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Abstract—Twin transition is the method of parallel digital and
sustainability transitions in a mutually supporting way or, in
common terms, “greening of and by IT and data.” Twin transition
reacts to the growing problem of unsustainable digitalization,
particularly in the ecological sense. Ignoring this problem will
eventually limit the digital adeptness of society and the problem-
solving capacity of humankind. Information systems engineering
must find ways to support twin transition journeys through its
substantial body of knowledge, methods, and techniques. To this
end, we systematically survey the academic and gray literature
on twin transition, clarify key concepts, and derive leads for
researchers and practitioners to steer their innovation efforts.

Index Terms—digital transformation, multivocal literature re-
view, sustainability, twin transition

I. INTRODUCTION

Digital transformation has become an essential tool for com-
panies to improve their operational excellence [43]. Improved
digitalization enables an array of competitive advantages, in-
cluding enhanced data collection and management, quality im-
provements to products and services, and cost reduction [65].

Unfortunately, the benefits of improved digitalization come
at the price of increased environmental footprint [P3]. Infor-
mation and Communications Technology (ICT) currently con-
tributes to about 2-4% of global CO2 emissions—comparable
to the carbon emissions of the avionics sector—and this
number is projected to increase to about 14% by 2040 [13]
due to computation-heavy digital enablers, such as AI and
big data. This growth is unsustainable. To follow suit with
the rest of the economy, the ICT sector should—directly or
indirectly—decrease its CO2 emissions by 42% by 2030, 72%
by 2040, and 91% by 2050 [38]. Recently, companies have
become more cognizant of the value of becoming environ-
mentally sustainable, and the ways digitalization can aid such
ambitions [3]. While digitalization exerts increasingly higher
environmental pressure, it also opens opportunities in under-
standing, assessing, and enforcing sustainability imperatives,
e.g., through targeted data collection and process optimiza-
tion [18]. Sustainability and digitalization seem to be mutually
dependent and inextricably linked [26]. This poses novel
challenges for companies that strive to be competitive, but
(environmentally and socially) responsible at the same time.
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Pursuing such joint innovation agendas requires novel methods
to strike a balance between green and digital transitions.

Originally suggested in the European Green Deal [41],
twin transition is the paradigm of “greening of and by IT&
data” [16], i.e., fostering reinforcing relationships between
digital and sustainability transitions. As such, twin transition
helps bridge the silos of digitalization and sustainability.
While its benefits are clear, twin transition is not well-
understood, and supporting methods are in their infancy.

Contributions

This work is the first to systematically study the topic of
twin transition in scientific and gray literature.

Motivated by the early stage of research and limited aca-
demic literature, we opt for a multivocal study [33], i.e.,
we include non-academic (“gray”) literature in our study,
e.g., pre-prints and news articles.1 Our findings highlight the
misalignment of the necessary technological advancement with
the mostly non-technical stakeholders. We believe that the
information systems community has a lot to offer in the
development of twin transition methods and tools.

II. BACKGROUND

A. Digital transformation

Digital transformation is the process of organizations adapt-
ing to changes in their business through utilizing digital
technology [65]. As companies progress through their digital
transformation journeys, they adjust their value-creation pro-
cesses and strategies, largely driven by the opportunities in dig-
italization [43]. Some of the key benefits of digital transforma-
tion include improved operational performance through higher
degrees of automation, more effective information flow across
corporate hierarchies, and improved decision-making [65].

Digital transformation has been a topic of particular interest
in the past decades [64]. First explored in the late 80s, the
concept of digital transformation came to be when researchers
studied how information technology (IT) impacts organiza-
tional structures, performance, and innovation [60]. With the
expansion of the scope of IT systems, digital transformation
research has increasingly incorporated a wider range of dis-
ciplines within management, business, and economics. Today,
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we see an increasing interest in aligning digital transformation
principles with corporate sustainability ambitions [46].

B. Sustainability

A commonly used view of sustainability originates from
Brundtland [20] who defines sustainability as the capacity
to “meet the needs of the present without compromising the
ability of future generations to meet their own needs.” This
ambition is refined into three dimensions: economic (financial
viability), environmental (reduction of ecological impact), and
societal sustainability (increased social utility). Hilty et al.
[37] provides a more technologically attuned definition as the
ability to “preserve the function of a system over an extended
period of time.” To harmonize technology and sustainability,
Penzenstadler and Femmer [56] recommend technical sustain-
ability as the fourth dimension, commonly associated with the
longevity of systems and their ability to adapt.

Sustainability has become a key value driver [P7], moti-
vating companies to incorporate its various forms in their
value propositions and operations [23]. These efforts lead
to ecologically and economically friendly practices, fostering
circularity [26] and value retention across value chains [P23].

