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Abstract—The ongoing energy transition to reduce carbon
emissions presents some of the most formidable challenges the
energy sector has ever experienced, requiring a paradigm change
that involves diverse players and heterogeneous concerns, includ-
ing regulations, economic drivers, societal, and environmental
aspects. Central to this transition is the adoption of integrated
multi-energy systems (MES) to efficiently produce, distribute,
store, and convert energy among different vectors. A deep
understanding of MES is fundamental to harness the potential
for energy savings and foster energy transition towards a low
carbon future. Unfortunately, the inherent complexity of MES
makes them extremely difficult to analyze, understand, design
and optimize. This work proposes a digital twin co-simulation
platform that provides a structured basis to design, develop
and validate novel solutions and technologies for multi-energy
system. The platform will enable the definition of a virtual
representation of the real-world (digital twin) as a composition
of models (co-simulation) that analyze the environment from
multiple viewpoints and at different spatio-temporal scales.

Index Terms—Co-simulation, Digital Twins, Multi-Energy-
Systems

I. INTRODUCTION

The global energy sector is undergoing an unprecedented
transformation to reduce carbon emissions [1]. The so-called
Energy Transition presents some of the most formidable
challenges the energy sector has ever experienced, requiring
a paradigm change that involves diverse players and hetero-
geneous concerns, including regulations, economic drivers,
societal, and environmental aspects. Central to this transition
is the adoption of integrated Multi-Energy Systems (MES)
to efficiently produce, distribute, store, and convert energy
among different vectors [2]. MES allow the exploitation of
renewable energy resources and smart energy infrastructures,
with a twofold objective: globally optimize the resulting
integrated energy system and each single process [3]. A deep
understanding of MES is fundamental to harness the potential
for energy savings and foster energy transition towards a low
carbon future [4], [5]. Unfortunately, the inherent complexity
of MES makes them extremely difficult to analyse, understand,
design and optimise. So, tools that capture the multi-faceted
nature of MES are needed [6], [7].

We believe that a digital twin, i.e., a digital representation
of MES, can help existing and new players of energy markets
(e.g., distribution system operators and energy aggregators)
to test innovative technologies, control policies, or business
models [8] in a realistic virtual environment, making their

analysis faster and more efficient. This is particularly relevant
today, as energy transition strategies are ongoing, and testing
innovative solutions before they are applied to the real-world
may foster and accelerate sustainable urbanisation into En-
ergy Communities, energy-efficient and energy-flexible urban
areas with surplus renewable energy production and net zero
greenhouse gas emissions.

In fact, digital twin applications have been successfully
adopted in many and diverse fields, including smart grid [9]-
[11], aerospace [12], mobility [13] and naval engineering [14].
However, existing applications target small to medium-scale
scenarios and do not cover scenarios with heterogeneous sub-
systems that work at different spatio-temporal scales and
interact in complex ways, as in the case of MES. In fact,
MES requires a multi-disciplinary approach to be studied and
analyzed comprehensively. Commonly, experts from different
disciplines use standalone modeling and simulation techniques
to design MES [8]. In these complex interactions, a standalone
simulation approach fails to capture the complexity of the
overall system.

Co-simulation is a technique that splits a complex sys-
tem into a System-of-Systems (SoS) structure and deploys
each of the subsystems into a specific solver or simula-
tion software, managing synchronized time evolution and
data exchange across them. Moreover, co-simulation enables
scalability through the distribution of individual simulations
across different computing nodes. Different co-simulation so-
lutions have been proposed in literature. Mosaik [15]-[17]
and HELICS [18]-[20] are two open-source co-simulation
frameworks that provide reliable performance, high usability,
and flexibility. They can be integrated with several power grid
simulators (e.g., pandapower, DRTS) and any other simulators
(e.g., Modelica, Simulink, EnergyPlus). Both Mosaik and
HELICS orchestrate co-simulation across different models,
software and simulators, allowing data exchange and time-
steps synchronization. In a nutshell, we see co-simulation as
a promising technology to handle the complexity of MES and
build a digital twin that precisely captures their multi-faceted
nature.

