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transport systems, is one possible pathway to drive the transition flexibly and cost-effectively. Nevertheless, more
quantified evidence on the performance of future integrated energy systems towards achieving policy objectives
System-of-systems is still needed for decision makers to support this route. This paper first identifies the expected changes to the
Multi-criteria analysis energy system upon integration, including new interactions and interdependencies between its components and
Scenario analysis actors. The paper then argues the need for a whole energy systems approach for the evaluation of integrated
energy systems, represented by six characteristics: multidimensional, multivectoral, systemic, futuristic, sys-
tematic, and applicability. Based on the identified characteristics, the paper reviews existing evaluation
frameworks for energy systems sustainability, and qualitatively appraises their adequacy for evaluating future
integrated energy systems. The review concludes that existing frameworks are not capable of assessing the
performance of integrated energy systems, lacking one or more of the characteristics. The paper finally presents a
novel holistic evaluation framework based on the System-of-Systems approach for systems analysis coupled with
an indicator-based approach for evaluation. The proposed framework demonstrates the six characteristics as it
enables evaluation with respect to multiple perspectives and objectives at different system levels. Moreover, this
framework captures future changes to the whole energy system architecture and highlights the in-
terdependencies between energy systems. This framework can also be systematically applied to various scenarios
in different contexts.

among them. ESI originates from a holistic theoretical approach that
1. Introduction considers the Whole Energy System (WES), as being comprised of:

e multiple energy vectors: power, gas, heat, and transport

e the energy supply chain span from generation to end-use, through
infrastructure and markets

o the system environment embracing different stakeholders with
multiple perspectives and objectives, including the technical, envi-
ronmental, economic, political and social aspects

The energy system is expected to undergo a transition to achieve the
energy policy objectives of delivering decarbonisation targets for 2050,
while maintaining a secure and reliable energy supply, and providing
acceptable and affordable energy for all, to address what is known as the
energy trilemma. The energy transition is expected to have significant
impact on the current energy system architecture with changes in the
planning and operations paradigm, the market structure and the regu-
latory framework. The future energy system therefore needs new and
extended functionalities, to flexibly and cost-effectively manage un-
certainties and to address the need for coordination across the energy
systems, namely power, gas, heat and transport [1].

One possible technical pathway for the energy transition is Energy
Systems Integration (ESI), which aims to connect energy systems phys-
ical and virtually across infrastructure and markets and exploit synergies

This would change the energy system structure and function and
consequently affect the way its performance is evaluated. In this regard,
previous reviews on ESI have identified gaps around evaluation and
suggested research recommendations. Specifically, while ESI provides
an opportunity to improve the system performance in terms of the en-
ergy trilemma there is still a need for (i) more quantified evidence to
validate this claim and support decision making in this direction; (ii)
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SysML  Systems Modelling Language

new tools and metrics to identify the full range of benefits of ESI under
different situations; (iii) and comprehensive assessment methodologies
to capture the interdependencies across energy systems and the emer-
gent complexity of the whole system [2-6]. However, the literature still
lacks findings and methodologies that address the identified gaps.

This paper aims to fill the literature gap by presenting a novel holistic
methodological framework for evaluating the performance of future
integrated energy systems towards achieving the energy policy objec-
tives. The paper starts by discussing the expected changes to the energy
system and the impacts of ESI on the overall structure and dynamics, in
section 2. Accordingly, the characteristics necessary for the evaluation
of integrated energy systems that any framework should exhibit are
identified. The characteristics relate to the scope and nature of the
evaluation, and correspond to the different WES domains and changes.
The characteristics are used to qualitatively appraise existing frame-
works’ ability to capture the changes expected upon ESI, and conse-
quently their capability to evaluate integrated energy systems. Section 3
describes the identified characteristics and reviews existing evaluation
framework for energy systems.