Digitalization is a key enabler of sustainability [18]. How-
ever, the sustainability of digitalization must be considered,
too [24]. We focus on the mutually reinforcing effects of
digital and sustainability transitions—i.e., twin transition [16].

C. Related work

Through a scoping review of 112 contributions, Mouthaan
et al. [50] find that research on digitalization and sustainability
transition tends to focus on digital technologies, overlooking
the complex and uncertain effects of digital technologies on
sustainability. A scientometric study by Wang et al. [67]
corroborates these findings and shows that concepts of sustain-
ability, sustainable development, energy, and governance play
a connecting role between the two fields. This suggests that
more research from the green transformation angle might have
the most impact on how industries advance. Alas, bibliometric
studies suggest that the number of academic works on digital
transformation is five times higher than sustainability transi-
tion [22]. Ortega-Gras et al. [54] provide recommendations for
successful twin transition in an Industry 4.0 context—albeit at
a high strategic level—including clear digitalization and cir-
cularity objectives, and employee upskilling. To support firms
in planning for simultaneous digital and green transitions, Pan
et al. [55] define a taxonomy for transition design.

III. STUDY DESIGN

The goal of this study is to identify and analyze the char-
acteristics, components, concerns, and stakeholders of twin
transition (TT) from a researcher’s viewpoint. To meet our
goal, we formulate the following research questions.
RQ1. What are the various definitions of TT?

We aim to consolidate the various notions of twin tran-
sition, understand its main concerns and components,
and their relationship.

RQ2. What are the sustainability ambitions of TT?
We identify the sustainability dimensions and their
combinations in TT.

RQ3. Who are the stakeholders and users involved in TT?
We identify roles, units, organizations who articulate
ambitions of twin transition, as well as roles involved
in implementing twin transition.

RQ4. What are the requirements and enablers of TT?
We identify technical and business capabilities, re-
sources, methods, and tools that positively impact the
success of twin transition.

RQ5. What are the challenges that hinder TT?
We identify phenomena that adversely impact the
success of TT.

A. Methodology: Multivocal study

To answer the research questions, we conduct a multivocal
literature review (MLR) [33]. An MLR includes a systematic
review of both academic and so called “gray” literature (GL).
Examples of gray studies include, pre-prints, reports, white
papers, news articles, etc. MLRs are gaining popularity in
computer science and their added value has been recognized in
management and organizational studies as well [2]. We follow
Garousi et al. [33] in the design of our study.

1) Assessing the need for an MLR: To assess the need for
an MLR, we first informally survey the topic of twin transition
to understand its publication dynamics, and subsequently, we
apply the checklist of Garousi et al. [33, Tab 4]. The checklist
stipulates answering at least one of its seven questions pos-
itively to suggest the inclusion of GL. We answer (at least)
two questions positively: there is a large volume of practitioner
sources (Q7 in [33]) and the subject can be investigated only
partially through formal literature due to the early stage of
research (Q1 in [33]). We conclude that the inclusion of GL
is justified. We target Tier-1 GL (i.e., high outlet control and
credibility: theses, government reports, white papers, etc.) with
some instances of Tier-2 GL allowed (moderate outlet control
and credibility: annual reports, news articles, etc.) [2].

B. Search and selection

1) Databases: To search for potentially relevant studies,
we use the following sources. Indexing sites: Scopus, Web
of Science; Computer Science and Software: ACM Digital
Library, IEEE Xplore; Business and management: EBSCO,
Business Source Complete, ProQuest (including ABI/Inform);
preprint sites: arXiv.org, Scopus preprints; mixed: Google
Scholar. ProQuest, and Business Source Complete index both
academic and gray literature. The content on arXiv.org is gray
literature in general, and often, preprints of eventual academic
publications. Scopus indexes preprints separately, back until
2017, which is sufficient for our purposes. We round out the
search with a query on Google Scholar. Due to the limitations
of Google Scholar [17], we search in abstracts only for “twin
transition” and by ordering articles by date.



TABLE I: Statistics: search and selection

All Excl Incl κ

Duplicate/non-English 781 309 472
E0 250 222

E1 11
E2 2
E3 (Parallel transition) 66
E4 (Informed transition) 71
E5 48

198 24 (3.07%) 0.854

2) Search string: We construct the search string from the
exact search term and its refined form consisting of the sus-
tainability and digitalization components. (Database-specific
search strings are available in the replication package.)

("twin transition") OR
(
("sustainability transition" OR "green transition")
AND
("digital transition" OR "digital transformation")
)

3) Automated search: We query the databases on Septem-
ber 3, 2024. We search in the title, abstract, and keywords
of papers in most databases. On arXiv, we search in the title,
abstract, and comments. We retrieve a total of 781 references.
Details are reported in Tab. I. We remove 309 duplicates and
arrive at 472 unique references that undergo selection.

