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Abstract

This paper examines the geography and relatedness of green, digital, and twin (both
green and digital) economic activities across UK local authorities, contributing to
debates on whether the two domains are truly synergistic. Using an innovative web-
based real-time industry classification dataset covering about 200,000 firms, we identify
regional specializations and compute industry-relatedness from firm-level co-occur-
rence patterns. Spatial mapping and urban scaling analyses reveal interesting patterns:
digital industries tend to concentrate in large urban centres, while green and twin indus-
tries are more dispersed. Furthermore, regression models show that relatedness in one
domain (e.g. green) is positively associated with specialization in the other (e.g. digi-
tal), with twin industries exerting the strongest mutual influence on both green and digi-
tal domains. These results provide empirical support that capabilities in one domain can
facilitate diversification into the other, and that twin activities act as a bridge linking
them. By explicitly identifying activities that are simultaneously green and digital, and
by quantifying their relatedness to other industries, this paper offers new insights into
the structural interdependencies underpinning the twin transition and its geography.
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1 Introduction

The twin transition, embodying the simultaneous shift towards greener, more sus-
tainable practices and the rapid digitalization of economies, is becoming increas-
ingly important in economic geography, regional science, and related fields, as it
holds important implications for regional development (Cattani et al. 2025; Cicerone
et al. 2023; Diodato et al. 2023; Zhang and Du 2025; Faggian et al. 2025; Brueck
et al. 2025; Biirscher et al. 2025). The concept of a twin transition has been pro-
moted primarily by governments and policymakers, most notably by the European
Union, generating significant enthusiasm in the policy sphere. In this regard, the
twin transition is one of many instances where policy precedes scholarly research,
with policymakers advocating for and promoting a concept that has yet to be fully
understood from an academic perspective (Faggian et al. 2025; Kovacic et al. 2024).
In this vein, many critical voices have also raised concerns about the idea of a twin
transition, arguing that synergies between the green and digital domains should not
be taken for granted and that potential negative effects of one domain on the other
must be considered (Casanas and Kovacic 2025; Horn and Felt 2025). This, in turn,
calls into question how coherent a twin transition policy strategy can truly be (Gao
2025; Kovacic et al. 2024). The growing body of research on the twin transition can
be seen as a response to this situation.

However, for scholarly research as well as for good policy evaluation, track-
ing green and digital economic activities in firms and across space poses several
challenges. That is, traditional classification systems such as NACE and SIC, and
even conventional metrics like patent data, are often inadequate in capturing the
dynamic nature of green and digital sectors. This gap in measurement hinders the
ability to design and implement effective policy instruments that could support and
foster the twin transition (Kriesch et al. 2025). Addressing this empirical research
gap, our paper leverages a dataset that provides a real-time industry classification
based on machine learning techniques to identify and classify green, digital, and
twin domains in the UK. As such, the dataset enables the identification of economic
activities linked to green sectors (e.g. renewable energy), digital sectors (e.g. com-
munication technologies), and twin sectors (e.g. smart grids). This innovative data-
set transcends the limitations of traditional classification systems, offering a more
nuanced and timely understanding of economic activities.

Against this background, the first aim of this paper is to identify which regions
in the UK are leading the twin transition. This is essential, as there is a concern that
the twin transition might lead to increasing spatial inequalities (Consoli et al. 2023;
Grashof and Basilico 2025; Vale et al. 2024; Zhang et al. 2025). To the potential
harm of rural or less-developed areas, the concentration of digital and green eco-
nomic activities in urban regions poses a significant challenge. Our analysis thus
aims to shed light on the geographical distribution of these activities across the UK,
providing insights into how the twin transition is unfolding in different regions and
what it implies for the overall economic landscape.

As a consequence of the uneven geography of the twin transition, which we will
uncover in the empirical part of the paper, a second research gap emerges regarding
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how the twin transition might be fostered in different regions. As such, the second
aim of the paper is to uncover diversification opportunities for regions to engage
in green, digital, and twin activities. For this, we analyse the comparative advan-
tages of UK regions in green, digital, and twin economic activities, linking them to
relatedness metrics. We use various regression models to interpret these advantages,
focussing on the relatedness densities in the alternate domains. In this sense, we
also contribute to the ongoing scholarly debate on the extent to which the digital
and green domains are actually synergistic, as we provide evidence that they are—at
least from an industry-relatedness and regional-specialization perspective.

The structure of this paper is laid out as follows: Sect. 2 explores the existing
literature on the twin transition in regional science and economic geography, and
it discusses the concepts of relatedness, specializations and regional diversifica-
tion. Section 3 provides a detailed description of our data and methodology, while
Sect. 4 presents our findings on the geographical distribution of green, digital and
twin economic activities in the UK localities, along with relatedness patterns and
regional specializations. Finally, Sect. 5 wraps up the paper with a discussion on
policy implications and avenues for future research.