The proposed evaluation framework is presented in section 4. The
underlying concepts and methods are first explained before describing
the framework procedure. The framework aims to address the identified
gaps in the evaluation of integrated energy systems by demonstrating
the required characteristics. The framework combines a System-of-
Systems (SoS) approach for systems analysis, with an indicator-based
approach using Multi-Criteria Analysis (MCA), to model the system
under study, identify interactions and emergent properties, and assign
appropriate criteria and indicators for the holistic system evaluation.
The framework could then be applied to case studies under various
future scenarios to realise trade-offs. This serves as an evidence for
informing decision making on the future energy system and the potential
benefits of ESI. The proposed framework was validated using expert
elicitation in a structured group interview. Section 5 summarizes the
contributions and concludes with future work.

2. Changes to the energy system

The energy system is constrained by the requirement to achieve the
energy trilemma targets in terms of environmental sustainability, social
acceptability and energy security. In this sense, the energy trilemma
itself is considered the main driver for the energy transition since the
current energy system arrangements are considered not enough to
achieve it [7]. A shift from conventional technological and market
paradigms, regulatory frameworks, consumption patterns and social
practices is therefore likely to fulfil the trilemma objectives [8].

The energy system transition would create uncertainties that require
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additional flexibility to manage. A possible solution is ESI through
coupling multiple energy vectors. Changes to the energy system would
therefore involve increasing complexity and interconnectedness be-
tween its components. Thus, a holistic view of the WES considering the
interactions and interdependencies within is needed in planning, oper-
ation and evaluation of future integrated energy systems.

2.1. Drivers of change

This shift in the energy system is driven by technological and market
changes attributed to three D’s: Decarbonisation, decentralisation and
digitalisation [9]. These changes can be across the energy system. On the
supply side, change is driven by the increased use of Renewable Energy
Sources (RES), both large and small scale, and decentralisation of energy
generation and storage technologies. On the demand side, change is
driven by electrification of transport and heat through greater deploy-
ment of Electric Vehicles (EVs) and Heat Pumps (HPs). Furthermore,
digitalisation of the grid is governing the interaction of smart appli-
ances, smart meters and demand-side response with varying tariffs.
These drivers have an impact on the current energy system structure and
dynamics [10]. Moreover, new market opportunities are emerging for
established and new actors to provide a range of aggregated energy
services [1].

Decarbonisation, using RES, creates a technical challenge related to
their supply intermittency and the effect on the balance between supply
and demand over time and space [2]. Decarbonisation would also have a
significant impact beyond the power system, with the rise of new energy
carrier systems such as district heating and hydrogen, and a greater
interconnectedness between energy vectors due to the electrification of
transport and heat [6,11]. Electrifying transport and heat is considered
vital for their decarbonisation but presents new and unfamiliar chal-
lenges to the energy system. For instance, electrified transport would
lead to an increase in electric demand and investment for charging
infrastructure, while it could provide flexibility to better integration of
RES if vehicle-to-grid technologies were adopted [12].

Decentralisation of energy generation is facilitated by RES since it
can be implemented at smaller scales and at the point of consumption.
This allows energy consumers to also be producers, i.e. prosumers,
giving them more control over their energy use based on real-time grid
conditions and dynamic energy prices [10]. Consequently, resource-side
and customer-side decisions will be variably interdependent, creating
additional uncertainty over the mismatch between supply and demand
[11,13]. The heat system can encounter a similar shift from hierarchical
large scale towards distributed infrastructures [14].

Digitalisation of the energy system supports the energy transition by
enabling smart operation and control strategies of multiple energy sys-
tems, supported by advanced data collection and analysis capabilities
[7,14]. This entails increased reliability on the supply side by better
predicting, responding and adapting to the intermittency of RES. On the
network level, digitalisation enables automated control and response
with smart meters and flexibility options, while allowing more active
participation of end-users on the demand side [2].