4) Selection: We exclude unrelated references by the fol-
lowing exclusion criteria.
E0. Not accessible (not English, cannot download); different

notion of twin transition (e.g., chemistry); not primary
research (e.g., reviews); other irrelevant artifacts (datasets,
forewords and editorials, full proceedings, grants).

E1. Digitalization aspect is missing or unclear.
E2. Sustainability aspect is missing or unclear.
E3. Digitalization is clear but not related to sustainability.
E4. Sustainability is clear but not related to digitalization.
E5. Unrelated for other reasons.
A primary study is excluded if it meets at least one exclusion
criterion. E0 is straightforward to evaluate, thus, one author
evaluates it and the other author validates the decisions. For
exclusion criteria E1–E5, each primary study is evaluated
by both authors independently. In case of a tie, discussion
is facilitated. We observe a particularly high Cohen-κ of
0.854, i.e., almost perfect agreement. Eventually, we include
24 primary studies (Tab. I) as twin transition studies. We
answer the RQs using these 24 studies. In RQ1, we will also
consider excluded papers that label their approach as twin
transition, but fail to meet its criteria. These are E3 and E4, and
as explained in Sec. IV-A, we label them as parallel transition
and informed transition, respectively.

C. Threats to validity and study quality

a) Construct validity: Our observations are artifacts of
the sampled studies and selection bias may threaten the con-
struct validity of this study. To mitigate this threat, both authors
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Fig. 1: Studies on twin transition (as of September 2024)

inspect the studies per the recommendations of Kitchenham
[42]. Another threat arises from the early stage of research
and limited body of knowledge on twin transition. To mitigate
this threat, we opt for an MLR.

b) Internal validity: The term “twin transition” is used
with different meanings in some natural sciences. This leads
to a number of false positives in our search. To mitigate
this threat, we inspect every abstract and publication venues’
disciplines thoroughly. Another threat to internal validity stems
from the manual classification of topics in RQs 2–5. To
mitigate this threat, we facilitate in-depth discussions to arrive
at the eventual classifications after a consensus.

c) External validity: Our takeaways are valid for TT and
any generalization must be approached cautiously. Specifically,
our takeaways may not be valid within the confines of digital
transformation without sustainability considerations, and sus-
tainability transition without digitalization considerations.

d) Study quality.: Our work scores 63.6% (7 of 11
points) in the quality checklist of Petersen et al. [59]. (Need:
1 point; search: 1; evaluation of the search: 2; extraction and
classification: 2; validity: 1.) This quality score significantly
exceeds the scores reported from software engineering—33%
median, with only 25% of studies above 40% [59]. Thus, we
consider our study of high quality.

D. Publication trends

The number of publications (Fig. 1) shows an increasing
trend, with the past two years constituting 84% of the corpus.
2024 is a partial year in our work (studies published until
September), i.e., the increasing trend in publications is ex-
pected to continue. 83% of the corpus consists of academic
studies, with 17% grey studies rounding out our sample. 71%
of the studies are journal articles and book chapters, suggesting
mature research to draw on. We judge the corpus to be in a
good shape to allow for sound conclusions.
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TABLE II: Twin transition works (not) labeled labeled as such

Domain #Studies Studies

Labeled as TT 21 (87.5%)

↰Academic 17 (70.8%) [P1, P3, P4, P6, P8–P15, P17, P19,
P20, P22, P23]

↰Grey 4 (16.7%) [P2, P5, P16, P18]
Not labeled as TT 3 (12.5%)

↰Academic 3 (12.5%) [P7, P21, P24]

IV. RESULTS

A. Definitions of twin transition (RQ1)

To consolidate the various notions of twin transition, we
analyze the full corpus of 161 studies and identify studies
that focus on both digital and sustainability transitions. These
are the studies that we identified as the final set of primary
studies (24 studies) and, in addition, those that we excluded
from the final set on account of missing or one-directional link
between digital and sustainability transitions (E3 and E4 in
Tab. I; 66 and 71 studies, respectively). Thus, in total, there are
161 studies that focus on digital and sustainability transition,
but the link between the two transitions varies. We distinguish
between three transition models by the degree of coordination
between the two transitions, as reported in below and in Fig. 2.

a) Parallel transition: 66 of 161 (41.0%) studies do not
recognize the link between the two transitions. In essence,
digital and sustainability transitions happen without much syn-
chronization or information exchange. We call this approach
parallel transition. 42 of 66 (63.6%) studies label themselves
as twin transition; alas, they fall short of true twin transition
due to the lack of coordination between the two transitions.