In this paper, we present ongoing work in the design of
a Digital Twin co-simulation platform called COMET (CO-
simulation of Multi-Energy system for energy Transition).
COMET will addresses these needs providing a structured
basis to design, develop and validate novel solutions and tech-



nologies for MES. Combining digital twin and co-simulation
techniques together is a rising approach used by the research
community in many contexts, such as Cyber Physical Energy
Systems [21]. COMET will benefit from this approach and
will implement co-simulation as an enabling technique to
integrate the vertical and horizontal system design of different
energy vectors. The platform will integrate models of physical
and social phenomena, accurately reproducing MES and the
environment in which they operate. The COMET platform will
enable the integration and simulation of innovative MES com-
ponents within an existing energy scenario with a plug-and-
play approach. COMET will support the different stakeholders
in the energy market to take short and long-term decisions
(from operational to planning). It will simulate phenomena
that evolve at different spatio-temporal scales (from house-
holds to districts and cities, from microseconds to years). It
will simplify the definition of complex scenarios exploiting
domain-specific semantic information about individual models
and their interactions, enabling a plug-and-play composition of
models.

The rest of the paper is structured as follows: Section II
presents the motivation behind this research and the objectives
of the COMET platform; Section III presents the architecture
of the COMET platform; Section IV highlights the advance-
ment of COMET with respect to previous solutions, and
Section V states concluding remarks.

II. MOTIVATION AND OBJECTIVES

The COMET platform aims to promote and accelerate the
energy transition process by developing a simple and effi-
cient platform to simulate and analyze complex multi-energy
systems (MES). From a system engineering perspective [22],
MES are categorized as complex systems, which include a
multitude of components heavily interconnected with each
other in a dynamic way.
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Fig. 1. Dependencies between components in MES

Analyzing, understanding, and predicting the behavior of
MES involves capturing the deep dependencies between com-
ponents along two dimensions (see Figure 1): (i) Each individ-
ual energy system interacts with the environment in which it is

deployed in a multifaceted way, with concerns that derive from
highly heterogeneous aspects of the environment, including
technological, regulations, economic and societal (vertical axis
in Figure 1). Each of these aspects requires deep domain-
specific knowledge to be properly modeled and analyzed;
(ii) Multiple energy systems continuously interact with each
other (horizontal axis in Figure 1). For instance, changes in
the production, accumulation, or distribution of energy coming
from one energy vector directly affect the load of other vectors.

A rapid assessment of the feasibility and the benefits of
novel solutions in the design of MES is key to foster en-
ergy transition. However, systematic analysis of alternative
scenarios on a formal basis is impossible when dealing with
the complexity of MES design. Also, hardware testing in
laboratory or fields trial are expensive and inflexible tools to
assess MES scenarios. Instead, we see software simulation as
the most promising approach to enable scalable, flexible, and
cost-effective analysis of MES.

Moving from these premises, as shown in Figure 2, COMET
will develop a digital twin co-simulation platform for MES.
The platform will integrate virtual representations (i.e. digital
twins) that model the real-world entities building a MES.
It will simulate the global behaviour of MES by evaluating
the complex dependencies between individual entities (i.e. co-
simulation of models). The research community can constantly
update the different models and build new scenarios to be
co-simulated. Whilst the different stakeholders playing in the
energy marketplace can evaluate the co-simulations outcomes
according to the MES application (i.e., the use case in Fig-
ure 2) they want to assess.
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Fig. 2. General overview of the entities linked to the COMET platform.

