction
Spatial proximity among actors is not Porter [76]. among cluster actors.

necessary as other forms of reduced Strongly related to that of industrial

distance may occur [80]. clusters, with renewable energy being the

Promise similar to other industrial clusters object of production.

to accelerate transformations and value

creations. Policy, research- related barriers

hinder cluster emergence often due to

conflicting objectives among cluster actors

(e.g. universities vs SMEs) [29].

Renewable energy Different sectors within the renewable Clusters formed by various renewable Renewable energy production China
production clusters energy industry collaborate as a unifiedhub ~ energy technology production industries,

to enhance effectiveness and productivity that could be solar power or wind turbine
to produce sustainable technology [25]. clusters [25].

Sustainable energy Create conditions in the region to supporta  Sustainable energy clusters, green energy Complex socio-technical place-based Central
clusters/ Green range of niche-level technologies, firms, clusters, green tech clusters identified as phenomena Massachusetts,
energy clusters/ social practices, endeavours to advance the same [28]. Green USA
Green tech clusters sustainable energy. This strategy aims to clusters encompass a group of industries

build networks and capacity among the (e.g., electricity, transportation, building
niche-level activities, providing networks industries, software, consulting), refer to
to core decision makers, established power  production, R&D activities that involve
elite, in a broad, multifaceted socio- multiple application pathways, where
technical energy transition. [28]. industrial boundaries are more difficult to
define than traditional sectors [78].
Cleantech clusters Clusters as both natural phenomena and Agglomeration of interconnected Agglomerations and clustering of N/A

policy-driven outcomes, include academic
institutions, industry, and governmental
institutions [77].

Cleantech refers to a diverse range of
innovative products and services that
optimise the use of both finite and
renewable natural resources for long-term
environmental and commercial
sustainability [77].

Cleantech comprises knowledge-based
products, technologies, and services based
on improved operational performance,
energy efficiency, reduction in waste and
environmental externalities.

economic, creative endeavours within
specific regions, characterised by
collective collaboration, competition
among companies, institutions [77].
Interconnected businesses in close
geographical proximity to each other [86].
Davies [77] defined cleantech and clusters
individually, but no clear definition on
cleantech clusters.

cleantech remain marked by
contingency, nonlinearity, and
uncertainty [77].
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Fig. 3. Shared renewable energy clusters for the production, distribution and consumption (SHRECs).
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e Arange of combined renewable energy sources, owned and operated
by different types of actors [27,30,36,88]. Ideally, this portfolio of
energy sources exhibits complementarity—i.e., intermittent sources
that balance each other to reduce variability and flexibility costs
[27,88,89]

e Flexibility, such as demand response, load balancing, and storage
[27,88,89].

e These features are included in an example of what a SHREC could be,
as identified from the literature, in Fig. 3.

The range of SHRECs identified in the analysis is provided in Table 2.
In the socio-technical literature, that considers both social and techno-
logical factors, Table 2 outlines a range of terminology is used to
describe these clusters, such as DisGenMiGrid systems based in local
actors managing common pool resources [30], renewable energy clus-
ters [27], Integrated Community Energy Systems (ICESs) [36], Com-
munity Virtual Power Plants [63] and, based on new EU legislation,
renewable energy communities [26,27]. The few empirical studies
found identify the importance of governance, the inclusion of a range of
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actors, as well as supply chains [15]. Because sometimes these actors are
citizens, municipalities, and local small and medium enterprises that are
often identified as ‘community’ [e.g., 36], much literature has focused
on the participatory, governance, decentralisation, and justice aspects
[15,26,27,30]. Due to the predominantly spatially determined nature of
VRES potentials, of flexibility and demand, it is less clear how this
clustering could occur spatially [26,27].

4.1.3. Renewable energy clusters that power existing communities and
industries (RECPECIs)

The third qualitative/ concept type of renewable energy cluster type
found from the analysis was RECPECIs that relate to the general diffu-
sion and market formation of renewable energy technologies. RECPECIs
are focused on increasing the share of renewable energy in a reference
community or industrial cluster, often materialising as an added layer on
top of existing industrial policies and regional industrial networks. Ac-
cording to Hidayatno et al. [25] few studies exist about RECPECI’s.
Drivers of RECPECI’s can include reduced lifecycle emissions [90],
reduced direct emissions [25,90], more efficient and sustainable use of

