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Abstract

By connecting digital models and physical assets in real time, digital

twins enable new levels of agility across industry for planning and

optimization, as well as predictive maintenance. The recent vision

of Industry 5.0 puts digital twin technology at the service of the

green transition, emphasizing sustainable and human-centric goals

for industry. But in fact, these goals also concern nature and how

humans interact with nature. In this talk, we explore the potential

of digital twins as a technology backbone for Nature 5.0, connect-

ing digital models with natural systems in real-time - not only for

environmental monitoring, but for long-term decision-making and

sustainability. We discuss different aspects of engineering digital

twins of ecosystems, including digital twin architectures, inter-

operability, model management, and self-adaptation, as well as

challenges and opportunities in this interdisciplinary work. The

talk will be illustrated by examples from our own work, such as the

digital twin of the Oslofjord.

CCS Concepts

• Software and its engineering → Software as a service or-

chestration system; Layered systems; • Computer systems

organization→ Self-organizing autonomic computing.
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1 Introduction

A digital twin is a dynamic virtual representation of a system that

integrates models and continuously updated real-time data that

comes from, e.g., sensors, operational systems, or historical records

to support analysis such as diagnosis, fault detection, predictions,

prescriptions, and decision-making [16, 24]. While digital twins
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emerged from engineering disciplines [6, 14], they are now increas-

ingly being adopted in other domains where their value comes from

their tight integration of models and the target system, which en-

ables analytical support based on up-to-date models that integrate

real-time data; while the initial notion that highlighted bidirec-

tionality (i.e., the reactive control of a cyber-physical system) is

becoming less and less prominent and may appear as a slower

process involving, e.g., human-in-the-loop decision-making.

Industry 5.0 puts the digital transformation of industry (i.e.,

Industry 4.0) at the service of the green transition, emphasising

sustainable and human-centric goals for industry [1, 19]. Here, in-

novations such as digital twins play a particularly important role by

bringing data-driven decision-making to the forefront, enhancing

efficiency and sustainability. Digital twins, combined with human

modelling methods and real-time monitoring, enable explanations

to protect humans while enhancing the performance of industrial

assets. In this paper, we explore how these capabilities of digital

twins can deliver service to natural environments: Can environ-
mental digital twins, still in combination with human modelling

methods and real-time monitoring (as illustrated by Fig. 1), provide

a technological backbone for environmental governance and man-

agement, resulting in a notion of Nature 5.0 that supports agile,

data-driven decision-making concerning the ecosystems around us

and their management?

Figure 1: Our vision of Nature 5.0 uses environmental digital

twins to connect models and ecosystems in real-time. The

agile analysis capabilities of these systems can support the

development and implementation of environmental policies,

adapting to uncertainties caused by climate stressors.
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2 Challenges for Environmental Digital Twins

Digital twins in an industrial context tend to have a clear purpose

(e.g., condition-based maintenance or control), sensors can be built

into the asset at the key locations, and the engineering knowledge

associated with the asset and with the twin’s purpose is well un-

derstood. In contrast to industrial systems, natural environments

are highly complex systems that are currently under pressure from

climate change and human activities. Blair et al. [3] argue that the
role of digital technologies for natural environments is to enable ca-

pabilities to deal with uncertainty and complexity while remaining

open, transparent, and reproducible, which requires technologies

that can cope with environmental challenges. Furthermore, Blair [2]

also highlights that there is enormous potential of digital twins

in natural environments since they can make behavioural mod-

els more dynamic by making them evolve, according to updates

coming from data-driven analysis.

However, the adoption of digital twins for natural environments

poses its own intrinsic challenges, including the monitoring of a

continuous physical space without clearly defined key locations

that includes hostile environments that cannot be fully covered by

sensors, due to, e.g., extreme weather or difficult access, e.g., [15].

Moreover, domain expertise about natural environments is under

constant development and affected by unknown factors that come

from, e.g., climate change and human activities [8, 18]. Furthermore,

environmental digital twins used for environmental monitoring

and decision-making tend to be multi-purpose in the sense that they

are explorative and need to give support to various stakeholders

with diverse interests, e.g., environmental and data scientists, policy

makers, etc. Hence in this paper, we consider the following three

challenges for environmental digital twins:

• Ch1: How can a digital twin collect observational data from

the continuous space of a natural environment?

• Ch2:How can an environmental digital twin integrate evolv-

ing domain expertise in the operational system?

• Ch3: How can an environmental digital twin adapt to explo-

rative use?

This paper explores these challenges in the context of the ongoing

interdisciplinary research project OsloFjordDT [17], which aims

to develop a digital twin framework in which users can explore

the effect of climate and human stressors on marine habitats in the

Oslofjord.

3 An Environmental Digital Twin Architecture

Let us consider an environmental digital twin architecture that

combines observational data, knowledge bases, and analytics to

answer user queries via a frontend. This architecture is shown

in Fig. 2, where an orchestrator is envisioned as an intermediate

layer that configures information and models to answer the queries.

OsloFjordDT works with this architectural framework and con-

cretely aims to combine real-time data from sensors in the fjord (e.g.,

temperature and turbidity) and simulated data for locations where
there is no data collection, with knowledge about biological aspects

of the fjord system (e.g., biodiversity) to answer questions that will

trigger different analytics such as historical (what happened in the

past) and descriptive (what just happened) that could answer factual
observations of the physical and biological aspects in the fjord, e.g.,

Frontend Orchestrator
Knowledge

base

Observational 
data

Real-time
data

Simulated
data

Analytics

Descriptions

Predictons

Prescriptions

…

Figure 2: An architecture for Environmental Digital Twins.

observed measurements of the physical conditions; while predictive
(what do we expect to observe) and prescriptive (what can we do to

change future observations) could help stakeholders to decide on,

e.g., environmental policies based on predicted expected habitats

at locations without direct data collection.