2 Background literature
2.1 Defining the twin transition and its regional implications

The twin transition is a concept that is gaining importance in economic geography,
regional studies, and related fields. It is characterized by the parallel push towards
greener modes of production and the widespread adoption of digital technologies.
The move towards a more sustainable and digital economy is altering the way econ-
omies organize themselves and how regions evolve and develop, making it a criti-
cal area of study (Diodato et al. 2023; Damioli et al. 2025; Faggian et al. 2025). In
the literature, the twin transition is considered to not be merely about technological
advancement or environmental awareness in isolation. Instead, it represents a holis-
tic change about how economies structure and function. On the one hand, the green
domain of the twin transition focuses on the shift towards environmental sustainabil-
ity, including the development of renewable energy solutions, climate change miti-
gation measures, and the use of sustainable manufacturing practices, among other
activities (Losacker et al. 2023). On the other hand, the digital aspect considers the
adoption and integration of digital technology across all sectors. These changes will
have a significant impact on how firms operate, how work is carried out, and how
economic activities are managed (Balland and Boschma 2021; Zhang et al. 2025).
Empirical analyses suggest that the twin transition has the potential to completely
reshape regional economic landscapes, affecting which industries thrive and which
may decline (Fouquet and Hippe 2022; Bachtrogler-Unger et al. 2023; Faggian et al.
2025). The shift towards digitalization, for instance, has the potential to give rise
to new industries while transforming existing ones, potentially creating new eco-
nomic hubs and changing the competitive advantages of different regions (Balland
and Boschma 2021; Consoli et al. 2023). Similarly, the green transition can spur the
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growth of new industries such as renewable energy or electric vehicle production,
which could become the bedrock of many regional economies (Losacker et al. 2023;
Grashof and Basilico 2025; Garcia-Riazuelo et al. 2025).

However, according to recent literature, the twin transition may be linked to the
potential increase of spatial inequalities and economic divergence (Cattani et al.
2025; Cicerone et al. 2023; Abbasiharofteh and Kriesch 2024; Kriesch et al. 2025).
The advantages of this ongoing transformation may not be evenly distributed across
space. Urban and more economically advanced regions with better access to tech-
nology and higher levels of investment are likely to benefit more from the oppor-
tunities presented by the digital and green transitions. On the other hand, rural,
geographically isolated, or less-developed regions could face challenges adapting
to these changes, which could further widen the economic gap between different
regions (Rodriguez-Pose and Bartalucci 2024). An important topic that has been
widely discussed in recent literature is the impact of policies on the outcomes of
the twin transition. Economic geographers argue that it is essential to have proactive
and inclusive policy measures in place to ensure that the benefits of the twin tran-
sition are distributed fairly across regions (Bachtrogler-Unger et al. 2023; Barbero
et al. 2025). Among others, this includes an evenly distributed deployment of digital
infrastructure, higher support for education and training in new technologies, and
offering incentives for green practices across a larger set of industries.

In summary, the twin transition (referring to the transformation towards more
digital and sustainable conscious economic activities) has significant implications
for regional development. The literature in economic geography and regional sci-
ence shows that this change has the potential to be transformative, but also comes
with challenges, particularly in terms of spatial inequalities. It is important for
regions to understand and navigate these changes if they want to adapt and thrive in
a world that is increasingly focussed on both digital technology and environmental
protection (Faggian et al. 2025). Against the background of previous research on the
twin transition, we assume that there is an uneven geography of economic activities
related to the twin transition also in the empirical context of this paper, the UK—a
matter we will explore in the empirical sections.

2.2 Relatedness and regional specialization in the twin transition

The uneven geography of green, digital, and twin economic activities, as described
in the previous section, manifests in regional specializations, meaning that some
regions engage in a particular economic activity to a disproportionate extent.
Regional specializations are, as is widely acknowledged in the economic literature,
beneficial for the local economy, as they foster knowledge spillovers, thick labour
pools, and other agglomeration effects that generate positive spatial externalities
(Arrow 1962; Marshall 1890; Porter 1998; Romer 1986). This effect is further rein-
forced by the ability of specialized regions to attract capital, skilled labour, and com-
plementary firms, such as suppliers and specialized service providers, which cre-
ate a self-reinforcing dynamic of growth. In the context of the twin transition, it
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is therefore crucial to understand how regions might develop specializations in the
green, digital, or twin domain, and how this is rooted in existing local capabilities.

Empirical evidence supports the idea that the development of regional speciali-
zations is indeed rooted in territorial capabilities, not a product of random events.
In other words, developing new specializations can be understood as a branching
process where new activities emerge from existing related ones, leveraging shared
resources such as knowledge, skills, technologies, and inputs (Breschi, et al. 2003;
Frenken and Boschma 2007; Saviotti and Frenken 2008; Rigby 2015; Boschma
2017; Grillitsch and Asheim 2018; Hidalgo et al. 2018). This process is shown to be
facilitated by cognitive proximity among economic activities that have been meas-
ured by a variety of metrics such as intersectoral mobility of workers, co-location
of technologies, industries, and occupations, among others (Boschma et al. 2013;
Neftke et al. 2018; Henning 2020). The emergence of new specializations within
regions reflects, indeed, the existing collective capacity of local agents to forge
regions with distinctive industrial structures. Consequently, the development of new
specializations tends to align with pre-existing activities, highlighting the impor-
tance of a region’s existing portfolio of local capabilities, which significantly influ-
ences the emergence of new activities and shapes path-dependent developmental
trajectories. In economic geography, this process is commonly referred to as related
diversification, where promising domains for regional specialization are not to be
chosen because of their general appeal but because they boost regional potential and
productive assets already present in the region. Research shows in fact that regions
do tend to develop specializations in new fields closely related to their existing
knowledge base (Asheim et al. 2011; Neffke et al. 2011; Rigby 2015). As a mat-
ter of fact, this phenomenon, “the principle of relatedness”, persists across different
variables, relatedness measures, spatial levels, and observation periods, underscor-
ing the universality and strength of related diversification in regional development
(Hidalgo et al. 2018). In this regard, the concept of industry-relatedness refers to the
idea that industries benefit from being connected or “related” to other industries that
share knowledge, skills, technologies, or market demands. This foundation is key
for regions to develop specializations in new yet interconnected economic activities
(Boschma 2017; Frenken et al. 2023; Neffke et al. 2011).