b) Informed transition: 71 of 161 (44.1%) studies rec-
ognize the link between the two transitions, but only in
one direction. In all 71 cases, it is digitalization that serves
sustainability ambitions; while sustainability of digitalization
is overlooked. We call this approach informed transition as
some information is exchanged between the two transitions,
although not enough to render the approach twin transition. 50
of 71 (70.4%) informed transition works label themselves as
twin transition, despite not meeting the necessary criterion of
bi-directional informedness between the two transition threads.

c) Twin transition: 24 of 161 (14.9%) studies recognize
the link between transitions in both directions, constituting the
class of true twin transition. 21 of 24 (87.5%) studies label

themselves correctly; and additional 3 of 24 (12.5%) achieve
twin transition without labeling themselves as such.

RQ1: Definition of twin transition
The vast majority, 81.4% (92 of 113) of the state of
the art uses an imprecise notion of twin transition, in
which digital and sustainability transitions are not, or
only partially coordinated.
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Fig. 3: Breakdown of joint sustainability dimensions

B. Sustainability ambitions of twin transition (RQ2)

a) Sustainability dimensions.: As shown in Fig. 3, we
frequently encounter the three Brundtland [20] sustainability
dimensions in our sample. As expected, environmental sus-
tainability is a well-articulated ambition in 24 of 24 (100.0%)
studies, in line with the key points of the European Green
Deal where twin transition originates from. Economic and
social sustainability are well-represented in our sample as
well, present in 16 of 24 (66.7%) and 15 of 24 (62.5%)
studies, respectively. Interestingly, we do not find any of the
two more recently acknowledged sustainability dimensions,
technical [56] and individual [29] sustainability.

b) Combinations of sustainability dimensions.: We ob-
serve a high number of studies that combine two or more
sustainability dimensions. The mean number of sustainability
dimensions is 2.29, and the mode is 3. It is only environmental
sustainability that appears in isolation (4 of 24 – 16.7%). In the
vast majority of the sampled studies, in 20 of 24 (83.3%), envi-
ronmental sustainability is coupled with at least one other sus-
tainability dimension: in 4 of 24 studies (16.7%) with social, in
5 of 24 studies (20.8%) with economic, and in 11 of 24 studies
(45.8%) with both social and environmental sustainability.
The latter category of papers highlights the intricate links of
sustainability dimensions, including social even in technical
problems, such as low-carbon energy transitions [P15] and 6G
spectrum management [P13]. These observations are in line
with, e.g., those of Celeste and Dominioni [P5] who conclude
that achieving a digital and just society “cannot prescind from
environmental considerations”.



RQ2: Sustainability ambitions
Twin transition inextricably links digitalization and en-
vironmental sustainability; at the same time, it also
acknowledges (but does not emphasize) social and eco-
nomic sustainability. Twin transition tends to focus on
multiple sustainability dimensions at the same time, chal-
lenging their understanding and assessment.

C. Stakeholders and user groups (RQ3)

As shown in Tab. III, non-technical stakeholders (e.g.,
regulators, policy-makers) are reported in 24 of 24 (100.0%)
studies, while technical stakeholders (e.g., IT leaders, tech-
nology vendors) are considered only in 4 of 24 (16.7%). We
observe the unexpected lack of information systems experts,
software engineers, and researchers of technical fields.

TABLE III: Stakeholder types

Domain #Studies Studies

Non-technical 24 (100.0%)[P1–P24]
Technical 4 (16.7%) [P2, P5, P13, P15]

Tab. IV reports the primary sectors and affiliations of these
stakeholder groups. We observe a particularly high frequency
of government-affiliated stakeholders (18 of 24 – 75.0%),
followed by a near-even distribution of stakeholders over
businesses (9 of 24 – 37.5%), suppliers (8 of 24 – 33.3%),
researchers and universities (8 of 24 – 33.3%), and corporate
leadership (6 of 24 – 25.0%).

RQ3: Stakeholders and user groups
The key stakeholders in twin transition lack a techni-
cal background and the vast majority are government-
affiliated or business actors.

D. Enablers and requirements of twin transition (RQ4)

Tab. V reports the enablers and requirements of twin tran-
sition as reported in our sample. We observe that technical
enablers slightly outweigh non-technical ones, encountered in
14 of 24 (58.3%) and 12 of 24 (50.0%) studies, respectively.

a) Technical enablers.: Among the technical enablers,
we observe the emergence of four major themes: specific
technologies (8 of 24 – 33.3%), techniques and methods (6 of
24 – 25.0%), infrastructure (5 of 24 – 20.8%), and information
systems (3 of 24 – 12.5%). AI is the most frequently encoun-
tered technological enabler. Authors often cite the role of AI
in enabling smart cities [P5] and the circular economy [P9].
At the same time, authors call for the alignment of AI
with social values [P18] and for more transparent assessment
of its ecological footprint [P17]. Modeling and simulation
is identified as an enabling technique, e.g., for forecasting
the carbon effects of digitalization [P22]; while calling for
actionable numeric methods over qualitative ones [P23].