Table 2
Types of shared material renewable energy clusters (SHRECs).
Termino- logy Description Definitions Key characteristics Context
Integrated Locally and collectively organised energy Cross-sector integration at the local level Complementarity of technology: integrated Conceptual
Community systems. capable of effectively integrating energy energy systems can be realised at local scale
Energy Systems  Fulfils energy requirements of local systems through a variety of local combining rooftop photovoltaics, small
(ICESSs) communities through synergies among generation of heat and electricity, flexible wind turbines, district heating, and
different energy carriers. demand as well as energy storage. community energy storage or biogas and
ICESs aim at the self-provision for the local =~ Integrating smart-grid technologies and hydrogen production systems.
communities and provide system services demand side management facilitate an Local energy exchange one of the most
such as balancing and ancillary services to  increase in reliability and efficiency. [36]. important attributes of ICES. [36].
neighbouring systems. Smart grid advances provide the basis for
Includes community micro-grids, goals to ICESs [36].
optimise, provide resilience, autarky [36].
Renewable Interconnected renewable energy sources Lowitzsch et al. [27] defined renewable Complementarity, flexibility, European
energy clusters that are operated by a range of energy clusters as comprising interconnectivity, bidirectionality. Union, India,
interconnected actors. Energy sources are complementarity of energy sources, Typically include flexibility of demand, Chile [27]

Renewable
energy
communities

Community
Virtual Power
Plants

DisGenMi Grid

Complementary temporally. Flexibility,
and interconnectivity of actors, and
bidirectionality of energy flows [27].

The revised Renewable Energy Directive
(RED II) establishes a supportive
framework for the establishment of
“Renewable Energy Communities” (RECs),
which is being implemented as legislation
across the 27 European Union Member
States [27,88].

Software-based solution that aggregates
distributed energy resources into one
coordinated and controlled portfolio that
operates as one single entity similar to a
conventional power plant, allows for
managing and trading of electricity [63]
community based due to community
involvement and community-logic under
which it operates [63].

The social construction of smart metering is
a key factor in determining the character of
the smart grid. [30]

The social foundations of smart grids
consist of decentralised socio-technical
networks that underpin the electricity
consumption of groups of consumers/end-
users which form a community. [30]

flexibility, interconnectivity, and
bidirectionality of energy flows.

Renewable energy communities are defined
by their ownership [88], and/or their
existence as formal entities and proximity to
renewable energy projects. [27];
Renewable energy communities can
generate renewable energy for their own
consumption, store surplus production, and
sell it to the grid e.g., via peer-to-peer
trading, power purchase agreements,
engaging with energy suppliers [27,88].

A community-based Virtual Power Plant
(cVPP) is a portfolio of distributed energy
resources aggregated and coordinated by an
internet and communications technology
based control architecture, adopted by a
(place- and/or interest-based) network of
people who collectively perform a certain
role in the energy system [63].

“DisGenMi” refers to microgrids with a
substantial amount of distributed energy
generation. [30]

energy efficiency, storage, and peer-to-peer
trading within cluster and between cluster
and broader market [27].

Owned by local members or shareholders,
authorised to share energy within the
community [27,88].

RECs and renewable energy clusters are
socio- technical mirrors. [27]

RECs have the potential to facilitate private
investment and financing for renewable
energy sources while delivering social
benefits [88].

European Union

Building blocks that form a cVPP: the Ireland,
community involved, the community-logic Belgium,
under which a project operates, the portfolio ~ Netherlands
of distributed energy resources aggregated [63]

and controlled, and the roles communities

can collectively play in the energy system

[63].

DisGenMi model is positioned to “make Conceptual

generation of electricity from resources
based close to end users competitive with
central generation”. [30]

Community of place or interest investments
and ownership of the energy project is a
determinant of acceptance. [30]
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Table 3
Types of Renewable energy clusters that power existing communities and industries (RECPECIs).
Terminology Description Definitions Key characteristics Context
Renewable energy- Industrial clusters that use renewable Renewable energy is used as a method to Potential to improve sustainable industrial Indonesia
powered energy. [25] empower industries in a cluster. [25] development with reduced carbon emissions. [25]
industrial clusters [25]
Net zero energy Conceptualised in multiple ways that No clear definitions for assessing renewable Characterised by zero carbon, energy US, UK,
communities rely on different terminologies, energy-based strategies in net-zero communities  efficiency, renewable energy, electrification Germany
emission sources, timescales, and [90]. community, economic, regulatory, political,
energy sources [90]. University campus, commercial office and high-  social and technological features [93].
rise residential buildings are groups that are
powered by hybrid renewable energy and
hydrogen storage supply through peer energy
trading [93].
Communities fully powered by renewable
energy [92].
Energy Sustainable Communities that use renewable Communities that use renewable energy and Electricity and heat production, consumption, ~ Germany
communities energy and energy efficiency energy efficiency measures. [91] transport sector. [91] [91]

measures. [91]
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Fig. 4. Renewable energy clusters that power existing communities and industries (RECPECISs).

energy [91], competitiveness [25] and changing energy system path
dependencies in industrialising contexts [25]. Identified terminology
includes: energy sustainable communities [91], net zero energy com-
munities [25,90-93], and renewable energy-powered industrial clusters
[25]. Examples of these clusters are defined in Table 3 and Fig. 4.