Understanding relatedness within the context of the twin transition is thus crucial
in guiding regions to understand potential strategic pathways for leveraging existing
local strengths and capabilities and embrace new specialization opportunities in the
green and digital domains.

While some recent studies explore the interplay between green and digital econ-
omies, within the twin transition framework (Cicerone et al. 2023; Bachtrogler-
Ungeret et al., 2023; Abbasiharofteh and Kriesch 2024; Biirscher et al. 2025), it is
still not clear how the green and digital sectors can actually complement each other
to achieve synergies. In fact, the mechanisms that support the mutual reinforcement
of these sectors remain somewhat ambiguous. For instance, it is not yet well under-
stood how a region that excels in green industries can effectively capitalize on this
strength to gain a competitive edge in digital sectors, and vice versa.

Against this background, we argue that relatedness is a core channel through
which the twin transition can be analysed and better understood, an aspect that, to
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date, has not been studied in depth in the scholarly literature on the twin transition.
In the empirical part of the paper, we compute the relatedness between green, digi-
tal, and twin economic activities and link these measures to regional-specialization
patterns. This approach sheds light on the actual synergies (here understood as relat-
edness) between the digital and green domains, and on how strongly a twin transi-
tion can be fostered at the regional level. We distinguish between economic activi-
ties that are green (but not digital), digital (but not green), and twin (both green and
digital) (following Kriesch et al. 2025). An example of a twin economic activity is
Agri-Tech. Agri-Tech (agricultural technology) refers to the application of technol-
ogy in farming and agriculture to increase productivity, efficiency, and sustainabil-
ity. As an innovative industry, Agri-Tech combines the green and digital domains by
using digital tools to enhance productivity in a green domain (Salihu et al. 2025).

The existing literature, however, typically operationalizes the twin transition by
examining the green and digital domains separately, without explicitly identifying
activities that are truly twin in nature, encompassing both domains. While we dis-
cuss this issue in greater detail in the empirical sections, the arguments above allow
us to formulate propositions that guide our empirical analysis. Specifically, we argue
that relatedness to green and to digital activities is associated with stronger speciali-
zation in twin activities at the regional level. Likewise, relatedness to twin activities
is associated with stronger specialization in both green and digital activities. Finally,
we assume that links between local relatedness and specialization in green and digi-
tal activities exist but are weaker than those involving twin activities.

3 Empirical strategy
3.1 Data

As discussed above, digital, green, and twin industries are increasingly recognized
for their role in driving local economic growth, as many other emerging sectors.
However, identifying and measuring these emerging sectors has challenges. By its
very nature, digital, green, and twin economic activities are difficult to classify into
rigid, top-down categories due to their evolving features (Nathan & Rosso 2015). As
a result, the application of Standard Industrial Classification (SIC) codes to emerg-
ing sectors has been questionable. For this reason, we make use of a modern real-
time industry classification (RTIC) approach in this paper. We employ RTICs from
The Data City (www.thedatacity.com) not only to identify companies operating in
green, digital, and twin domains but also to flag specific subsectors within these
broader categories. This granular industrial activity approach enables a detailed
analysis of the composition and characteristics of these domains. The Data City pro-
vides real-time insights into the UK’s business landscape, with data on over 5 mil-
lion companies. Of these, 1.6 million have been matched to their websites, and more
than 200,000 have been classified using RTICs based on website content analysis.
The platform includes detailed information on each company, such as sector classi-
fication, growth stage, company category, turnover, employee count, and geographi-
cal location.
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In this regard, RTICs offer insights into around 51 sectors, including Al, Life Sci-
ences, FinTech, and 385 subsectors. As such, RTICs provide an up-to-date under-
standing of emerging industries. For the classification, The Data City uses web
scraping techniques, gathering real-time data from various sources across the inter-
net. The data are updated bimonthly and sourced from reputable entities like Com-
panies House, CreditSafe, and Dealroom.co, ensuring high accuracy and reliability.
In a sophisticated approach, they blend machine learning algorithms with special-
ized training by experts within business, consulting, policy, and academia to accu-
rately classify and understand current firm activities based on their website content.

This paper is one of the pioneering efforts to investigate this new data source,
demonstrating its promising utility for (regional) research. The data used in this
paper, sourced from The Data City in 2024, include information on over 200,000
companies and 385 subsectors, of which we linked 166 to digital sectors, 45 to green
sectors, and 13 to the twin domain. In light of the literature discussed above, we
operationalize the twin transition by identifying economic activities that are green,
digital, or both (twin). Our classification methodology began with previous exist-
ing approaches to mapping green, digital, and twin activities (Bachtrogler-Unger,
2023) and was tailored to match The Data City’s subsector descriptions (see their
website). We classify subsectors as “green” if their activities enhance environmen-
tal sustainability, such as clean energy and cleaner production methods. Subsectors
are categorized as “digital” if they involve innovative digital technologies, including
artificial intelligence and the Internet of Things. Furthermore, we classify subsec-
tors as “twin” if they intersect both areas, as exemplified by using digital technolo-
gies for environmental applications like environmental monitoring, smart grids, and
Agri-Tech. In Tables 7, 8 and 9 in the appendix, we provide a list of all RTICs in
green, digital, and twin domains, as well as the number of firms active in the respec-
tive industry. We collaboratively refined and validated this classification through a
triangulation process.