TABLE IV: Stakeholder sectors and affiliations

Domain #Studies Studies

Government 18 (75.0%) [P2–P5, P7–P14, P16–P20, P22]
Businesses, companies 9 (37.5%) [P5–P8, P11, P16, P17, P19, P21]
Supply chain, logistics 8 (33.3%) [P1, P2, P5, P6, P10, P12, P15,

P21]
Universities 8 (33.3%) [P4, P5, P12, P13, P17, P18, P20,

P24]
Corporations & units 6 (25.0%) [P2, P10–P12, P16, P20]

TABLE V: Key enablers of twin transition

Domain #Studies Studies

Technical 14 (58.3%)

↰Technology 8 (33.3%)

↰AI 4 (16.7%) [P5, P9, P17, P18]

↰Big data 2 (8.3%) [P6, P8]

↰Other 3 (12.5%) [P9, P12, P21]

↰Techniques and methods 6 (25.0%)

↰Real-time data and monitoring 5 (20.8%) [P6, P9, P12, P15, P22]

↰Modeling and simulation 2 (8.3%) [P22, P23]

↰Virtualization 1 (4.2%) [P22]

↰Infrastructure 5 (20.8%) [P1, P4, P5, P13, P17]

↰Information systems 3 (12.5%) [P18, P21, P23]
Non-technical 12 (50.0%)

↰Policies and government 6 (25.0%) [P3–P5, P10, P14, P18]

↰Innovation and env. mgmt 5 (20.8%) [P6, P7, P12, P20, P23]

↰Education and upskilling 2 (8.3%) [P10, P24]

↰Customer behavior 2 (8.3%) [P7, P18]

b) Non-technical enablers.: Among the non-technical
enablers, two topics are particularly often-discussed: policies
and government, found in 6 of 24 (25.0%) studies; and
innovation-related concerns, found in 5 of 24 (20.8%) studies.
Some examples of enabling policies are strategic govern-
ment actions to promote twin transition [P10] and promoting
voluntary codes of conduct, e.g., in data centers to reduce
their energy consumption [P5]. Some studies call for stronger
forms of innovation instead of incremental approaches, with
explicit ambitions to “reconfigure the entire structure of socio-
technical systems to align with sustainability” [P12] through
novel design methods to embed sustainability into product
and services development [P7], and collaborative business
models to involve political decision-makers [P23]. Education
of future workforce [P24] and upskilling of the current [P10]
are identified as important enablers as well.

RQ4: Enablers and requirements
The identified enablers of twin transition are primarily
of technical nature, with a pronounced need for real-time
data analytics and AI methods. Non-technical enablers
relate to policy-making and innovation methodology.

E. Challenging factors of twin transition (RQ5)

Tab. VI reports the challenges typically faced in twin transi-
tion journeys. We observe the emergence of two main topics:
technical and methodological challenges, and business and
organizational ones. Technical challenges slightly outweigh
non-technical ones, encountered in 15 of 24 (62.5%) and 12



of 24 (50.0%) studies, respectively. Across these categories,
the dominantly recognized challenges are the complexity (8
of 24 – 33.3%) and high costs (7 of 24 – 29.2%) of twin
transition – one challenge from the technical and one from the
business themes. The perceived complexity of twin transition
is related to, e.g., its convoluted socio-technical effects [P12],
and the intricacies of assessing the precise ecological impact
of digital technology, such as AI [P7]. This complexity has
implications for finding trade-offs between sustainability and
digitalization [P3, P5, P22] and understanding and controlling
rebound effects [P5, P17, P18].

Only a few instances, 3 of 24 (12.5%) of technological chal-
lenges are found, related to, e.g., the vulnerabilities introduced
by digitization [P15], cyber security risks and data protection
issues [P18], and the biases of AI [P17].

TABLE VI: Key challenging factors of twin transition

Domain #Studies Studies

Tech. and methodology 15 (62.5%)

↰Complexity 8 (33.3%) [P1, P2, P7, P10–P12, P22,
P23]

↰Finding trade-offs 4 (16.7%) [P3, P5, P11, P22]

↰Rebound effects 3 (12.5%) [P5, P17, P18]

↰Technological challenges 3 (12.5%) [P15, P17, P18]

↰Other 4 (16.7%) [P14, P18, P21, P22]
Businesses and organizations 12 (50.0%)

↰High costs 7 (29.2%) [P2, P6, P8, P9, P16, P18, P20]

↰Policies and law 4 (16.7%) [P4, P11, P14, P19]

↰No qualified workforce 3 (12.5%) [P8, P14, P16]

↰Other 3 (12.5%) [P12, P16, P18]

RQ5: Challenging factors
The recognized challenges of twin transition are mostly
related to its complexity and costs, with little focus on
technology-related challenges.

