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Abstract—The next generation of engineered systems ought
to be more sustainable. In this context, Digital Twins play a
crucial role as key enablers of sustainability ambitions in systems
engineering. However, as a specific class of engineered systems,
Digital Twins themselves must adopt sustainability principles to
avoid defeating their purpose in fostering sustainability. In this
proposal, we focus on the technical sustainability of Digital Twins,
enabled by their evolution. We propose an initial taxonomy we
believe will support systematic Digital Twin evolution mecha-
nisms and draw links to similar taxonomies of Physical Twins.

Index Terms—circular economy, circular systems engineering,
model-driven engineering, sustainability, value retention

I. INTRODUCTION

Sustainability is becoming a key characteristic of modern
systems. For example, INCOSE, the International Council on
Systems Engineering identifies sustainability as the number
one “global megatrend” in systems and their engineering for
the decades ahead of us [1]. This trend is driven both by
end-users who increasingly voice their preference for human-
centered, ecological, economically viable solutions; and by
governments that realize the unsustainability of the status quo.1

Digital Twins are live virtual representations of physical
systems with control capabilities over the said physical sys-
tem [2]. By these traits, Digital Twins enable complex reason-
ing and automated control of the physical system, allowing
for better resource management, better waste prediction, and
the collection of important data throughout the lifetime of the
physical twin. As shown in Fig. 1, these capabilities position
Digital Twins particularly well in supporting sustainability in
complex systems—from smart manufacturing [3] to precision
agriculture [4]—evidenced by the rapidly growing related
body of knowledge on sustainability by [5] and of [6] Digital
Twins, and novel systems engineering paradigms [7].

However, as a specific class of engineered systems, Digital
Twins themselves must become sustainable (Fig. 1). Unsus-
tainable Digital Twins defeat the purpose of sustainability
efforts by moving sustainability issues from the engineered
system into the engineering methodology [8]. Clearly, we must
strive to build sustainable Digital Twins [9] if we want to build
sustainable systems by them. Due to the complex nature of
sustainability, however, this is a challenging task.

'For example, see the Industry 5.0 initiative of the European
Commission: https://research-and-innovation.ec.europa.eu/research-area/
industrial-research-and-innovation/industry-50_en.
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Fig. 1. The relationship between systems, Digital Twins, and sustainability

Augmenting Brundtland’s classic, three-dimensional model
of sustainability [10], consisting of economic (financial via-
bility), environmental (reduced impact), and social (elevated
utility) sustainability dimensions, Lago et al. [11] define a
fourth dimension, technical sustainability as the ability of
a system to be used over an extended lifetime (Fig. 1).
The core enablers of technical sustainability are appropriate
evolution mechanisms [11] that help adapt the system to a
changing environment, requirements, and goals of the system.
While self-adaptation and evolution of Digital Twins have
received some attention lately [12], [13], no comprehensive
collection of elementary Digital Twin evolution mechanisms
exists. This substantially hinders the development of system-
atic approaches to Digital Twin evolution, and by extension,
limiting the technical sustainability of Digital Twins.

To address the limitations of the state-of-the-art, in this
paper, we define an initial taxonomy for Digital Twin evolution
in support of their technical sustainability. We draw from our
hands-on experiences in developing Digital Twins and follow
established methods for taxonomy building [14], [15]. Our
goal is to initiate research and call to action in support of sus-
tainable systems engineering by sustainable Digital Twins. The
modeling community is particularly well-positioned to lead
coherent sustainability efforts related to complex systems due
to its broader systems view and specialized sub-communities.

This paper is the first step towards a coherent and actionable
taxonomy to aid systems engineers in implementing sustain-
able Digital Twins and assessing their sustainability properties.

Our taxonomy defines seven evolution mechanisms in the
form of R-imperatives, a concept widely applied in domains
of physical systems where sustainability has become an urgent
need in recent years, e.g., reverse logistics, waste management,
and circular economy [16]. By this choice, we wish to draw
the attention of the modeling community to the vast body
of knowledge on value retention mechanisms available for
adoption on the digital side of Digital Twins.
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II. BACKGROUND AND RELATED WORK

Here, we review some key concepts and related works.