4.2. Explanatory factors for the emergence of renewable energy clusters

The findings of the analysis of three literatures assessed against the
potential to explain the identified qualitative/concept type clusters
indicate a complex and wide-ranging set of potential factors.

4.2.1. Energy geography
Although the origins of energy geography and the relationships be-

tween space and energy emerged as early as the 1980s with works by
Nijkamp [75] and Owens [94,95] energy geography as a field has
emerged more prominently over the past two decades. Spatial energy
density is the ratio of energy produced or consumed compared to its
spatial footprint of production or consumption (W/m?). One important
distinction between low-carbon sources of energy, such as renewable
energies like wind and solar power, and historical, traditional, central-
ised sources, such as fossil fuels and nuclear power, is their “energy
density”, which has potentially disruptive implications on land-uses in
an energy transition [12]. Furthermore, whereas value chains for energy
technology and innovations are designed for transmission across loca-
tions to selected sites, renewable energy generation depends more on
location than fossil fuels and nuclear, since renewable energy potential
is context specific. For example, solar and wind potential vary spatially,
and favourable locations for hydroelectricity depend on characteristics

of specific sites. On the other hand, fossil fuels and nuclear fuels can be
transported to a specific location for generation.

For these reasons, spatial reorganisation and the transition of path
dependent infrastructures is inherent to renewable energy transitions.
Energy geography focuses on how renewable and low-carbon energy
transitions affect spatial and economic reorganisation, characterised by
the changing energy landscapes that result from the spatial unevenness
between energy potential and sources, sites of energy demand, land-
uses, value chains, liberalisation of markets to allow for new actors,
and investment [33,73, e.g., 74,96]. Energy geography highlights how
land-use planning impacts energy use, and energy supply affects land-
use changes and leads to spatial pressures across landscapes and com-
munities [11,97]. This spatial reorganisation opens up opportunities to
actors new to the energy sector, and the new interactions between these
new actors across scales (i.e., local and regional actors) may become
societally and technologically disruptive [e.g., 73,88]. How actors
interact and engage in these clusters and transitions may reinforce in-
justices of the present energy system, or offer new pathways towards
increased justice and inclusion of historically marginalised communities
[26].

There are many implications for the overlap of renewable energy
potential across communities; whether and how this potential is har-
nessed will depend in part on interactions with local communities, in-
dustries and spatial patterns. Urban areas are densely populated with
high energy density of demand (W/m?), which will increase with the
decarbonization of transportation through the widespread adoption of
electric vehicles, requiring new sources of supply [12,97]. This opens up
risks of constrained transmission networks and bottlenecks to providing
supply [74].
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Table 4
The identified range of potential energy geography factors determining the
emergence of renewable energy clusters.

Factors Rationale/ Examples

Location The location and landscape of renewable energy resource potential
(supply) [33];

Location of network constraints [74];

Location of clustering of innovations [74];

Location of demand [74,88];

Relative location: the proximity of supply and demand actors/
infrastructures [26,74];

Spatial planning tools for renewable energy siting and analysis
[11];

Land-use planning [96,99].

Urban density/density of demand/urbanisation and urban and
rural differences [26,74,100];

Path dependencies, initial conditions and starting points [73];
The decentralisation or liberalisation of actors and infrastructures
[73,74,88];

Social acceptance of renewable energy projects is influenced by
socioeconomic impacts, fairness, participation, and trust during
the development process [20];

Interscalar relationships between demand (cities) and supply (rural
areas), across civic, public, and private actors that are in cities, in
regions, and at higher/more centralised scales [88].

Characteristics

Actors

An energy geography perspective offers that different types of
renewable energy clusters will emerge in different locations, due to the
differences in locational characteristics. For example, clusters in cities
may have limited potential for renewable energy generation, and with
transmission constraints, may focus more on conservation and demand
to overcome network constraints, and the integration of electric vehicles
[26,74]. With the impacts of climate change being felt by communities
now [98], renewable energy clusters may focus on resilience to envi-
ronmental hazards, such as heat waves, fires, and storms. In rural areas,
where the potential for renewable energy resides, renewable energy
clusters may focus on exporting renewable electricity out of the region
or into the city as an income source for local economic development
[88].

SHRECs imply proximity between actors, renewable energy genera-
tion, and grid connections [26] as well as governance across a range of
relevant actors, such as how ownership, management and control are
structured [27,30,36,63,88].

The range of factors considered by energy geography in renewable
energy transitions are outlined in Table 4.