V. TAKEAWAYS AND RECOMMENDATIONS

We now synthesize the results of our empirical inquiry
into key takeaways and identify research and development
directions in support of twin transition.

A. Terminology issues hint at lingering techno-optimism

Key observation: The vast majority of primary studies
use the wrong concept to label their transition model and
oversell their contributions (RQ1).

92 of 113 (81.4%) studies that label themselves as “twin
transition” are, in fact, not aligned with its definition. In
42 of 113 (37.2%) cases, there is no link between the two
transition streams, and in 50 of 113 (44.2%) cases, sustain-
ability transition is aided by digitalization. That is, in the
vast majority of twin transition research, the sustainability
implications of digitalization are not considered. This raises
the threat of ecological and social implications of digitalization
going unnoticed, and digitalization continuing to be looked
at as a silver bullet to treat sustainability issues. This un-
warranted techno-optimism—i.e., the belief that technology
alone can solve environmental and societal problems without

fundamentally rethinking the structure of our growth-based
economies [4]—is well-documented in the state of the art [18]
and poses a serious problem as ICT is set to become one of
the leading industries in carbon footprint generation already
in this decade [13, 38]. Unfortunately, evidence suggests
that Big Tech is actively misshaping public discourse and
normalizes greenwashing [P18]. This evidence is also present
in mainstream media and available to the general public,
e.g., [7, 52], just to cite some recent articles.

Recommendation 1
Build sustainable systems by sustainable methods.

Pan et al. [P18] warn that moderate sustainability ambitions
and a solely profit-focused mindset hinder the adoption of sus-
tainable technology. Evidently, stronger forms of innovation
are needed that have the ability to reconfigure the structure of
our socio-technical systems to align with sustainability [P12].
This starts with a change in design philosophy and promoting
sustainability to a first principle in technology [P7]. Following
the framework for circular systems engineering by David et al.
[26], we recommend the following steps.
(1) Develop sustainability assessment techniques for the de-
veloped system. Real-time monitoring to reduce environmental
impact [P22] and carbon footprint [P15], e.g., through digital
twins [P12] or internet of things (IoT) [P20] are some of the
methods recommended in the primary studies.
(2) Develop sustainability assessment techniques for the meth-
ods (digital technology). Studies call for increasing the ecolog-
ical transparency of AI [P17] and using Digital Product Pass-
ports (DPPs) to collect lifecycle data, including sustainability-
related information [P21]. We recommend relying on stan-
dardized techniques, e.g., the ISO/IEC 21031:2024 Software
Carbon Intensity (SCI) specification [39] to compare alterna-
tives in terms of carbon emissions.
(3) Connect system and method sustainability and find trade-
offs. By understanding the lifecycle model of the developed
system, trade-offs between systems and method sustainability
can be identified. For example, developing an AI agent to
optimize the energy consumption of a smart building will
have energy costs in the training phase but might realize more
savings in deployment [26]. What exactly is the right amount
of training? – is the question to ask. Finding such trade-offs
opens opportunities for controlled ICT degrowth strategies in
which resource utilization and waste can be scaled back [24].

B. The complexity of sustainability challenges twin transition

Key observation: Sustainability dimensions rarely appear
in isolation (RQ2).

A key observation regarding the sustainability aspects of
twin transition (RQ2, Sec. IV-B) is that sustainability dimen-
sions hardly ever appear in isolation. In 20 of 24 (83.3%)
studies, at least two sustainability dimensions are identified,
with environmental sustainability being the only one that is
present in every work (Fig. 3). This observation suggests the
consistent usage of the strong notion of sustainability [11],



which acknowledges that sustainability dimensions cannot be
isolated without substantial threats to validity, mostly due
to the multi-systemic nature of sustainability [12]. However,
the elaborate notion of sustainability comes at the price of
increased complexity. The combination of different sustain-
ability dimensions renders the analysis of twin transition
goals challenging, and necessitates the involvement of more
domains and experts. Accordingly, the leading challenge in
twin transition (Tab. VI) is its complexity.

Recommendation 2
Develop ontology-enabled collaborative modeling meth-
ods to allow technical experts to coordinate across dif-
ferent sustainability dimensions.