In designing and developing the platform, the COMET
platform will pursue the following objectives:
i) Usability. The COMET platform should be usable by diverse
players in the energy market with heterogeneous backgrounds
and expertise. To achieve this goal, the platform will expose a
simple yet powerful interface to define complex scenarios as
a composition of models. It will exploit semantic knowledge
of the energy domain encoded in a machine-readable format
to validate the correctness of the composition, alert the user
in case of inconsistencies or errors in the composition, and
suggest corrections.



ii) Interoperability and composability. Accurate and effi-
cient models that simulate individual aspects of MES exist,
including models of buildings, Smart Grid, user behavior, etc.
The platform should re-use and seamlessly integrate these
models. To achieve this goal, we will build on established
interfaces adopted by state-of-the-art modelling tools, such as
the FMI (Functional Mockup Interface) standard. This will
guarantee access to a wide library of models in literature that
have been extensively evaluated.

iii) Extensibility. The platform should enable the integra-
tion of new models with low effort. The use of standard
interfaces will enable not only re-using existing models but
also integrating new models when needed in a plug-and-play
fashion, for instance to simulate new hardware components,
infrastructures, or environmental conditions.

iv) Resolution independence. The platform should enable
the analysis of physical phenomena that work at different
spatio-temporal scales. To achieve this goal, the platform will
adopt a simulation orchestrator that will govern the evolution
of individual models at different resolutions and adjust their
inter-communication.

v) Performance and scalability. The platform should en-
able rapid analysis of complex scenarios, allowing extensive
simulation campaigns to assess new technologies in a wide
range of configurations. To achieve this goal, the platform will
adopt distributed computing infrastructures and will deploy the
components that participate in a co-simulation on different
physical nodes. The platform will scale from small to large
scenarios by exploiting only the computational and memory
resources needed for the simulation at hand.

vi) Intellectual property. Different parties (e.g., different
players in the energy market) should be able to cooperate
without disclosing information they are not willing to share
(e.g., to avoid violations of intellectual property rights). To
achieve this goal, the platform will enable deployment on
premise or on public infrastructure as well as hybrid models.
Specifically, the platform may run in a federated way, where
individual parties host their model without disclosing its de-
tails and runtime behaviour with other parties. The orchestrator
dispatches messages between models that participate to the
simulation as black box components.

vii) Support for dedicated hardware. Simulations may need
dedicated hardware to run complex models. Testing new
hardware solutions may also call for hardware-in-the-loop sim-
ulations, where real hardware components interact with virtual
models. By treating models as black boxes that only need
to expose standard communication interfaces, the COMET
platform will support these hybrid solutions.

The objective of COMET platform is to support the different
actors that gravitate around MES in short-term and long-
term decision making and planning. Among many application
scenarios for COMET, we report in the following the most
relevant ones:

1) Digital Twin for integrating planning and operation
of multi-energy system. A multi-scale approach to assess
different energy scenarios on medium- and long-term capacity

expansion of distributed and renewable energy resources, with
comparison with the current status. Possible applications are:
evaluation of grid bottlenecks and balancing problems caused
by the high penetration of distributed and renewable energy re-
sources; choice of the best retrofitting technology to minimize
energy consumption and green house emission in the building
sector; control and management of energy networks; pro-
posal of new energy-efficient and cost-effective solutions and
improvements; maximization of self-consumption in energy
communities thanks to a digital twin of the users behaviors
and the generation systems.

2) Digital Twin of a building/district/city and exploit model
predictive control strategies. The development of model pre-
dictive control exploiting e.g., reinforcement learning algo-
rithms requires the ability to test various strategies, including
potentially wrong ones, which is clearly not doable in a real
building or district. Hence, a safe digital twin test-bed is
required to learn the building behavior and the related internal
comfort. With such a test-bed an energy manager or an energy
aggregator can test and develop the best controller of the
HVAC systems in a virtualized representation to unlock the
potential of control logic tuned on short-term horizon (days).
District heating and cooling operators may optimize energy
consumption of their networks by controlling the schedule of
the heating and cooling cycles of the connected buildings.

3) Digital Twin with hardware in the loop. The use of
hardware in the loop simulations can provide an effective
test-bed laboratory to support stakeholders to design, develop,
and test new solutions and technologies for MES. COMET
will provide a scalable, flexible and cost-effective platform
to test and rapidly assess the feasibility and the benefits of
state-of-art solutions in the design of MES. In the same way,
the test-bed will enable a technical impact on developing
new technologies linked to the energy industry that requires
testing the proof of concepts or prototypes in a digital twin
environment effectively. Moreover, this innovative laboratory
will impact cost and time reduction for research, development
and deployment phases of the technologies, thus accelerating
both the technologies and the Technology Readiness Level of
the innovative projects.