We argue that the RTIC approach mitigates many of the limitations inherent
in using SIC data. For example, firms often self-select their SIC code closest to
their primary business activity without considering their diversification strategies.
In some cases, the selection is based on financial or tax reasons and hardly there
are fines for misclassification or incentives for classification updates as businesses
evolve. This issue is intensified in innovative companies, particularly in the digital
and green sectors, where cross-industry specializations are common. Consequently,
there is growing consensus on the need for additional data sources to provide a
deeper understanding of the emerging specializations and competencies in green
and digital industries (Losurdo et al. 2019; Nathan and Rosso 2015; Kriesch et al.
2025). In addition, emerging industries are normally constituted by numerous small
and young firms in line with business formed around a new product or idea. These
companies or industrial activities normally exist when there is a technology replace-
ment or in sectors where there exists a continuous development of commercial strat-
egies, research and development, and business models. The constant transformation
of these sectors makes it particularly difficult to categorize accurately across time.
SIC codes, last updated in 2007, are indeed outdated and misaligned with today’s
dynamic industries such as FinTech and Al, just to name a few examples. Unlike
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SICs, which often relegate modern activities to broaden “not elsewhere classified”
categories, RTICs, instead, can reflect real-time company activities and offer the
granularity needed to identify new sectors. Another major issue with SIC codes
is their assignment process: companies must select one to four SIC codes at their
inception, often choosing out of convenience or from limited options. This leads to
misclassification and inaccuracies in economic data. RTICs directly address these
shortcomings. They are derived from how companies describe themselves on their
websites and are continuously updated, ensuring that classifications evolve with the
economy. Our database enables direct comparison of the two systems, as each com-
pany is associated with both RTIC and SIC codes. Preliminary evidence indicates
that a substantial share of firms in sectors such as Net Zero, FinTech, and Al are
captured by RTICs but overlooked by SICs, reflecting the latter’s inability to keep
pace with technological and market change. For illustration, Tables 10 and 11 in the
appendix report the top 20 SIC codes and the top 20 RTIC codes by number of com-
panies classified. What clearly emerges is that many companies are placed under
residual SIC categories due to limited options. Moreover, many companies are not
elsewhere classified (n.e.c). For these reasons, expanding the use of RTICs offers
several advantages for economic analysis, especially in identifying and categoriz-
ing emergent and dynamic activities such as the ones taking place in green, digital,
and twin domains. With these advantages, it is understandable to see more scholars
now developing new industrial classifications using web data (Abbasiharofteh et al.
2023; Kinne and Lenz 2021; Kriesch and Losacker 2024; Abbasiharofteh and Kri-
esch 2024).

In summary, we argue that the data and our approach provide a useful basis for
analysing the geography of green, digital, and twin activities in the UK. In our analy-
sis, the company data are therefore aggregated to the local authority level across the
UK, facilitating an exploration of the geographical distribution and regional dynam-
ics of these sectors. By capturing a wide array of innovative activities and precisely
identifying subsectors within the green, digital, and twin domains, our methodology
offers a comprehensive and contemporary lens through which the economic geogra-
phy of the UK can be analysed and understood.

3.2 Methods

Our dataset provides a granular, up-to-date representation of firm fields of activity,
as a proxy for their competencies. Through network analysis, we draw connections
(henceforth proximities) between firms’ activities, thereby identifying the co-exist-
ence of activities in the digital, green, and twin sectors. These connections illustrate
the various forms of market, technological, and cognitive proximities between firms’
activities and represent the basis of relatedness metrics. In the literature, these prox-
imities are also referred to as pairwise relatedness, indicating the degree of relat-
edness (or proximity) between one industry and another. The degree of proximity
between pairs of activities is computed using network analysis tools which enables
us to build a network of connections based on firms’ involvement. The network is
based on a dummy matrix X, where columns represent industrial classifications
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(RTICs) and rows represent firms. Each cell takes the unit value if the company
is involved in the industry. The pairwise proximities between industries are meas-
ured based on a co-occurrence measure, which essentially captures the likelihood
that two activities will appear within the same company. The proximity between
two industries is high if they frequently co-occur, implying that they share simi-
lar resources or technological requirements. For instance, consider industry A and
industry B. These industries will exhibit high proximity (relatedness) if the number
of companies in which the two tags (representing the industries) coexist is large. The
basic idea is that if two industries require similar inputs in terms of resources, infra-
structures, knowledge, or capabilities (Hidalgo et al. 2007; Hidalgo and Hausmann
2009; Frenken et al. 2023), they tend to exhibit substantial co-occurrence within the
same firm more than randomly, indicating a strong relationship or complementarity
between them. Formally, the proximity index between each pair of industries i and j
is computed by taking the minimum between the conditional probability of a com-
pany being specialized in industry i given that it is specialized in industry j and the
conditional probability of a company being specialized in industry j given that it is
specialized in industry i, as follows:

@;;= min (P(xi’clxj’c),P(xj,c|xi,c))

where x; . is an indicator taking value 1 if the revealed comparative advantage (RCA)
of company ¢ in sector i is higher than 1 and zero otherwise, where x; . is an indica-
tor taking value 1 if the RCA of company c in sector j is higher than 1 and zero oth-
erwise, and where the conditional probability is calculated using all companies c. If
two RTICs coexist in many companies, it is highly likely that they are related.

We applied these methods to both 51 RTICs and 385 sub-RTICs. In this regard,
network representations are useful to show the links between industries. Due to
space limitations, we provide the network of RTICs (51 nodes) and not sub-RTICs,
linked together by their degree of pairwise relatedness (proximity) (see Fig. 1). How-
ever, the subsequent analysis utilizes the proximity network of the 385 sub-RTICs.
Table 1 displays the top 10 highest proximity values in the sub-RTIC network.