4.2.2. Technology innovation system and diffusion of innovations
approaches

Socio-technical innovations are the recognition that innovations,
such as products, services, and new processes diffuse not only into
technological systems, but also into social and institutional systems that
are characterised by path dependency and lock-in [10,18]. Sustain-
ability transitions theory defines socio-technical systems as complex,
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multi-scalar systems made up of regimes that are resistant to change,
and that transitions come about through dynamic processes within and
between innovations and the socio-technical regime [10,18]. Within this
context, disruptive innovations provide new features (attributes) to
products or services that alter the existing technological paradigm,
create major societal change, can introduce new social values and po-
litical beliefs, and lead to broader socio-technical regime change [101].

The technology innovation system explains the role of actors, net-
works, and institutions in influencing the emergence of innovations
from the stages of research and development, to deployment, to wide-
spread diffusion stages, and the potential for feedback loops within
the system [102,103]. As such, the technology innovation system con-
ceptual framework offers credible explanations for the emergence of
innovations in social and technological systems and the range of inno-
vation system actors that influence the emergence of niche innovations
[35,67,70,103-111]. One of the most prevalent methods of analysis
emerging from the technology innovation system is the use of policy mix
analysis of the institutions that influence an innovation’s emergence and
diffusion [70,106,112].

Olbrich and Bauknecht [113] argue that system building is required
in addition to niche scale up and regime destabilisation in order to effect
a sustainability transition. System building incorporates a broad range
of complementary system elements such as innovations, or elements
from the regime (e.g., rules and regulations) to bring about a new system
architecture. Olbrich and Bauknecht [113] define system building as the
“restructuring dynamics in the existing regime [that] involves the
institutionalisation of innovations, the alignment of old and new system
elements as well as an interaction between old and new regime actors”
(p. 1), that leads to “new socio-technical systems ...that fulfil societal
functions in a more sustainable way, thereby gradually replacing current
systems that are considered to be unsustainable” (p. 2). From this
perspective, SHRECs could represent disruptive reconfiguration of in-
novations that emerge when the current energy system regime is
destabilised.

The portfolio structure of SHRECs suggest a range of technologies
that are complementary and require support to diffuse from the tech-
nology innovation system into specific locations, and potentially, as part
of electricity grids. Specific considerations to these types of clusters
include:

e Complementary policy instruments or the encouragement of
complementarity [15,88,114];

The encouragement of specific innovations, and combinations of
innovations [114,115];

Technology specific policy instruments for all types of clusters,
whether material (supply) or industrial (demand) as opposed to
general policy instruments that do not target specific technologies
[881;

These instruments and supports often vary by jurisdiction and loca-
tion, requiring analysis using multi-level policy mixes [e.g., 116];

Table 5

Potential technology innovation system factors influencing renewable energy cluster emergence.
Factors Catalyst Sources
Path dependencies and initial conditions of actors, Interactions with existing multi-scalar and locked-in institutional, infrastructural and cultural [10,18]

networks and institutions
Agency and actions from agents within the regime

systems.

Niche and innovation support from entrepreneurs, suppliers, financial resources.

[67,70,103-105,107-111]

Actors acting as spanners linking across networks, regimes, niches, and actors, for example, the

role of intermediaries.

Actors providing legitimacy of innovations through support or pushback from public, regime,

incumbents, users, communities.
Institutions

Multi-level policy mixes across regimes (policy instruments can be economic, regulatory,

[26,27,35,70,106,112,125]

knowledge creation and diffusion, general or technology specific);
Regime structure influences the emergence of innovations.

Innovation Characteristics
Knowledge and Creation sharing

Whether innovation reinforces incremental or disruptive regime change.
International collaborations on offshore wind energy across countries.

[35,106]
[102-104,126-128]
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e Cooperation and coordination of networks and actors across com-
plementary innovations and value chains [15,26,109,117].

Literature that describes the diffusion and adoption of renewable
energy innovations includes Déci and Vasileiadou [118], Mignon and
Bergek [119], Bergek and Mignon [120], Clausen et al. [121], Clausen
and Fichter [67], Fichter and Clausen [68,69], Hoicka et al. [26,106],
REN 21 [122-124]. The specific factors that are known to impact the
diffusion of socio-technical innovations, such as renewable energy and
complementary technologies and innovations, are summarised in
Table 5. These factors are both regime’s actors (e.g. institutions) and
regime’s outcomes emerging from the mediated interactions among
these actors.