2.2. Energy systems integration

The uncertainties the energy transition is expected to bring, mainly
over the balance between energy supply and demand, can be managed
through additional flexibility [15]. Additionally, there is a need arising
from the electrification of transport and heat to coordinate the
increasingly interconnected energy vectors. This makes ESI a possible
solution, beyond the traditional paradigms, to provide the required
flexibility to drive the decarbonisation transition cost-effectively.

ESI aims to capture and exploit interactions and diversity across
multiple energy vectors, by connecting energy systems physically and
virtually across infrastructures and markets. ESI has developed as an
overarching concept that may encompass other modern concepts such as
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smart grids and smart cities, but goes beyond the limited spatial scale
provided by those concepts [3]. The concept of ESI originates from a
WES approach that holistically considers integrating energy vectors to
achieve horizontal synergies and efficiencies at all levels [16].

Integration of energy systems would provide flexibility to the whole
system by diversifying both input and output energy streams and
allowing peak in demand or production to be shifted from one system to
another by conversion between vectors [2]. Moreover, ESI would enable
the effective analysis, design and control of the system interactions and
interdependencies along technical, economic, environmental, political,
and social dimensions [17]. Other potential benefits of ESI include
reducing costs by improving overall efficiency through increased
resource utilisation and sharing of assets across energy systems. Addi-
tionally, ESI helps reduce carbon emissions by enabling integration of
RES, and increases system security and resilience given the greater
flexibility and diversity of energy resources provided [2].

ESI is enabled by technologies such as Combined Heat and Power
(CHP), Power-to-X (P2X), HPs, and EVs. These technologies facilitate
energy vector conversion or electrification of end-use sectors. Moreover,
energy storage in different forms enables long-term storage, for instance
by transforming electricity into thermal or chemical energy, with the
latter allowing long-distance transportation [14]. CHP systems generate
electricity and heat and can be connected to the electricity grid at
different levels and to district heating networks at different scales. CHP
systems can provide a number of flexibility services to the power system
by increasing or decreasing power generation while maintaining the
level of heat generation [18]. P2X systems involves converting power,
ideally surplus from RES, into hydrogen as a first stage, and ultimately
into different forms of energy (power, gas, heat) or to use for different
purposes (mobility, industrial feedstock). This can support decarbon-
isation of transport and heat through the use of hydrogen produced from
RES. On the other hand, HPs and EVs allow the direct electrification of
heat and transport, respectively. These solutions are based on a holistic
view that looks at different energy systems simultaneously to provide
opportunities for flexibility and more RES integration [12].

2.3. Impacts of energy systems integration

Adopting ESI as a pathway for the energy transition will impact the
structure and function of the energy system. First, ESI will create new
interactions and interdependencies between the different energy sys-
tems, making it more complex to manage the WES. New interactions
could be related to physical, commercial or informational flows between
different components across energy systems. Second, integrating
different energy systems will bring together multiple actors with
different objectives and motivations. This will lead to a change in the
market structure with the emergence of new actors and new business
models, in addition to new policy and governance frameworks. These
are discussed in further detail below.

Traditionally, energy systems and associated networks were
designed and operated separately with limited interactions between
them. However, ESI enables approaches that expand the system
boundaries beyond one sector. This consequently brings new perspec-
tives to energy systems analysis to find innovative solutions to the
different constraints [4]. Thus, energy systems are expected to be more
interconnected through ESI. This creates new interactions and further
interdependencies between the different energy systems. Interactions
include having a shortfall in energy available in one network being met
by energy carried by another one, or one network providing its surplus
energy to another to help with constraints across networks [19].