In the next step, we use the pairwise proximity values to compute relatedness
density metrics on the regional level. The application of relatedness density met-
rics provides the identification of those industries and technological domains in
which regions are more likely to reach or maintain a competitive advantage. In other
words, relatedness density allows us to determine whether a region possesses the rel-
evant capabilities to diversify into a new industry and design paths of diversification
strategies favouring structural change towards those activities that reveal an affinity
to the regional economy (Asheim et al. 2011; Boschma 2014; McCann & Ortega-
Argilés, 2015; Boschma 2017). As explained in Sect. 2.2, according to the “princi-
ple of relatedness”, the likelihood of regions entering an economic activity depends
on the cognitive proximity between the new activity and a region’s prior activities
(Hidalgo et al. 2018). Relatedness density is an industry-specific and place-specific
index that measures the average proximity of each industry to the productive struc-
ture of the local economy (Boschma et al., 2012; Boschma 2017; Cortinovis et al.
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Fig. 1 Network representation of the RTICs (51 nodes). Thicker links represent higher pairwise related-
ness, nodes represent RTICs. For visual clarity and ease of explanation, we display the RTIC network, as
the sub-RTIC network is too dense and extensive for effective visual assessment

2017)—or, in other words, its diversification potential—and can be used to antici-
pate changes in specialization patterns.

In our empirical analysis, we are interested in analysing the distinct effect of three
types of relatedness density (digital, green, and twin) on the regional specialization
in the respective others. For example, in order to compute the digital relatedness
density, we first compute the standard local relatedness density of existing techno-
logical capabilities to each industry i. To do that, we construct a two-mode matrix X,
where columns represent the industries and rows represent the 374 UK local author-
ities. Each cell of the matrix indicates how many companies in each local authority
are involved in industry j. From this matrix, we compute the specialization matrix
through the RCA and the relative dummy matrix, where specialization is only
recorded when the locality r has an RCA larger than 1 in that industry. So, each cell
of the local authority matrices indicates if the local authority can be considered spe-
cialized in industry j. The dummy matrix represents the x in the DigRel formula. In a
second step, we average the links (or proximities' ¢; ;) connecting the focal industry
i to only digital industries j which the local authority r is specialized in. Formally:

! We recall here that pairwise proximities are computed based on the co-occurrence in the company
level matrix.
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% b
DigRel;, = =2
2 ¢
1 ifRCA;, 21
where: x;, = X
’ 0 otherwise
. 1 if j is a digital industry
where: j = .
0 otherwise

We repeat the same computations for the green relatedness density and the twin
relatedness density. Figures 2 and 3 depict the measurement process through net-
work representations.

4 Results

Using the dataset on green, digital, and twin economic activities described above,
and applying the relatedness measures, we present our results as follows. Regard-
ing the first aim of this paper, i.e. to identify which regions in the UK are leading
the twin transition and to shed light on the geographical distribution of these activi-
ties, we provide descriptive statistics on the distribution of green, digital and twin
economic activities across UK regions, complemented by scaling analyses. These
results are presented in Sect. 4.1. Regarding the second aim of the paper, we seek
to identify diversification opportunities for regions to enter green, digital, and twin
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Fig.2 Network representation of sub-RTICs (nodes) and their proximities (links) with a focal exemplary
industry “Al: industry 4.0 and automation” (red node). Thicker links represent stronger connections.
Weaker links and the related nodes are not displayed. Because of space limitation, only a random sample
of the total 385 sub-RTICs is represented
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Fig. 3 Network representation of sub-RTICs (nodes) and their proximities (links) with the focal exem-
plary industry “Al: specialization industries” (nodes) and their proximities (links). Partitions identify the
digital (orange), green (green), and twin (violet) industries. Weaker links and the related nodes are not
displayed

activities. To this end, we use various regression models to analyse how regional
specialization in one domain is associated with relatedness densities in the other
domains. The corresponding results are presented in Sect. 4.2.

4.1 Geography of the twin transition in the UK

To begin, we employ maps to gain insights into the geographical distribution of
the twin transition across the UK. Firstly, we illustrate the specialization levels in
green, digital, and twin industries at the local authority level (see Figs. 4 and 6 in
the appendix). We measure regional specialization in different industries using the
RCA. For each region r and industry i, the RCA is defined as:

9]

<

a

r

RCA,; =

alo

where C,; denotes the number of firms in region r active in industry i, C, the total
number of firms in region r, C; the total number of firms (nationally) active in indus-
try i, and C the total number of firms in the UK. A value greater than one indicates
that a region is specialized in a given industry, as its local share exceeds the national
average, whereas values below one indicate a relative under-specialization. Addi-
tionally, we present the spatial distribution of the relatedness density within these
industries (see Fig. 5), a matter that we will come back in more detail in the next sec-
tion. Analysing the specializations, several intriguing patterns emerge. First, digital
industries appear predominantly concentrated in the South of England, particularly
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RCA Digital RCA Green RCA Twin

0.00 173 0.36 4.03 0.00 6.04

Fig. 4 Specialization of UK local authorities in digital, green, and twin industries. Notes: This figure
shows the RCA of UK local authorities in digital (left panel), green (central panel), and twin (right
panel) industries. A darker colour denotes a stronger specialization. A binary version of these maps is
provided in Fig. 6 in the appendix

Green Relatedness Twin Relatedness

Digital Relatedness
0.03

CCC———

0.00 0.31 0.00 0.08 0.00
Fig.5 Unequal potential of UK local authorities to develop digital, green, and twin technologies. Notes:
This figure shows the potential of UK local authorities to develop digital (left panel), green (central
panel), and twin (right panel) technologies in the future. The values used are relatedness density scores
averaged across all digital, green, and twin sub-RTICs. A darker colour denotes a higher potential
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in regions like Buckinghamshire, South Gloucestershire, Warwick, and around the
London area. In contrast, green industries are more spatially dispersed, with local
specializations in more rural areas, such as Perth and Kinross, South Lanarkshire,
and Powys. The twin industries, which combine elements of both the green and digi-
tal sectors, show a significant presence in areas like South Cambridgeshire, as well
as in Newport and Cheltenham. Interestingly, there is a lack of spatial autocorrela-
tion and co-location patterns. For instance, regions strong in twin industries do not
necessarily exhibit strength in green and/or digital industries, and vice versa.