4.2.3. Regional science

Regional approaches developed within regional science since the late
1940s provide rigorous tools for identifying sub-to-supra-national trends
and their underlying microphenomena, while relying on varied natural
experiments (i.e. between different regions) [129,130]. At the root of
regional science and its approaches, there is the definition of region,
which is both a powerful tool but can also be constraining in the setting
of spatial boundaries when it interacts with multi-scalar relationships
[130]. For example, by defining a region, one places boundaries and
defines operational extents and foci that may not clearly align with
multi-scalar relationships. Regional approaches, organised within
regional science, cover a wide range of topics and methodologies: from
regional economic modelling [131], to diffusion of innovations
[132-134], and urban growth [135]. Borrowing from socioecological
fields such as ecosystem based-management, recent advancements have
developed frameworks for identifying and managing the scalar mis-
matches between, for example, boundaries and ecological systems or
global supply chain networks [e.g., 136]. Through the ‘power of the
region’, regional approaches can provide a locational grounding for
sustainability transitions [130] and energy transitions [137,138].

Some regional approaches are related to energy geography as pre-
sented here, however, the specific concern with regional economies is
still distinct. The importance of regional approaches and economies to
energy transitions has been outlined by several scholars [e.g.,
74,75,88,138]. The most important consideration of regional

Table 6
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approaches in the case of renewable energy clusters is that of industrial
clusters that create synergies among firms and other actors to achieve
higher efficiencies via economies of aggregation and (spatial and rela-
tional) proximity. These clusterization processes can spur accelerated
growth within a region [37,139], and create spillovers of knowledge and
practices in further ones, especially if connected via relational networks
[140].

Clusters emerge from a combination of pre-existing conditions and
triggering factors [141,142]. The main factors revealed by the literature
that would affect the emergence of IRECs are drawn from literature
about industrial clusters and IRECs. These factors are presented in
Table 6. Proximity, whether geographical or not, government support,
and institutional coordination at different scales and across actors are
three factors emerging routinely from this literature. Path dependency
processes, whether rooted in pre-existing conditions or recent successes,
or through cultural factors enabling the operationalization of the other
three factors. These factors are not mutually exclusive, and, rather, are
interlinked, operating dynamically through time. Government programs
can create a supportive culture towards clusterization processes, leading
to co-location effects. For example, government policies may determine
the location of universities, thus endowing certain locales with an
important institution for supporting clusterization processes. In this
latter example, coordination plays a fundamental role for successfully
enabling interactions among actors, thus ensuring the emergence of a
renewable energy cluster.

5. Discussion and synthesis of the literature
5.1. Synthesis to distinguish renewable energy cluster types

These initial findings demonstrate that empirically, renewable en-
ergy clusters take various forms across the energy value chain. The
concept of vertically integrated clusters emerged in the findings. Vertical
integration means that a cluster is structured to include several steps
along the energy value chain, from research and development to energy
distribution and consumption. The potential vertical integration of
clusters are outlined in Fig. 5, organised by whether singular or multiple
technologies are involved in the clusters. These potential cluster types
could all exist in practice, and several have been identified in literature

Potential regional sciences factors that affect the emergence of renewable energy clusters.

Pre-existing conditions/ triggering factors Rationale/Examples

Sources

Historical paths of clusterization

This translates into pre-existing conditions and triggering factors.

[85,141,142]

Social and spatial proximities of main actors
Interactions among main actors

Co-location among actors and factors along the value chain
and Multilevel coordination

Government support with implementation of innovative
initiatives and supportive policies

Qualified labour and other forms of local knowledge

Past successes

Level of regional coordination and cooperation between
centres within the urban system

Presence of universities and public research as
prerequisites to create new clusters of universities and
firms

Culture

Collective learning processes.

Collaboration with the research sector (including universities) characterised by non-conflicting
objectives; Governance (e.g. long-term policies and early-stage funding), the availability of
venture capital, education (e.g. higher education cleantech programs), global competitive
advantages (e.g. proximity of natural resources) and performance tracking.

Localizations of smart specialisation and agglomeration of firms in support of renewables.

Martin and Coenen [147] found biogas clusters only gained momentum in Sweden after the
implementation of the governmental Climate Investment Programme which provided
legitimacy to the local biogas industry.

The presence of entrepreneurs with relevant scientific knowledge [142,143], as cluster
emergence “depends on building institutions that enable coordinated learning among firms to
improve capabilities, processes and products” [143].

Collaborations with (biotech) clusters and collaborations between different actors, such as
communities, local governments and universities.

The ability for urban centres to rely on borrowed size of rural areas, rural areas gain
productivity and ability to rely on borrowed function [150,151] greater accessibility of
services, labour, and physical spatial spillovers of functions from larger cities [132].

The emergence of a wind power cluster in the Northern Finland region is not only related to the
existing wind power-related companies in the region, but also connected to the availability of
educational and research institutions in the area [152].

Influences attitudes towards self-employment, cooperation or innovation that are relevant for
local cluster.