Conceptual modeling [62] and model-driven engineering
(MDE) [61] are proven methods in the analysis of complex
problems. Through the power of abstraction, modeling reduces
the accidental complexity [6] of the problem at hand and
allows domain experts to focus only on its relevant properties.
The complexity of sustainability in twin transition necessitates
the involvement of various expertise and domains, further
evidenced by the diversity of technical enablers (Tab. VI).
Collaborative modeling [27, 32] excels in supporting such
heterogeneous settings by allowing multiple experts to coop-
erate and be aware of each others’ work on shared models.
Alas, collaborative modeling (cf. participatory modeling in the
next section) is seldom encountered in contemporary design
methods for sustainability [10, 44].

To cope with the divergent vocabularies of the involved
disciplines (necessitated by the complexity of sustainabil-
ity ambitions), we recommend researching ontology-enabled
methods for collaborative modeling. Ontologies are structured
representations of domain knowledge and enable reasoning
over multiple domains [34]. In truly multi-paradigm settings,
misunderstandings due to the reliance on (unformalized) nat-
ural language, misaligned assumptions and inconsistencies
occur naturally. The benefits of ontologies in multi-disciplinary
settings has been proven in many domains from cyber-physical
systems [63], through the development of digital twins [9], to
the analysis of FAIR data principles [15].

In design for sustainability, ontologies can be used to
capture domain concepts, as well as values of ethics, utility,
and justice [35] associated with these concepts. Ontologies can
also help formalize preferences and drive collective decision-
making. Finally, computer-aided ontological reasoning [31]
can support semantic consistency among experts who might
not use the same vocabularies.

C. Non-technical stakeholders and users need to be involved

Key observation: The technical nature of enablers (RQ4)
and challenges (RQ5) is not aligned with the mostly non-
technical stakeholders (R3).

14 of 24 (58.3%) studies identify technical enablers and
15 of 24 (62.5%) identify technical challenges, while only 4
of 24 (16.7%) identify technical stakeholders. This imbalance

suggests a mismatch between the technical implementation of
twin transition and the stakeholders involved in it.

Bridging this gap necessitates the involvement of infor-
mation systems researchers and practitioners in the early
phases of twin transition, i.e., conceptualization and strategic
planning. At the same time, studies warn that effective twin
transition cannot be achieved without the involvement of
political and social stakeholders [P22, P23]—an advice that
aligns well with the high number of non-technical stakehold-
ers (present in 20 of 24 – 83.3% primary studies; RQ3).
Without these stakeholders, complex issues like community
resistance, economic trade-offs and local impacts might de-
rail costly twin transition efforts [P22]. Brunori [21] also
warn that “digitalization, driven only by market forces and
in the absence of an effective policy environment” might
render systems far from sustainability. Finally, to reach higher
leverage points [57], there is a clear need to engage with
end-users with the primary intent to change consumer pref-
erences towards sustainable alternatives or to enforce such a
behavior [P7], e.g., through design methods such as Poka-
yoke (“mistake-proofing”) [P6]. While collaborative modeling
excels in technical settings (Sec. V-B), it is less suitable to
foster the involvement of non-technical stakeholders.

Recommendation 3
Develop participatory modeling practices to foster co-
operation between information systems researchers and
non-technical stakeholders, such as government bodies,
social stakeholders, and end-users.

Participatory modeling [66] (PM) facilitates high-level
modeling, e.g., through systems dynamics [51], in which non-
experts involved in modeling. PM is a proven method in
the design for sustainability [47] as its informal modeling
process fosters diversity and inclusiveness. To identify useful
stakeholders, Becker et al. [12] recommend to “minimize the
number of stakeholders involved, and focus on those who
have influence”. In particular, one should “focus on internal
stakeholders and exclude unreachable stakeholders” [12].

Midgley [49] and Nabavi et al. [51] observe the need for
combining PM with a more technical cooperative modeling
paradigm in the design of sustainable systems. Thus, we
recommend IS researchers to develop combined participatory-
collaborative modeling methods, e.g., by relying on PM in the
early phases of cooperation and gradually refining models into
more technical and actionable ones via collaborative modeling.
Actionable models have been articulated as a clear need in the
sampled studies, e.g., by Stucki et al. [P23].

D. Informing key stakeholders and aiding decision-making

Key observation: Top-level stakeholders are identified in
a large number (RQ3) but no enablers relate directly to
information delivery (RQ4).