To gain a deeper understanding of the geographical aspects of the twin transition,
we investigate the urban scaling laws of green, digital, and twin industries. Drawing
from existing literature on urban scaling (Bettencourt et al. 2007; Bettencourt 2013),
we estimate the relationship between the number of firms active in these industries
Y in a given region r and its population N. This relationship is modelled by a power
law function:

Y, = aN’

Here, o is a normalization constant, and f is the scaling exponent that captures
the relationship between economic activity and population size. Specifically, a f
value greater than 1 indicates that the economic activity in the relevant sector scales
superlinearly with population size, showing increasing returns to scale. A f of 1 sug-
gests linear scaling, where activity is proportional to population size. Conversely, if
p is less than 1, it implies sublinear scaling, indicating decreasing returns to scale.
To quantify the scaling relationship between economic activity in sector Y and popu-
lation size N, we estimate S using a log-transformation of the original function:

InY,=a+ fInN, +e¢,

In this equation, € represents Gaussian white noise. This method allows us to ana-
lyse how industry size (number of firms in a given sector) correlates with population
size in different regions.

The findings from our urban scaling analysis are detailed in Table 2. We provide
corresponding scaling plots in Fig. 9 in the appendix. The analysis reveals that digi-
tal economic activities exhibit superlinear scaling with regional populations. This
suggests a higher concentration of digital companies in metropolitan regions; spe-
cifically, a 10% increase in regional population corresponds to a 12.8% rise in the
number of digital firms. On the other hand, both green industries and those involved
in twin activities display scaling coefficients below one, indicating a less urban pres-
ence. In these sectors, a 10% population increase results in only a 9.2% increase in
green activities and an 8.9% increase in twin activities. Therefore, green and twin
industries appear to benefit less from urbanization economies and are more preva-
lent in less populated areas. These scaling analysis results align with the patterns
observed in the descriptive maps, reinforcing our understanding of the spatial distri-
bution of these industries.
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4.2 Relatedness and regional specializations

In the next step, we conducted a series of regression (OLS) analyses to explore the
relationship between the relatedness of local-industry observations in green, digital,
and twin sectors, and local revealed comparative advantages in these domains. Spe-
cifically, we analysed how the relatedness of a region—industry pair in, e.g. green
domains, affects the RCA in digital and twin sectors within the same local authority
and vice versa. We conducted separate regressions for RCAs in each industry, treat-

Cri

ing them as dependent variables. RCA, ; = E_

- To address the skewness and asym-
©

metry of the traditional RCA, we follow Cicerone et al. (2020) and use its symmetric

form (sRCA), based on the transformation originally proposed by Dalum et al.

(1998) and Iapadre (2001). The sRCA is defined as:

en_ RCAL 1
i T ReA, + 1

which rescales the index to range from— 1 to+ 1. Values greater than zero indi-
cate relative specialization (greater local share than national average), while values
below zero indicate relative under-specialization.

The key independent variable in the regression models is the relatedness den-
sity of each region—industry observation to the other two sectors (green, digital,
and twin). In all models, we controlled for agglomeration effects (using population
density), innovation capacity (measured by patents per capita), and local GDP per
capita. We also account for unobserved heterogeneity at the regional and industry
levels, including fixed effects for both. We ran the regression models with standard
errors clustered by regions. The regressions can be denoted as follows:

DigitalRCA;, = a + 6GreenRel; , + 6TwinRel,;, + 0X, + v, + u, + €y
GreenRCA;, = a + oDigitalRel; , + 6TwinRel; , + 0)_(, +v,+u te;,

TwinRCA;, = a + éDigitalRel; , + 6GreenRel;, + 0X, + v, + u, + £,

The dependent variable is the normalized, symmetric RCA of industry i in region
r. On the right-hand side of the equations, a denotes the intercept, and & the coef-
ficient of our main relatedness density variables of interest, which vary by region
r and industry i. € denotes the coefficients for X , a vector of all control variables,
which vary by region. v denotes industry fixed effects, u region fixed effects, and ¢
is the region—industry-specific error term. The data for the control variables refer to
2022, while the RTIC data used to compute the specialization and relatedness meas-
ures were sourced from The Data City in 2024 and collected from firm websites
over a preceding period of time. We provide descriptive statistics for all variables in
Table 6 in the appendix.

@ Springer



20 Page 18 of 43 G. Cicerone et al.

The findings of the OLS regressions, detailed in Table 3, reveal nuanced inter-
sectoral dynamics. There is a supportive relationship between the green and digital
sectors; relatedness in one positively influences the specialization in the other. The
same holds true for twin sectors relatedness. This variable positively affects regional
competitive advantages in both the green and digital sectors. However, twin indus-
tries have a stronger positive impact on green industries than digital relatedness vari-
ables do, and similarly, twin industries have a more positive influence on digital sec-
tors than green industries do, as anticipated in Sect. 2.2. This suggests that while the
green and digital sectors mutually support each other, the twin sector—embodying
characteristics of both green and digital—plays a more influential role in enhancing
the RCA of both sectors. In line with that, our findings also reveal that relatedness
to both digital and green industries is positively associated with gaining a competi-
tive edge in twin sectors. This means that advancements in these twin industries
could be achieved through diversification strategies from either the green or digi-
tal domain. These insights are crucial for several reasons. Firstly, they reveal the
inherent synergies between the green and digital industries. While these sectors do