Due to the greater interconnection and new interactions between
energy systems, ESI would make the management and operation of the
whole system more complex. Greater interconnection means that solu-
tions in one system can have implications on the others. For instance,
electrification in the transport sector through deployment of EVs would
lead to an increase in electricity demand, which may compete for supply
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under a constrained network [20]. Moreover, interactions lead to
emergent behaviour that could be harmful or beneficial for the energy
system, and can affect the reliability performance of integrated energy
systems [21]. For instance, interdependencies between energy systems
make the whole system vulnerable to disruptions occurring in one sys-
tem. This can create new failure models such as cascading failure, where
an infrastructure is impacted by the failure in an interdependent system
[22]. On the other hand, the flexibility provided by energy vector con-
version facilitated by ESI improves the resilience of the system. For
example, at times of high wind energy output and constraints on the
electricity system, wind energy can be converted to gas rather than be
constrained off, and injected into a gas network. Thus, new planning and
operational paradigms need to be designed to manage and control the
energy system accounting for such emerging interactions.

On the market level, new opportunities would develop upon ESI for
partnerships between separate energy businesses, each of whom has an
independent market structure and regulatory framework [6]. This
would bring together actors and stakeholders from different energy
systems that did not necessarily need to communicate with each other
previously. Actors in each energy system tend to act in ways that
maximise value for their domain, but not necessarily for the WES. If this
is to change, actors should coordinate and collaborate while having a
common understanding of each other’s objectives, incentives and in-
formation they have access to [3]. Looking at a future integrated energy
system, actors need to acknowledge the relationships between their
business models, processes and technologies in practice [11]. Fig. 1
shows a schematic of the whole energy system moving from (a) separate
configuration with independent planning and operation; to (b) an in-
tegrated system with interactions and combined actors.

Actors in the energy system have divergent views of how the future
energy system will look like and what impact this would have on how
they manage or operate energy technologies and infrastructure [23].
Actors such as generators and storage operators, distribution and
transmission network operators, suppliers, intermediaries and service
providers, can see their roles and relationships to each other and to
end-users changed in an integrated energy system [16]. New actors
could also emerge upon integrating energy systems. These include
aggregators, mobility-as-a-service companies, EV charging infrastruc-
ture companies, local energy companies making use of distributed en-
ergy resources, cities and municipalities, and new service providers for
services such as flexibility and smart homes [24]. This emergence of new
actors is reflected in Fig. 1(b).

Furthermore, ESI can create new markets for emerging services and
products. Potentially, this would foster the market competition across
various energy sectors, adding value to the end-user and allowing
additional revenue stream for energy companies through diversification
of their products or services [6]. For instance, ESI can provide business
opportunities moving towards a model of providing energy as a service
such as heat, light or mobility, rather than providing a commodity [16].
Similarly, new business models and innovative arrangements can be
implemented to draw advantages from ESI. For instance, the integration
of the electricity and hydrogen systems through P2X could facilitate
collaboration between the electricity and transport sectors to boost the
uptake of hydrogen vehicles [6].

Thus, market and regulatory structures have to be redesigned to
capture the benefits emerging from ESI. Those structures should be
adapted to new planning and operational paradigms, changing network
features, incorporated Information and Communication Technologies
(ICT) systems and flexible end-use technologies [3]. A change in market
arrangements is also needed in a way to reward new and different types
of flexibility services supporting ESI, such as energy vector conversion
and storage technologies [2]. Moreover, market arrangements should
create incentives for new opportunities that could facilitate the emer-
gence of new types of firms [16].

In summary, to realise ESI and exploit its potential, new technologies
and innovations should be adopted to enable the physical integration
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Fig. 1. Possible configurations for (a) Separate energy systems; (b) Future integrated energy system.

and interactions between energy systems. Moreover, ICT infrastructure
and advanced collaborative control techniques are required to maintain
interoperability between the different integrated components [10].
Additionally, appropriate markets structures and regulatory frameworks
are needed to define actors’ roles and relationships and reward and
incentivise new forms of flexibility provided by ESI.