A. R-imperatives and frameworks

R-imperatives specify mechanisms for value retention. With
a varying number of R-imperatives, frameworks such as
3R, 6R, and 10R are well-established in domains where
environmental and ecological impacts are obvious, such as
waste management and closed-loop supply chain management.
Perhaps the most known of such frameworks is 3R advocating
for reduce, reuse, and recycle—that is, minimize waste, use
items more than once, and find new use instead of throw
things away, respectively. Different domains adopt their own
finer or coarser-grained R-imperatives with varying rigor and
details. The 10R framework of Reike at al. [16] offers a re-
cent synthesis that comprises ten mechanisms that, depending
on the length of the engineering subprocess they span, are
classified as short-loop (refuse, reduce, resell/reuse, repair),
medium-loop (refurbish, remanufacture, repurpose), and long-
loop mechanisms (recycle, recover energy, remine materials).

Having gained popularity in government regulations and
business strategies [16], there exists a substantial body of
knowledge on R-imperatives in the realm of physical systems.
This knowledge could be transposed to the digital realm
to support Digital Twin evolution to avoid reinventing the
wheel. However, the actionability of R-frameworks is hindered
by a handful of factors. Only about half of the known R-
frameworks define clear mechanisms and the relationships
between them [16]. Furthermore, defining sustainability ob-
jectives and using R-imperatives to achieve those objectives
in systems engineering is challenged by the often overlapping
concerns of different R-imperatives [17].

To tackle these limitations of R-frameworks, our taxonomy
clearly relates R-imperatives to specific artifacts of a Digital
Twin context (Fig. 2 and Table I), and defines clear, causal
relationships among them (Fig. 3).

B. Sustainability by and of Digital Twins

Sustainability of Digital Twins is becoming a research topic
of particular interest. The majority of the state of the art
focuses on sustainability by Digital Twins, but recently, works
on the sustainability of Digital Twins have appeared as well.

Considering the former, Digital Twins are well-positioned
to govern end-to-end processes [9], contributing to important
operational goals, such as adaptive control and predictive
maintenance. However, Digital Twins are no silver bullet
either, as reported by Tzachor et al. [18], due to the multitude
of challenges that might prevent Digital Twins to support sus-
tainability goals, e.g., social divides and economic inequalities.

Considering the latter, Bellis and Denil [6] report four sus-
tainability challenges of Digital Twinning: energy consump-
tion, modeling effort and complexity, the ability to evolve with
the physical twin, and the deployment of the twin architecture
within organizations. Our work puts the latter two concerns
in context with a focus on the technical dimension of sustain-
ability. Fur et al. [5] investigate the three classic dimensions

of sustainability by Brundtland, but technical sustainability is
out of their scope. Our taxonomy complements their work.

While all these works are valuable in targeting specific
sustainability challenges, they do not provide a holistic and
structured overview of sustainability mechanisms. This is
understandable, as that would require a faxonomy. Our work
provides just that: an initial taxonomy—however, it only
focuses on the technical dimension of sustainability.

C. Taxonomies

A taxonomy is a form of classification [14], aiming to
systematically organize knowledge of a specific research field
or problem. Classification of objects helps to understand the
specific field and to build theories [19], [20]. The terms
taxonomy, typology, and framework, are sometimes used
interchangeably [14]. Some of the influential taxonomies in
software and systems modeling related to our concerns are the
taxonomy of software change by Buckley et al. [21] and the
model transformations taxonomy of Mens and Van Gorp [22].

Following the taxonomy-building process by Nickerson
et al. [14] and the case-based generalization approach of
Wierenga and Daneva [15], we draw from our hands-on expe-
riences in developing Digital Twins to define our taxonomy.
First, we analyzed repeatedly emerging phenomena in our
previous projects. Second, we decomposed these phenomena
architecturally. Third, we generalized the phenomena to ar-
chitecturally similar cases. Finally, we organized evidence by
minimal, compact taxonomy.

III. A 7R TAXONOMY OF DIGITAL TWIN EVOLUTION

Our taxonomy comprises seven R-imperatives, shown in
Fig. 2 in the context of a general digital twinning scenario.
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Fig. 2. R-imperatives of the taxonomy in a Digital Twin context

The R-imperatives are further classified into four different
realms characteristic of Digital Twins (Table I). These realms
are also found in relevant reference frameworks, such as the
one defined by the ISO 23247 standard [23].