Table 3 Results of OLS regressions. Symmetric relative comparative advantage RCA (dependent vari-
able) and relatedness in digital, green, and twin industries at the UK local authority level. Observations
are place- and industry-specific (374 Las and 385 industries). Standard errors clustered at the regional
level (local authority) are reported in parentheses

Dependent variable

Digital RCA Green RCA Twin RCA
(6] (@) 3
Green relatedness 0.053**%* 0.05 1#%%
(0.009) (0.005)
Digital relatedness 0.016%%#* 0.023 %%
(0.03) (0.002)
Twin relatedness 0.3447%%%* 0.233%%%
(0.024) (0.024)
Patents per capita yes yes yes
Population density yes yes yes
GDP per capita yes yes yes
Industry FEs yes yes yes
Local Authority FEs yes yes yes
Constant —0.006 —-0.081" — 0.078***
(0.080) (0.043) (0.024)
Observations 126,720 126,720 126,720
R? 0.241 0.306 0.335
Adjusted R? 0.236 0.302 0.332
Residual Std. error (df =126,005) 0.283 0.151 0.083
F Statistic (df=714; 126,005) 55.943%** 77.878%** 89.093%**

*p<0.1; ¥¥p <0.05; ***p <0.01

@ Springer



Relatedness and regional specialization in green, digital,... Page 190f43 20

support each other, their interrelationship is moderated significantly by the presence
of twin industries. Secondly, this finding underscores the necessity for researchers
to focus on the twin transition sensu stricto. Instead of solely examining green and
digital economic activities, as is common in many studies, it is crucial to also con-
sider activities that are simultaneously green and digital (truly twin activities). This
perspective is essential to fully understanding and leveraging the dynamics of the
twin transition.

For a robustness check, we split our dataset into two categories: prosperous
areas (constituting one-third of the dataset) and less prosperous areas (comprising
the remaining two-thirds), to assess potential differences between different types of
localities and the effects of the relatedness densities across green, digital, and twin
sectors. We use the mean GDP per capita to split the dataset, which corresponds to
31,352 (London excluded, following Rocchetta et al. 2021). The findings suggest
that the influence of industry-relatedness on the RCA in the digital, green, and twin
sectors is largely uniform, irrespective of the local economic status. In other words,
while there is an uneven geography of regional specializations in the green, digi-
tal, and twin domains, as demonstrated above, the diversification potentials do not
appear to be bound to the economic strength of regions. The results are detailed in
Table 4 in the appendix. As a robustness check, we also ran logit and probit models
using binary specifications of the RCA. The results remain robust to these changes.
The models do not suffer from multicollinearity, as evidenced by the correlation
matrix in Table 5 in the appendix. In all models, the variance inflation factors are
well below the commonly accepted threshold of 5.

5 Conclusion and discussion

Achieving green and digital transitions has become an urgent matter. This has
spurred a growing body of research exploring the capacities of regions to progress
the two individual transitions, and to integrate them effectively (Faggian et al. 2025).
However, much research has gone into assessing the diverse impact of the twin tran-
sition, particularly through the lens of green and digital innovations as reflected in
regional patenting activities. Less research has leveraged real-time industrial data to
explore how firms’ knowledge bases and activities contribute to the twin transition
(Kriesch et al. 2025). With this study, we contribute to the empirical research on the
geography of the twin transition and its economic activities. By employing real-time
industry classification (RTIC) data, our study surpasses traditional methods in cap-
turing green, digital, and twin industries. Our analysis reveals significant geographi-
cal variations in the distribution of these industries across the UK, with implications
for local development and policymaking. Key findings include that digital industries
tend to cluster in urban, more populated areas, exhibiting superlinear scaling with
population size. In contrast, green and twin industries show less urban concentra-
tion, indicating a more dispersed development pattern. This highlights the poten-
tial for spatial inequalities as a result of the twin transition, underscoring the need
for region-specific strategies. Furthermore, our study analyses industry-relatedness,
uncovering interconnections among green, digital, and twin sectors. While green
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and digital industries already display positive synergies, they benefit even more
from the relatedness of twin industries, which embody characteristics of both. This
insight is crucial for understanding the dynamics of local economic restructuring in
the context of the twin transition.

Here, we see one of the main contributions of our work. While many studies have
questioned the synergies between digital and green industries, arguing that the two
domains are only loosely connected (Casanas and Kovacic 2025; Horn and Felt
2025), we provide evidence that they actually are strongly related. First, by mapping
economic activities that are truly twin (both green and digital), such as Agri-Tech or
smart grids, we show that there are genuine overlaps where green and digital indus-
tries meet. Second, by revealing a positive association between local specializations
in green or digital industries and relatedness density in the respective other domain,
we demonstrate that capabilities in one domain affect the other. This indicates that
there are diversification opportunities in green or digital domains if there are capa-
bilities in the respective other domain. These opportunities are even stronger for
diversification into the twin domain, which is possible when starting from either a
green or a digital local capability base. The theoretical contribution of our empiri-
cal analysis lies in revealing the relatedness between green and digital industries,
as well as their relatedness to truly twin activities, i.e. those that are both green and
digital. While previous studies and most policymakers have often simply assumed
such relatedness, we are among the first to show that there is a form of cognitive
proximity among green, digital, and twin economic activities that also appears to
manifest at the local level.