4 Observational Data of Natural Environments

Accurately representing the current system state through the digital

twin requires continuous data updates. Unlike industrial digital

twins, creating an adequate data representation for environmental

digital twins poses a challenge due to the extensive state space.

Furthermore, the quantity of measurements can vary depending on

the reliability of the sensors. Therefore, environmental digital twins

require a mechanism to compensate for missing measurements.

Figure 3: Floating buoys feed the OsloFjordDTwith physical

measurements in real-time.

For a holistic analysis, the OsloFjordDT combines real sen-

sor measurements with measurements derived from underlying

simulation models. The OsloFjordDT gathers real-time measure-

ments via sensors in the fjord. Besides stationary sensors, floating

sensors enable flexibility in the selection of interesting measuring

points. The digital twin integrates a buoy network as described

by Dreyer et al. [5] to measure physical parameters such as tem-

perature. A deployment of the buoys in Oslofjord is shown Fig. 3.

However, covering the whole environmental system with sensors is

not feasible. Especially, if the orchestrator requests measurements

at certain locations. Therefore, we introduce the concept of virtual
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Figure 4: The representation of domain knowledge for the

OsloFjordDT (snippet).

sensors that create measurements from simulation models. For the

OsloFjordDT, we integrate simulations from the oceanographic

model Norkyst [4], which allows to simulate physical measure-

ments over a given period of time. For future work, it would be

interesting to assimilate sensor readings into simulation models in

order to create more accurate simulations.

5 Integrating Evolving Domain Expertise and

Technological Expertise

Domain expertise and knowledge are often acquired directly from

stakeholders; in the context of environmental systems, such knowl-

edge is in principle not settled, with various unknowns that are

continuously being investigated, and as such information varies

across sources. In the context of the OsloFjordDT, domain ex-

pertise about biodiversity can be structured in an ontology; see

Fig. 4, which can be used to construct a knowledge base that can

capture scientific knowledge with clear sources, e.g., species in the

Oslofjord and their marine habitats, according to, e.g., [7].

Following our proposed architecture in Sec. 3, the orchestrator

in the OsloFjordDT could use semantic reflective capabilities [10],

which enables systems to access their own runtime state as a knowl-

edge base that, in combination with the external domain knowledge

from the desired sources, can be used for decision-making. Results

in this direction have explored the use of semantically reflected

digital twins for decision-making [11, 21, 23], in particular for socio-

technical systems with a human-in-the-loop [13, 20, 22]. Further-

more, semantic reflection could also be used for the management

of lifecycles in the assets, e.g., to configure the analytics according

to fluctuations of species along the different seasons of the year, or

according to different life stages of the biodiversity species. Results

in this direction have explored the use of semantically reflective

digital twins that configure themselves according to declarative

lifecycle stages [9, 21]. It is worth exploring how similar solutions

can be applied to environmental digital twins.

Tackling the challenge of updates in the knowledge base, stan-

dard practices to update domain expertise require human interven-

tions, making changes to domain expertise slow. To speed up this

process, dedicated observational systems can be used to keep track

of, e.g., new knowledge about species over time. Results in this

direction explore the use of industrial computer vision models to do

underwater explorations of the biodiversity in the Oslofjord [12].

6 Explorative Twins

Figure 5: User-driven Interface for query-driven twin config-

urations.

Environmental digital twins represent socio-technical systems

that provide insights for informed decision-making. The twins

are explorative, as their purpose varies. Hence, insights from the

digital twin must be tailored to the individual needs of the decision-

makers. Figure 5 shows the interface of the OsloFjordDT, which

allows its users to assemble individual queries. For this, we pro-

pose a framework that automatically synthesises monitors from

the knowledge base to analyse the observational data [25]. Still, the

challenge of implementing decisions in environmental system itself

remains. For this, environmental digital twins need to integrate

a human-in-the-loop perspective that automatically adapts to hu-

man enforced decisions as it has been in digital twins for resource

management [22].

7 Conclusion

Natural environments are complex systems; digital technologies

such as digital twins have the potential to enable analytical capabil-

ities for historical, descriptive, predictive, and prescriptive analytics

that can help stakeholders with decision-making, supporting the

broader Nature 5.0 vision introduced in this paper. However, natural
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environments pose challenges that are inherited from their domain;

in particular, the collection of observational data from an extensive

physical space, the acquisition of unsettled domain expertise in a

digital format that can be integrated and used in the analytical capa-

bilities of a twin, and the need for digital twin technology that can

be tailored to the specific needs of different stakeholders as an ex-

plorative tool. This paper discusses these challenges in the context

of the OsloFjordDT, and shares initial results and future directions

that can help to close the gap towards the vision of Nature 5.0, with

solutions that have the potential to deal with known unknowns

in the natural environments via simulated data, transparency of

the analytics and reproducibility of the results that make use of

knowledge bases with traceable facts. The solution space discusses

an architecture that combines external domain knowledge and ob-

servational data through a semantically reflected orchestrator that

uses them to configure the analytics to answer user queries.
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