3. Characteristics for integrated energy systems evaluation

The evaluation of integrated energy systems will need to account for
the increasing interactions, interdependencies and emergent properties
in the WES. This is necessary to have an overall understanding of the
mutual influences and the potential benefits and impacts of integration
between the different energy systems at all levels [14]. ESI has a variety
of potential benefits and impacts, including the technical, economic,
environmental, regulatory and social aspects. In fact, different energy
systems have established their own performance evaluation methods
and criteria, and there is a gap in comprehensive assessment methods
and indicators targeting the performance of integrated energy systems
[4]. Accordingly, new metrics and methodologies are required to cap-
ture the whole system interactions, quantify interdependencies and
identify the benefits particularly attributed to integration, while

considering the trade-offs between the various aspects. A thorough
evaluation of ESI would help policymakers make informed decisions to
support this pathway.

In order to evaluate the performance of integrated energy systems
towards achieving designated targets, evaluation frameworks should be
able to capture the particularities of such systems and reflect the changes
discussed in section 2. In particular, the framework should account for
the WES approach to capture the interdependencies involved. In this
context, the WES approach can be defined by three axes corresponding
to the system components and the system environment. The first axis
represents the multiple energy vectors of the system: power, gas, heat
and transport. The second axis spans the system supply chain from
generation to end-use, through infrastructure, markets and policies. The
third axis relates to the multiple dimensions of the WES environment
representing the technical, economic, environmental, regulatory, and
social aspects. Accordingly, the three characteristics representing the
WES approach that any evaluation for ESI should exhibit are multidi-
mensional, multivectoral and systemic (Fig. 2). Three supplementary
characteristics, related to the nature of the framework itself and based
on the changes to the energy system discussed in section 2, are futuristic,
systematic, and applicable.

The six characteristics are identified as insightful for a thorough
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Fig. 2. Whole energy systems approach for evaluation of future integrated energy systems.
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evaluation of future integrated energy systems, where:

e A multidimensional framework is necessary to consider the multiple
perspectives and objectives of the different stakeholders involved in
ESI. This permits one to ask if the energy system is heading towards
achieving the various objectives and whether those objectives can be
achieved synergistically or require trade-offs.

e The framework should be multivectoral to consider the interactions
and influences between the coupled energy vectors and the in-
terdependencies across different energy systems.

o A systemic framework is needed to span the energy system from
generation to end-use, through networks and markets. This is
important to capture properties emerging from interactions at the
whole system level such as flexibility and resilience.

e The framework should also be futuristic in the sense of being able to

evaluate major changes to the structure and function of the energy

system expected in the future. Such changes would alter the way the
system is planned and operated, and consequently the way the sys-
tem performance is evaluated.

The framework should be systematic in terms of procedures for the

derivation and interpretation of evaluation criteria and indicators.

This is important for transparency, validity and replicability in

different contexts.

It is important for the framework to be applicable to prove its use-

fulness in supporting decision-making in practice

Section 3.1 summarizes the literature of existing evaluation frame-
works based on the identified characteristics. Sections 3.2-3.7 explain in
more detail each of the characteristics with relevant examples from the
literature.

3.1. Adequacy of existing evaluation frameworks

The identified characteristics are used to qualitatively appraise the
ability of existing evaluation frameworks to capture the changes and
complexity involved in future integrated energy systems, and conse-
quently their adequacy for evaluating the performance of such systems.
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Table 1 reviews a number of existing evaluation frameworks for
energy systems against the set of characteristics required for ESI eval-
uation. Evaluation frameworks that satisfy at least one of the WES
approach characteristics were included in the analysis. A large number
of multidimensional evaluation frameworks can be found targeting
different energy systems or different parts of the energy system [25].
Most of them aim to compare energy generation technologies including
RES using different methods [26,27]. Multidimensional frameworks that
present unique methods and relevant insights to the WES approach are
included in this review and are discussed in the subsequent sections.

Table 1 shows the review of existing evaluation frameworks, and it is
clear that no framework from those reviewed addressed all the required
characteristics for effective ESI evaluation. Notably, only a few frame-
works consider major changes to the energy system in the future, such as
electrification, decentralisation and digitalisation of the system, but not
particularly ESI. Most frameworks tend to focus solely on the electricity
system, without linking it with other energy systems such as gas, heat or
transport. Also, within the electricity system the focus is typically on
primary energy resources and electricity generation technologies, rather
than the whole system span from supply to demand. While most
frameworks reviewed were applied, only three were not. Accordingly,
existing frameworks seem to have common gaps and are rendered not fit
for evaluating future integrated energy systems, lacking one or more of
the described characteristics.