[141,143]
[29,142-144]

[29,74,76,145,146]

[142,143,147]

[142,143,148,149]

[28]

[132,150,151]

[141,142,149,152]

[141]
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already. For example, renewable energy clusters analysed by Butturi
et al., [79], McCauley and Stephens [28], and Soukissian et al. [80] all
describe IRECs that have a goal of producing energy technologies to be
embedded locally in communities and industries (RECPECIs), indicating
vertical integration across IRECs and RECPECT’s, as outlined in Fig. 5.

In Fig. 5: Visualisation of the intersection between value chain stage
and technology portfolio observed in different renewable energy clus-
ters, as well as their potential vertical integration. The three types
considered are IRECs (Industrial renewable energy clusters), SHRECs
(Shared renewable energy clusters for the production, distribution and
consumption of renewable energy), and RECPECIs (Renewable energy
clusters that power existing communities and industries).

Fig. 5 offers a method to support the collection of empirical cases of
clusters, and initial characteristics to look for through the range of
possibilities of vertical integration. From the perspective of vertical
integration between IRECs, RECPECIs, and SHRECs, Fig. 5 outlines that
there are many distinct ways in which distinct renewable energy cluster
types could exist, beyond the initially identified qualitative/ concept
types. Typification of empirical examples will allow the identification of
a more nuanced articulation of cluster types along the energy value
chain. The framework presented in Fig. 5 can support the development
of an empirical sample of renewable energy clusters, and the emergence
of a range of vertically integrated clusters may be identified based on
existing real-world cases.

5.2. Synthesis of dimensions and factors to predict the emergence of
renewable energy cluster types

In the final step of analysis, based on the results of the literature
review, an analytical framework is proposed, with which to test existing
renewable energy clusters with the purpose of identifying relevant in-
fluences or inhibitors of types of clusters. Learning which influences or
inhibitors are dominant across a range of cluster types can inform place-
based regional development and energy policies.

The potential explanatory factors of the emergence of a more
nuanced range of renewable energy cluster typologies was synthesised
from the literature across sections 4.2.1, 4.2.2 and 4.2.3 identified seven
dimensions of factors found in the literature: 1) actors, 2) institutions, 3)
networks, 4) knowledge and tools, 5) proximity, 6) location character-
istics, 7) path dependency. Within each dimension, the specific factors
that may characterise a renewable energy cluster are identified across all

Research,
Development &
manufacture

Diffusion

Production,
Distribution,
Consumption

Renewable Energy Value Chain

Indicates Single technology

Potential
Vertical
Integration

Multiple technology
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three literatures. These dimensions and factors are colour-coded among
the three literatures to demonstrate the overlapping factors found in the
literature (Fig. 6) and each specific factor is defined in Table 7. These
factors suggest that the emergence of renewable energy clusters will
vary by the resource availability of a particular location, the low-carbon
technologies developed by the cluster, land-use, demographics of in-
vestment, intra- and inter-sectoral connections, multi-level institutions,
proximity of various sources of supply and supply to demand, and the
location of energy infrastructures. Empirical testing of these factors will
allow the development of more nuanced insights into these issues,
including, for example, how they are governed, what their spatial con-
centrations are, what types of locations they are embedded in, and who
the beneficiaries are.

One benefit of this research is the scalability of the results. With the
development of a wide-ranging, ideally global, empirical dataset of
renewable energy cluster cases, heterogeneity across clusters and their
associated characteristics can provide deep insights and inform the
scalability of a wide range of options, and ideally, improved distribution
of outcomes.

The next step will be to use (Fig. 1) these characteristics for testing
whether typologies of renewable energy clusters exist - i.e. whether
differences among groups of renewable energy clusters are significant -
and for understanding which determine these typologies.

To achieve this, global occurring observed data will be gathered
around the seven dimensions of potential influencing factors illustrated
above. The dataset will be then fed into a clustering algorithm, Affinity
Propagation [see the seminal work of 153,154]. This unsupervised
machine learning algorithm will identify the clusters as well as the
relevant characteristics determining each cluster. By grouping together
renewable energy clusters based on their similarities, clusters of
renewable energy clusters will represent typologies of renewable energy
clusters. Additionally, within each cluster, Affinity Propagation will
identify exemplars, i.e. the most representative renewable energy cluster
within each typology. This use of typification has long been used in
policymaking: from informing development policies [58] to transfer
know-how among ‘peers’ based on data-driven approaches [155]. The
typification process will provide the opportunity to understand how
drivers and barriers affect the rise and performance of renewable energy
clusters, and, consequently, how to replicate the success stories and/or
counter those elements that negatively affect their performance.