4) Digital Twin to study the interaction of buildings and
smart grids. Evaluate the energy flexibility provided by the
building sector and interact with Distribution System Opera-
tors and Transmission System Operators for a higher share of
renewable energy sources into the electricy grids. For example,
it could be used by Energy Communities manager to maximize
the self-consumption thanks to a Digital Twin of the users but
also of the generation systems.

III. THE COMET PLATFORM

To meet the challenging objectives discussed in Section II,
we are developing COMET with the layered architecture
presented in Figure 3. It consists of four horizontal layers,
namely (i) data sources layer; (ii) simulators layer; (iii) co-
simulation layer; (iv) user interface layer; and one vertical
COMET integration layer that includes the concepts, logic,
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Fig. 3. Layered architecture of the COMET platform.

and functionalities that govern the interaction of the other
layers.

The data sources layer includes the sources of information
necessary to describe a MES and offers a uniform interface
for data access, query, and retrieval for the other layers. The
layer will include: i) GIS (Geographical Information Systems)
data sources, which provide geographical references for the
components of the environment used to model MES (e.g.,
density of inhabitants or weather information); ii) Models
data sources, which offer core building blocks that define the
models used in platform, such as archetypes of buildings, dis-
tribution networks (e.g., district heating, power grid, gas grid),
market data, and technological aspects of the individual energy
systems to be co-simulated. Moreover, COMET will allow
developers to design custom adapters to support additional
third-party data sources, such as smart metering infrastructures
to retrieve data coming from real-world devices.

The simulators layer includes the software and hardware
components (simulators) that define the behaviour of the
various sub-systems of a MES. The platform will integrate
software simulators that reproduce the temporal evolution of
some of the entities in a MES. Examples include software
simulators for energy networks and infrastructures, distributed
multi-generation systems, building thermal demand, energy
conversion systems, renewable energy production, energy stor-
age systems, end-use sectors and energy demand, and energy
management and control strategies. On the hardware side,
the platform will integrate digital real-time simulators, as
well as emulators and devices for performing hardware-in-
the-loop co-simulation. We will integrate an initial catalogue
of simulators that we will use to validate our approach and to
enable other researchers experimenting with it. The platform
will enable integrating additional simulators with minimal
effort by relying on open standards and by defining a simple
methodology to build adapters for new simulators.

The co-simulation layer glues together individual simula-
tors to capture the global behaviour of MES. It consists of

an interface layer and an orchestrator. The interface layer
implements the logic that translates the data produced and
consumed by different simulators, enabling interoperability
at a syntactical and semantic level. We will support open
standards such as FMI, which is widely adopted in simulators
of energy systems. The orchestrator is the runtime component
that governs the communication and synchronisation of the
various simulations building a MES scenario. Specifically,
the orchestrator uses the interfaces with individual simulators
to manage their workflows and their mutual exchange of
data. It considers the different spatio-temporal scales at which
simulators work as well as different execution paradigms (e.g.,
event-based or time-based simulators). It schedules the indi-
vidual tasks that compose the global simulation to maximise
performance (that is, to reduce the time needed for a given
simulation) while optimising the use of resources available
(that is, maximise the use of resources when needed and
release unused resources when possible).

The user interface layer includes the modules to define
complex MES scenarios and visualise the results of a simula-
tion. As usability is a primary goal of the platform, we will
exploit domain knowledge about the scenario being modelled
to guide and support as much as possible the user in the
definition of a MES scenario: for instance, we will suggest
suitable connections of sub-systems and highlight erroneous
patterns of composition, thus reducing the time to produce
a MES scenario and minimising the possibility of errors. We
will build upon state-of-the art data visualisation tools (e.g., for
time-series, GIS maps, dashboards) to help the users analyse
the results of simulations at different spatio-temporal scales.