Government actors and corporate leaders are identified in a
total of 18 of 24 (75.0%) primary studies as key stakehold-
ers who have to make decisions in twin transition journeys



(Tab. IV, RQ3). Corroborating this finding, a recent report by
Gartner predicts that 80% of CIOs’ key performance metrics
will be tied to the sustainability of their IT organization by
2027 [48]. However, knowledge about integrating sustainabil-
ity principles into corporate digital strategies is not present in
nowadays’ prototypical CIOs’ profiles. In addition, assessing
the precise impact of digital technologies like AI, blockchain,
data centers, and big data with its ecosystem is a complex
task. Thus, there is a clear need for new methods and as-
sessment frameworks to inform and guide stakeholders in
evaluating the impact of digital technologies on sustainability.
Key reported challenges include assessing the precise impact
of digital technology, e.g., AI [P17] and its ecosystem [P7];
and the complexity of finding sustainability trade-offs [P11].

Recommendation 4
Implement real-time data-enabled information delivery
and decision-support, such as applied observability, also
drawing on infonomics.

Studies often call for real-time data collection to inform
stakeholders. Some of the identified benefits of real-time mon-
itoring include reduced environmental impact [P22], reduced
waste [P6], and increased efficiency [P6]. However, these
improvements mostly benefit operators, not decision-makers.
To turn data into valuable information for decision-makers,
we recommend drawing on infonomics, the discipline of
asserting economic value to information [45]. We recommend
relying on established information valuation models [25, 45]
as they provide insights into how to improve data collection
mechanisms for higher information value.

Applied observability [58] may be of value when systems
are not directly observable, e.g., the sustainability properties of
complex eco-socio-technical systems. Applied observability is
the practice of inferring states of a system from the data it gen-
erates, and ensuring that data is available across departments
and applications to enable real-time decision-making [58].

Modeling and simulation are additional enablers, e.g., for
forecasting carbon emission of economic activities [P22]. As
pointed out by Stucki et al. [P23], quantitative (e.g., numer-
ical) models are more actionable and useful in supporting
sustainability decisions and tracking KPIs than qualitative
ones. Coupled with digital twin technology [P12], modeling
and simulation can drive applied observability throughout the
lifecycle of the system and across organizations.

E. Improving social sustainability through HCI

Key observation: Social sustainability is not emphasized
in twin transition and appears only in combination with
environmental sustainability (RQ1).

This observation is also demonstrated in the commonly
used definition of twin transition “greening of and by IT and
data” [16], narrowing the focus to environmental sustainability,
leaving little room for social concerns to be incorporated.

Within the context of the individual, social sustainability
of digital technology is characterized by properties such as

accessibility, trust, and human-centered design [28]. Ignoring
social sustainability leads to unwanted consequences, such
as unskilled workforce, aversion of digital technology [P17]
(in the most pertinent and timely example: AI anxiety [40]).
Clearly, there is a need for narrowing the gap between humans
and digital technology; ideally, through systematic methods.
Human-computer interaction (HCI) is a prime candidate
to serve as such a method. HCI prioritizes improving human
experience by situating the humans in the loop [30] and
through that, fostering trust in systems [19]. Notable instances
of human-in-the-loop techniques include improved and ac-
tive user involvement, directed user focus [36], improved
explainability and transparency [30], and accessibility and
inclusion [1]. Successful twin transition should improve in
social sustainability by implementing such techniques.

Recommendation 5
Utilize HCI principles as a general framework to enhance
social sustainability of digitalization in twin transition.

There are some known examples of HCI succeeding at
improving the social sustainability of digital technology.

Explainable AI, the technique of creating more transparent
and, ultimately, explainable machine learning models [5], is a
notable example that aims to improve the social sustainability
of digital technology. The limited transparency of AI often
results in issues such as AI anxiety [40] and reluctance to use
AI [P17], which eventually limit the utility of AI applications.
Explainable AI fosters trust by making AI models more trans-
parent, and allows stakeholders to hold the system accountable
for its decisions [14]. Specifically, improving the ecological
transparency of AI can be a contributor to the success of twin
transition [P17]. Such directions are apt responses to the likely
lacking sustainability-related knowledge in CIOs’ profiles.

In modern manufacturing applications, digital twin cock-
pits improve HCI by visualizing data and allowing interactions
with digital twin services through graphical user interfaces
(GUI) [8]. By that, digital twin cockpits enable users with
varying levels of technical knowledge to interact with com-
puters effectively, which is a key HCI principle [53].

VI. CONCLUSION

In this paper, we reported on our study on twin transition,
the paradigm of promoting sustainability by and of digital
technology. Our study shows that twin transition is often mis-
understood, limiting its upside and giving rise to unwarranted
techno-optimism, while threatening with a widening social
divide across regions and sectors. We believe that researchers
have a lot to offer at the current maturity of twin transition.
To support this involvement, we derive key recommendations
for researchers and practitioners in computing-related fields,
including information systems and software engineering.

In future work, we will derive a maturity framework for
twin transition to assess companies’ capabilities to conduct
successful twin transition projects, and validate it through
industry cases and expert feedback.
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