Two R-imperatives are concerned with the Model at the
core of the Digital Twin (re-calibrate, re-model). Two R-
imperatives are concerned with the data, specifically, how it



TABLE I
R-IMPERATIVES, THEIR REALMS, AND TARGET ARTIFACTS

R-imperative Realm Target
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is stored (reconcile) and how is it obtained from the Physical
Twin (re-collect). Two R-imperatives are concerned with the
twin system as a whole (re-deploy, re-configure). Finally,
one R-imperative is concerned with translating the know-how
accumulated during the lifetime of the Digital Twin into other
digital twinning scenarios (reuse).

As indicated in Table I, the complexity of R-imperatives
increases with the complexity of the target artifact. For exam-
ple, re-calibrating a parameter is substantially less elaborate
than reconciling a database. This is due to some R-imperatives
being dependent on each other and necessitating the execution
of others. For example, upon reconciling a database, mod-
els might have to be updated as well, further necessitating
re-calibration of crucial parameters. Such dependencies are
often referred to as short-loop and long-loop sustainability
imperatives in physical systems [16]. Understanding such
dependencies is key in utilizing the taxonomy. Fig. 3 shows
a possible map of the system’s state space, with the R-
imperatives and their causes linked to each other.

In addition, as shown in Fig. 3, maintaining a correct
system requires correct models and correct data. This means
R-imperatives of the system realm can only be executed when
all models and data are correct.

We now elaborate on the seven R-imperatives, using Fig. 3.

A. Re-calibrate

Re-calibration of a model’s parameter is required when
parameter drift occurs and the model is not a faithful rep-
resentation of the physical twin anymore. This discrepancy
gives rise to incorrect simulations and a subsequent imprecise
control of the physical twin. Re-calibration is firmly situated at
the run-time phase of the system. Often, manual re-calibration
is not acceptable and automated means are required. For
example, reinforcement learning has been used for this pur-
pose [24]. As the most primitive R-imperative, re-calibration
does not depend on any other R-imperatives; however, other
R-imperatives might require re-calibration, as shown in Fig. 3.

B. Re-model

In more elaborate cases concept drift may occur, i.e., the
model does not reflect the real phenomenon properly. For ex-
ample, new components have been added to the physical sys-
tem or a newly identified phenomenon must be encompassed

in the model. Such cases might require substantial changes to
the model beyond re-calibrating parameters. Specific modeling
and software engineering tasks might be considered as refine-
ments of this R-imperative, including repair of models [25],
re-architecting a Digital Twin, or re-packaging a software
component to match a changing API. After re-modeling,
models need to be re-calibrated, imposing a dependency on
the previously discussed R-imperative. This dependency is
shown in Fig. 3 with an arrow from re-modeling to re-
calibration. Often, automated model adaptation is required,
e.g., by computer-aided inference and adaptation of Digital
Twin simulation models [26].

C. Reconcile

Data is strongly related to models [27]. During the design
phase, data is used for building models, and during operation,
data is analyzed through the view of specific models, augment-
ing data with additional semantics, resulting in information.
If data discrepancies occur, data might become inconsistent.
Such cases might be caused by software or hardware issues,
e.g., an unhandled exception in the software code of the Digital
Twin, or a failing sensor in the Physical Twin. In these cases,
data needs to be reconciled, i.e., its schema must be updated
and data must be properly migrated. As shown in Fig. 3,
reconciliation might require re-modeling the system accord-
ingly. Conversely, as shown by the red arrow that points from
Re-modeling to Data discrepancy in Fig. 3, data discrepancy
might be caused by a changing model that serves as the data
schema. That is, re-modeling might necessitate reconciliation.
Such circular dependencies are especially problematic, but
understanding that such co-dependencies exist alleviates the
complexity of putting the right procedures in place.

D. Re-collect

Transient event blackouts—i.e., grayouts—result in missing
data on the sensor event stream. Such cases might occur due
to transient failures, or in situations when the Digital Twin
must evolve but functionality cannot be hot-swapped, e.g.,
during reconciling the database. It is paramount to be able
to re-collect such data. Decoupling data collection from data
processing and persistence is a typical architectural choice to
support such a mechanism. After re-collecting data, reconcil-
iation, re-modeling, and re-calibration might be needed.

E. Re-deploy

After ensuring that models and data are correct, system-
level correctness must be managed. In cases when the models
or database of the Digital Twin undergo evolution, the Digital
Twin version in use is an outdated one. Thus, the evolved
version of the Digital Twin must be rolled out to be used in
production, i.e., the Digital Twin needs to be re-deployed [28].