The COMET integration layer glues together all the other
layers by offering a common framework. It includes a general-
purpose architectural model for MES (GAMES), a simulators
catalogue, and a scenario builder. GAMES is an architectural
modelling framework that captures the complexity of MES
along different dimensions and enable integration of knowl-
edge from different domains, including ICT, financial, busi-
ness, and regulatory [8]. GAMES extends the widely adopted
Smart Grid Architectural Model (SGAM) [23] to capture
multiple energy vectors. Briefly, GAMES expands SGAM by
adding one layer for each energy vector (e.g., heat exchanging
fluids and gas). GAMES governs the complexity of MES
scenarios through a modular methodology, where the various
aspects of a MES scenario can be seen as black boxes and
integrated together to form a holistic view. The platform will
adopt the GAMES architecture as the theoretical underpinning
for the co-simulation platform, enabling a coherent view of a
MES as a composition of subsystems, each of them bringing
specific domains of knowledge. The simulators catalogue
contains meta-information about the simulators that concretely
realise the individual building blocks of the overall GAMES
architecture. Specifically, the catalogue includes configuration
setup of the simulators, such as the topology to inter-connect
multiple model instances, their time-steps, initial conditions,
required input, provided output, and data flow between model



instances. The scenario builder exploits architectural knowl-
edge (GAMES) and simulator-specific knowledge (simulators
catalogue) to concretely define the scenario to be simulated
and the co-simulation strategies.

IV. RELATED ADVANCEMENT

When completed, the COMET platform will advance the
state of the art in simulating and analyzing complex MES
scenarios along multiple dimensions. At a high level, current
solutions mainly fall into two extremes: (i) co-simulation
frameworks (such as Helics or Mosaik) enable the integration
of multiple simulators (co-simulation) but lack domain-specific
knowledge about MES, and (ii) domain-specific energy digital
twins focus on custom and narrow scenarios, solve specific
problems, and lack the generality, simplicity, and reusability
of a modular framework such as COMET.

Next, we compare COMET with these two broad classes
of solutions and we show how we plan to advance research
and innovation. Table I summarizes the key elements of our
comparison. Finally, we report about recent research projects
that are related with the goals of COMET.

The user interface layer will advance the state of the art
by seamlessly integrating deep domain knowledge about the
energy sector with the generality of a modular architecture.
In this respect, co-simulation frameworks offer a modular
architecture, but do not capture the specific needs of MES
scenarios. Conversely, current digital twins for the energy
sector provide custom solutions that do not follow a stan-
dardized conceptual architecture for MES but rather propose
ad-hoc models for the specific scenario at hand. Instead, the
COMET integration layer will bring a unifying conceptual
underpinning (the GAMES architecture) upon which many
diverse energy scenarios can be created. As a consequence,
existing solutions do not offer simple tools to create an energy
scenario and to coordinate heterogeneous simulators: energy
digital twins implement custom solutions where the problem
is typically manually encoded, and co-simulation frameworks
provide general-purpose programmatic interfaces that are not
well suited for the diverse audience of researchers and prac-
titioners we plan to reach. Instead, the COMET platform will
build upon the deep domain knowledge offered by GAMES
to drastically simplify the definition of scenarios, with tools
that help design and validate energy scenarios.

The co-simulation layer will make the advantages of co-
simulation available to researchers and practitioners in the
energy sector. We build upon co-simulation frameworks to
enable the analysis of complex MES scenarios employing
reusable simulators. COMET will advance the state of the
art thanks to the knowledge about the application domain
and the simulators, which is encoded into the modules of
the COMET integration layer. Not only this will simplify
the definition of scenarios, as already discussed in the user
interface layer, but it will also enable more efficient execution
of co-simulations, which will be dynamically optimized for
the specific scenario at hand. COMET will determine the best
strategy to execute the simulation to make it more efficient

(reduce execution time) and less expensive (reduce use of
unnecessary resources). For researchers and players in the
energy market that adopt the COMET platform, this translates
to the possibility to explore a wider range of scenarios in a
limited amount of time and in monetary savings due to a better
exploitation of resources.