IREC

RECPECI

SHREC

Multiple and coordinated
technology

Renewable Energy Technology Portfolio

Fig. 5. The range of possible renewable energy cluster types achieved through vertical integration.
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Resource Potential
Density of supply and demand

Legend:

Proximity of supply and demand, actors,
infrastructures

Fig. 6. Identified Factors That May Affect Renewable Energy Cluster Emergence.
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Table 7
Synthesis of Dimensions and Factors to Predict the Emergence of Renewable Energy Cluster Types.
Dimension Factor Definition
Actors Decentralisation (new actors) Devolution of decision-making from centralised to local levels, or localised ownership, information and
financial flows with localised financial gains [16].

Intermediaries Defined by their roles of providing and distributing information, services, mediation, connection of niche
activities with regime institutions, to support the diffusion of innovations [105].

Incumbents Some of the largest and most powerful industries with historical market share [18].

Legitimacy The degree to which actors support the scale up of an innovation [72].

Research, SMEs, position on the value chain, Research: R&D activities in firms or in universities and R&D institutes [142].

investors, entrepreneurs “Firms, mostly small and medium-sized enterprises (SMEs), carry out different activities in the same industry
and located in a geographically bounded area” [44]. The relative size depends on each country’s definition,
often based on the number of employees and turnover [156].

Investors: providers of capital and institutional structures that help investors manage risk and drive the pace
of transactions and value creation [157].
Position on the value chain: cluster’s position on the multi-scalar, non-unidirectional flow of materials,
finance or intellectual exchanges of renewable energy [158].
Entrepreneurs: single actors who build on local knowledge, create or obtain and mobilise new knowledge
[142].

Institutions Land use policy Set of policies used for implementing Land Use Planning. A wide range of activities that designate and
control land use to ensure optimal use of land [159].

Government Support Totality of direct and indirect support policies implemented by local, regional, and national governments, as
well as government-owned institutions. This support can materialise either as factors that condition the
policy design of regional and national government [142,143,147] and/or as direct investments in necessary
R&D for the emergence of the cluster [141-143].

Policy instruments/ mixes Implementation of policies that support or inhibit the diffusion of innovations [72].

Regime Structure Configuration in a societal system that is stable and dominant in a societal system [65].

Networks Interscalar relationships Network of regime-level actors and intermediaries operating across policy domains facilitating niches [72].

Knowledge and
Tools

Proximity

Location Charac-
teristics

Path Dependency

Level of interaction and coordination

Intermediaries as boundary spanners
Legitimacy

Spatial Planning

Land Use Planning

Path dependency

Networks

Proximity of supply and demand, actors,
infrastructures

Actors

Networks

Resource Endowment/ Potential

Density of (energy) supply and demand
Labour

Supply and demand, networks and network
constraints

Degree of urbanity/ rurality

Local knowledge

Collaborations and/or connections among
actors

Starting point plays important role
Regime structuration

Experience

Historical waves of clusterization

Coordination among and between actors is an act of “lowering of uncertainty, though aligning agents’
incentives and/or expectations” [160], aimed, for example, at developing new knowledge [161].
Coordination can be achieved through interactions which can either be within the cluster (network
bonding), the cluster and outside actors (bridging) [11].

Actors who use strategies that connect across regimes [162].

The degree to which networks support the scale up of an innovation [72].

The allocation of space for the development of renewable energy technologies [11].

A wide range of activities that designate and control land use to ensure optimal use of land [159], where
‘optimality’ is defined by government objectives [163].

Lock-in of specific innovations in existing socio-technical systems, common in complex systems [10,65].
Structure of linkages/ties/relationships between individuals or organisations, that enable the flow of
innovations, knowledge, technologies and so on beyond the places where they were initially conceived
[18,164].

The relational and geographical closeness of actors [27,29] as well as the geographical closeness of
beneficiaries to the cluster [15,26,109,117].

The ensemble of both market and nonmarket entities [15,30] including enterprises, utilities, authorities,
agencies, different publics, civil society organisations [15,25,27,28,35].

Intermediate form of organisation between hierarchies (internal organisation within entities such as firms)
and markets. Their essential function is the exchange of information [70,165].

The achievable energy generation of a particular technology given system performance, topographic
limitations, environmental, and land-use constraints [166].

Density of energy supply refers to the Watts/m2 ratio of the relevant energy technologies produced or used
within the cluster. Density of energy demand refers to distribution and intensity of demand of energy driven
by changes in population, levels of income, or sectoral transformations (e.g. adoption of EVs) [12,167].
The labour force availability within the labour market of the cluster [141-143].

Supply and demand of energy and/or renewable energy technologies in the market of interest of the cluster’s
actors. Network constraints represent the level of economic concentration at which the marginal costs of
energy production outweigh the marginal benefits of agglomeration [74].

The regional characteristics determining the degree and type of rurality and urbanity of the cluster and its
region [see e.g.,57].