F. Re-configure

The ultimate goal of the Digital Twin is to control the
Physical Twin in an optimal fashion. As the Physical Twin
evolves, it might not operate under the optimal circumstances,
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Fig. 3. Possible operationalization of the R-imperatives

and therefore, it needs to be re-configured by the Digital Twin.
This mechanism is well-understood in Digital Twins. The
current taxonomy merely positions it within a larger context.

G. Reuse

During the maintenance and evolution of the Digital
Twin, large amounts of data, knowledge, and know-how are
recorded. To retain the value of these artifacts, they should be
reused in other digital twinning situations. Aptly, it is often
Digital Twins that are used as the authoritative source of data
in modern engineering processes. Thanks to the advanced data
collection mechanisms of Digital Twins, data availability is
not a bottleneck anymore in reuse. The main challenge is
enriching data with appropriate semantic information to create
intelligence [27]. Automation by transfer learning is becoming
an increasingly viable option in the era of big data [29].

IV. RECOMMENDED RESEARCH DIRECTIONS

We now outline some research directions for prospective
scholars we anticipate to be impactful.

A. Evaluation and gradual extension

As with any taxonomy, it is important to put it to use to test
its capabilities. Our work was focusing on the problem iden-
tification and taxonomy development phases of the standard
taxonomy development process by Kundisch et al. [30]. This
leaves space for prospective researchers and practitioners to
work on the demonstration and evaluation of the taxonomy.
We recommend contributing exemplars and case studies to
this end. To extend and enrich the taxonomy, we recommend
studying how the major influencing factors of technical sus-
tainability of software [31] translate to Digital Twin settings.

Quality requirements, such as interoperability and availability
might give rise to additional R-imperatives.

B. Mapping onto lifecycle models and architectural models

The operationalization of the taxonomy in Fig. 3 spans
a process. Mapping the taxonomy onto lifecycle models
will provide more actionable directives to apply the taxon-
omy in real systems engineering settings. Alignment with
DevOps [32] and TwinOps [33] are particularly promising
research directions. Similarly, mapping the taxonomy onto
architectural models will allow for architectural choices that
account for the systematic and sustainable evolution of Digital
Twins. We particularly encourage investigating alignment with
the ISO 23247 standard of Digital Twins for manufactur-
ing [23]. However, emerging alternative architectural choices
for Digital Twins deserve attention as well [34], [12].

C. Link with R-frameworks of physical systems

The current work deliberately focused on Digital Twins,
but R-imperatives as value retention mechanisms are well-
researched in systems that are subject to becoming Physical
Twins [16]. Naturally, establishing a link with existing R-
frameworks of physical systems will allow for a more holistic
view of evolutionary mechanisms, eventually allowing for
digital-physical twin co-evolution. We advocate for an inter-
disciplinary approach to effectively tackle the highly multi-
systemic nature of sustainability [35].

D. Tools and automation

To leverage the taxonomy to its fullest extent, we rec-
ommend investigating possible means of tool support and
the automation of evolution processes. Especially in long-
loop evolution mechanisms, such as data re-collection and



reconciliation, automation will provide substantial benefits.
Analysis and simulation tools for planned evolution, and build
tools that can integrate into DevOps processes are particularly
important directions. A list of contemporary tools is provided
by Muctadir et al. [36].

V. CONCLUSION

In this paper, we presented an initial taxonomy for Digital
Twin evolution. System evolution is a key mechanism in ex-
tending the useful lifetime of systems, i.e., fostering technical
sustainability. As sustainability is becoming a leading principle
in the next generation of systems, the technical dimension is
the most tangible for those who develop systems. Improving
the sustainability in Digital Twins is particularly important
as this class of systems is considered as an important aid in
fostering sustainability in large-scale complex systems.

Our taxonomy is meant to help identify specific actions
Digital Twin frameworks can implement in support of evolu-
tion. Our taxonomy might also help researchers in identifying
opportunities for their research efforts, especially in modeling
sub-communities such as the ones focusing on models and
evolution, multi-paradigm modeling of CPS, and DevOps.

This paper aims to raise awareness of the body of knowledge
on sustainability in various domains of engineered systems
from which important know-how could be adopted by the
modeling community and transposed to digital systems.

In future work, we plan to apply the framework in various
case studies to test its completeness and preferably, encounter
new R-imperatives in support of Digital Twin evolution and
Digital-Physical Twin co-evolution.
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