The simulators layer will exploit all the flexibility of a mod-
ular architecture to capture all the heterogeneous requirements
of MES scenarios. We will support simulators with different
paradigms (e.g., event-based and time-stepped), with multiple
domains (e.g., simulators for the thermal model of building,
for smart grids, for energy conversions systems, for socio-
economic models, etc.), with different spatio-temporal scales
(e.g., from a single household to a city, from microseconds
to study new technologies to years to study the impact of
policies and regulations). This is not possible in state-of-the-
art digital twins for energy scenario: by relying on a monolithic
approach, they are forced to a single simulation paradigm and
build custom solutions that cannot easily integrate available
simulators for various concerns (e.g., socio-economic behav-
iors). As a consequence, they either require a considerable
amount of engineering time to integrate complex behavior,
which is a tedious and error-prone task, or they trade accuracy
for simplicity (e.g., they do not include models of socio-
economic behaviors). Being specifically tailored to the energy
sector, COMET will support digital real-time simulators and
will allow interacting with real physical devices (hardware-
in-the-loop). This will enable accurate analysis where the
scenario is partially simulated and partially represented by real
hardware components.

The data sources layer will provide both an integrated
catalogue of ready-to-use sources, which current co-simulation
frameworks do not offer due to their general-purpose nature,
as well as a simple interface to plug new sources and extend
the platform. Also in this respect, COMET advances the state
of the art by exploiting the domain knowledge encoded in the
modules of the COMET integration layer, which defines the
core concepts of an energy system in a format that computers
can understand and reason about. Users can always rely on this
common conceptual framework to describe new data sources
so that the platform can readily exploit them in the definition
of scenarios.

There are ongoing projects in the area that aim to create
digital twins of MES scenarios, such as the H2020 ERI-
Grid2.0 [24], and we will build on their experience. The
novelties introduced by COMET (automated and assisted
scenario creation, pluggable simulators, support for multiple
spatio-temporal resolutions, reference conceptual architecture,
integrated data sources) will lead to a usable platform that may
support heterogeneous stakeholders in a way that is simply not
possible with current proposals, and will advance the state-of-
the-art with respect to ongoing research efforts.

V. CONCLUSIONS

This paper presented ongoing work in the design and devel-
opment of the COMET Digital Twin platform for the analysis



TABLE I
COMET ADVANCEMENTS

Domain-specific frameworks

Co-simulation frameworks

Solutions (energy digital twin) (Helics/Mosaik) COMET

Designed for MES Yes No Yes
User interface layer Reference scenario architecture Yes (Solution dependent) No Yes (GAMES)
Scenario creator No (manual) No (programmatic) Yes (model-based)
Co-simulation No Yes Yes
Co-simulation layer Reusable simulators No Yes Yes
. e Distributed Distributed
. Solution specific . .
Software architecture (monolithic, typically centralised) on premise/on cloud on premise/on cloud

» typreally inefficient efficient
Simulation paradigms . . .

(e.g., event-based, time-stepped) Single Multiple Multiple
Simulators layer Simulation domains . . . .

(e.g., thermal, socio-economic models) Solution specific Multiple Multiple
Hardware simulators Solution specific No Yes

Spatio-temporal scale Solution specific Multiple/dynamic Multiple/dynamic

. . GIS

Data Sources Layer Integrated data sources Solution specific None Models
Pluggable data sources No Yes Yes

of multi-energy systems (MES). The platform exploits co- [11] E. O’'Dwyer, I Pan, R. Charlesworth, S. Butler, and N. Shah, “Integra-

simulation to capture the complexity and multi-faceted nature
of MES, supporting simulations at different spatio-temporal
scales, and using distributed computing resources (including
ad-hoc hardware) to speed up simulations. It promises a simple
user interface that assists players in the energy market in
building involved MES scenarios as a composition of building
blocks taken from an existing library or developed ad-hoc. The
high-level goal of COMET is to make MES easy to model and
understand, thus assisting decision-making in the energy sector
and making the development and assessment of innovative
solutions faster and more accessible.
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