The availability of technological gatekeepers or international entrepreneurs and local knowledge networks
within the cluster and its region of reference [142].

Degree of within-cluster (network bonding), or among-clusters/external actors (bridging) collaborations
[111.

The degree of spatial embeddedness of current energy and socioeconomic systems within the cluster and its
region of reference [e.g., 73].

process of institutionalisation of a regime whose strength can be assessed by identifying the degrees of
institutionalisation of its core elements [168].

Generation, accumulation, and memory of know-how accumulated through time by cluster’s actors and
institutions [9,169].

Historical events and preconditions that have contributed to the emergence and end of other clusters within
the renewable energy cluster’s region [85,141,142].

5.3. Limitations

There are limitations to this research. Although this study provides
first indications of the types of renewable energy clusters that can

emerge along the energy value chain and the range of factors that may
predict their emergence, until an empirical dataset is built and tested,
the outcomes remain unclear. Developing an empirical dataset with
which to analyse existing renewable energy clusters will be a significant
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undertaking, whether coded manually, or by using training of machine
learning techniques [35,170]. Furthermore, the outcome of learning
from empirical data is nuanced. Typification can provide a tool to sup-
port the appropriate design and implementation, and replication of
policies [50,171,172], but inefficient typologies (or reference models)
can lead to the creation of inappropriate policy tools or targeting inex-
istent objectives [49].

6. Conclusion

Identifying a range of renewable energy cluster types is important to
support understanding place-based renewable energy transitions and
their links to social, economic, institutional and cultural considerations
as a means to replicate and accelerate a low-carbon energy transition.

During a climate emergency, the risks of disruptions to social
ecological systems are increasing with greenhouse gas emissions.
Shifting our understanding of how a renewable energy transition occurs
as landscape change, quite literally on the ground in practice, as it in-
teracts with communities, justice, governance and ecosystems, can
support the replication of renewable energy infrastructures and accel-
eration of renewable energy uptake [24]. The emergence of renewable
energy uses requires activities along the energy value chain from the
development and manufacture of technologies and innovations to their
diffusion into markets can offer important insights, although under-
standing how these occur in practice and how they can be replicated
requires new place-based methods of analysis outside of dominant en-
gineering and energy economy models [11,15].

The contribution of this study is to provide a preliminary investiga-
tion of the concept of renewable energy clusters and the factors that may
predict their emergence. A qualitative/concept typology approach was
used to identify three initial types of renewable energy clusters along the
energy value chain: shared renewable energy clusters (SHRECS), in-
dustrial renewable energy clusters (IRECs) and renewable energy clus-
ters that power existing communities and industries (RECPECIs).
Further, it was described (in Fig. 5) how the potential types of vertical
integration between IRECs, RECPECIs, and SHRECs that may occur in
distinct permutations could also be identified empirically based on
existing real-world cases.

This preliminary analysis has confirmed that renewable energy
clusters describe a range of place-based energy activities along the en-
ergy value chain, from production of technologies and innovations to
their use, and involve a range of types of actors, from energy producers
to consumers, to industry, and innovation system actors. The place-
based factors that may influence or inhibit the emergence of renew-
able energy clusters, that could be used to inform place-based strategies
that address local assets, actors, space, labour, knowledge issues, or
localised justice issues are also important to understand. For this reason,
the fields of regional sciences, technology innovation systems, and en-
ergy geography were drawn upon to identify factors that may influence
or inhibit the emergence and form of renewable energy clusters. The
seven synthesised dimensions that can be tested to typify and predict
renewable energy cluster emergence: actors, institutions, networks,
knowledge and tools, proximity, location characteristics, and path
dependency.

How these clusters of technology and innovation converge to be
implemented in space and time, and with a range of potentially decen-
tralised actors, remains largely unclear [15,30]. This study offers a path
forward to applying typification to renewable energy clusters, which can
address gaps in current energy modelling practices, and also address
place-based considerations and factors.

The concepts from this first step of research can guide the develop-
ment of a sample of empirical cases of renewable energy clusters that
can be analysed through machine learning typification. This would
allow the identification of a more nuanced articulation of cluster types
along the energy value chain, and to test the factors that predict their
emergence in locations with different social, geographic, institutional,
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and economic characteristics.

The findings can provide the opportunity to actors of the innovation
system, advocates, citizens, communities, planners, and policy makers
to understand how drivers and barriers affect the emergence and per-
formance of renewable energy clusters, and how to replicate the success
stories and/or counter those elements that negatively affect their per-
formance and benefits. As such, this study could offer useful guidance
for decision-makers in selecting, prioritising, and financing clean inno-
vation strategies, taking into account sector-specific pathways and the
distributional impacts of proposed low-carbon and/or resilient recovery
policies and programs and implementing place-based regional devel-
opment policies.
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