In that regard, understanding the synergies between the green and the digital
transition is crucial for policymakers and businesses to navigate the challenges and
opportunities of the future economy. Our research contributes to this understanding
by comprehensively analysing the twin transition in the UK, highlighting the key
drivers, barriers, and implications for different sectors. It emphasizes the need for
industrial strategies and policies that are region-specific and transition-type specific
in order to harness the benefits of this twin process, considering the unique eco-
nomic and industrial landscapes of UK regions. In this sense, our results speak to
recent UK policy strategies, including the UK Science and Technology Framework
(published in 2025) and Invest 2035: the UK’s modern industrial strategy (published
in 2024). While these strategies focus on several sectors related to the twin transition
and emphasize place-specificities, they (at least in our understanding) seem to over-
look potential diversification pathways into the twin domain from existing green or
digital capabilities in the regions. More clearly highlighting these pathways, and the
relatedness between green and digital domains, could strengthen the strategic orien-
tation of future policy initiatives in the UK.

However, a few limitations of our study should be borne in mind when interpret-
ing the results presented above. While RTICs provide a granular, topical, and up-to-
date representation of the UK economy, the data still have certain limitations. The
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approach The Data City uses to build the RTICs is based on information provided
by the companies as well as a keyword library constructed with the help of experts
in the industrial field (used afterwards in the web scraping exercise). Therefore, the
classification is likely to include companies that write about specific industries as
their main activity, which may, however, not encompass the entire value chain of
a good. As a result, many of the RTICs labelled as green might overlook activi-
ties that some would consider environmentally friendly but are not part of the com-
pany’s main activities. Similarly, companies could be classified as belonging to a
green RTIC while only making a minor contribution to a green good within its value
chain. It should also be acknowledged that the data does not represent the full UK
economy, but rather its digitally active part. This naturally entails biases in terms of
geographical and sectoral coverage, headquarter effects, firm size, and other char-
acteristics—an issue also noted in related web data-based studies (see, e.g. Kriesch
and Losacker 2024; Abbasiharofteh et al. 2023; Dahlke et al. 2025). Nevertheless,
for the purposes of this paper, where we explicitly aim to examine the relatedness
of emerging sectors, the data offer rich insights. In addition to the data limitations
in identifying green, digital, and twin industries, there are further limitations. First
and foremost, our analysis is cross-sectional due to data availability. In the literature,
regional diversification is typically modelled as a dependent variable explained by a
time-lagged relatedness measure (Balland et al. 2019). With our data, this approach
is not feasible, as our core independent variable of interest (relatedness) can only
be computed for the same year as our dependent variable (specialization). This also
implies that we refrain from labelling our study a diversification study in the strict
sense. Instead, we investigate diversification potentials by relating relatedness to
specialization. This distinction should be kept in mind when positioning our study
within the broader diversification literature. Secondly, due to the cross-sectional
nature of our data, we are unable to employ econometric techniques that would per-
mit causal inference. Our findings should therefore be interpreted as indicative of
correlations rather than causal relationships.

In terms of research avenues, we advocate for future studies to conduct in-depth
analyses of specific regions in case study designs to discern variations in green, digi-
tal, and twin development trajectories. We also advocate for more research aimed
at accurately distinguishing between economic activities that are genuinely “twin”,
both digital and green, instead of merely identifying instances where green and digi-
tal activities co-occur. In this context, we contend that innovative data sources, par-
ticularly those utilizing text data, will be necessary to identify and understand these
emerging economic activities, as traditional data sources may fall short. Therefore,
we encourage fellow researchers to delve into these new data sources to advance our
understanding of these sectors and their geography.

Appendix

See (Figs. 6,7, 8,and 9, Tables 4, 5, 6,7, 8,9, 10, and 11).
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| <1 reaTwin [l > 1 <1

RCA Digital [l >1 | | <1 ReAGreen [l > 1|

Fig.6 Specialization of UK local authorities in digital, green, and twin industries. Notes: This figure
shows the specialization of UK local authorities in digital (left panel), green (central panel), and twin
(right panel) industries. Regions with an RCA higher than 1 are considered specialized. The maps are a
binary version of the maps provided in Fig. 4
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[ ee—
0.00 15.63 reaAl [ >1] <1

Fig.7 Specialization of UK local authorities in artificial intelligence, Industry 4.0, and automation.
Notes: The left panel shows the RCA (share of companies involved in the focal industry in a region in
relation to the average share among all regions) where a darker colour denotes a higher specialization.
The right panel shows the binary equivalent, where regions with an RCA higher than 1 are considered

specialized in Al industries
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Al-digital Relatedness Al-green Relatedness Al-twin Relatedness
[— ]

0.00 0.63 0.000 0.002 0.00 0.03

Fig.8 The relatedness of artificial intelligence, Industry 4.0, and automation with the digital, green
and twin UK specializations. Notes: This figure shows the potential of UK local authorities to develop
artificial intelligence, Industry 4.0, and automation, given the current digital (left panel), green (central
panel), and twin (right panel) specializations. The values used are relatedness density scores between the
focal industry and all the other digital, green, and twin sub-RTICs in each UK local authority. A darker
colour denotes a higher relatedness

non-digital: B=1.06 + 0.04,R’=0.654 non-green: B=1.18 + 0.048,R’=0.616 non-twin:  B=1.12 + 0.044,R*=0.631
digital B=1.28 0.06 , R*=0.548 green: B=0918 o 0.049, R? = 0.483 twin: p=0.887 e 0.062,R*=0.352
° ° °
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Fig. 9 Urban scaling laws for digital, green, and twin sectors (aggregated). Notes: This figure shows the
urban scaling laws for the digital (left panel), green (central panel), and twin (right panel) sectors. Scal-
ing coefficients larger than 1 indicate increasing returns to scale, meaning that firms in the respective sec-
tor concentrate in more populated areas
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