3.2. Multidimensional

Evaluation should be multidimensional, in terms of the dimensions
with which energy systems are evaluated. Dimensions represent the
objectives and perspectives of different stakeholders involved. Table 2
presents the dimensions used in the literature under various multidi-
mensional conceptual frameworks to evaluate energy systems [28,51,
53]. A multidimensional evaluation permits one to ask if the energy
system is heading towards achieving the various objectives and whether
those objectives can be achieved synergistically or require trade-offs.

The variety of conceptual frameworks and dimensions used for en-
ergy systems evaluation reflects two aspects. First, the variety means

Table 1
Comparative assessment of existing energy systems evaluation frameworks.
Framework Multidimensional Multivectoral Systemic Futuristic Systematic Applied
Energy Matrix [28] v v v x x x
Sustainable Energy Security [29] v v v x v x
Renewable power v v x x v v
& heat [30]
Hybrid Energy Systems [31] v v x x v v
MEFMP [32] v v x x v v
Energy transition index [8] v x v v v v
Security Interdependencies [33] v x v x v v
Decentralised energy [34] v x v v v v
Biofuels systems [35] v x v x v x
MCA of energy scenarios [36] v x v v v v
Energy Security [37] x v v v v v
UK Energy Security Future [38] x v v x x v
Irish Energy System [39] x v v x v v
Integrated energy security assessment [40] x v v x v v
Energy Security under decarbonisation [41] x v v v v v
Environmental Sustainability [42] x x v x v v
WEC ETI [43] v x x x v v
WEF EAPI [44] v x x x v v
EJM [45] v x x x x v
RTP [46] v x x x v v
Energy Security [47] v x x x v v
UK Energy Security [48] v x x x v v
AESPI [49] v x x x v v
SEDI [50] v x x x v v
Sustainability Assessment [51] v x x x v v
Swiss Energy Pathways [52] v x x x v v
The Framework presented in this paper v v v v v v
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Table 2
Multidimensional conceptual frameworks for energy system evaluation.
Energy Trilemma Energy Security Energy
Sustainability
Affordability Availability Environmental
Environmental Accessibility Social
Sustainability
Security of Supply Affordability Economic
Acceptability Institutional
Reliability Technological
Environmental Sustainability =~ Educational
Efficiency Security
Governance
Generation and Grid
Adequacy
Supply and Demand
Flexibility

Geopolitics and Terrorism

that evaluation or good performance could mean different things in
different contexts. Previous research has shown that there exists diverse
perspectives forwarded by various experts and stakeholders from
different domains in the energy sector, and accordingly different criteria
are prioritised for evaluation [47,48]. Secondly, it means that a multi-
dimensional evaluation is necessary in order to include the different
criteria considered important for evaluation regardless of what is pri-
oritised [54,55]. In comparison, evaluation by single metrics in isolation
would provide an incomplete and often misleading assessment [8,37,
471.

Energy systems evaluations presented in the literature range from
being one-dimensional to multidimensional. Examples of one-
dimensional studies include for instance those focusing on security of
supply [37-41], or the environmental and social sustainability of energy
technologies [42,56]. On the other hand, multidimensional studies
include those adopting the energy trilemma [8,28,43-46]; in addition to
energy security [33,47-49] and energy sustainability [30,31,34,51], as
used in their broad definitions. The energy trilemma concept stems from
the wider concept of the triple bottom line that emphasises a balanced
approach to the economic, environmental, and social aspects for sus-
tainability [57]. Energy sustainability challenges are context-specific
and priorities could vary between developed and developing countries
[50,58,59].

It is not only important to consider multiple dimensions for evalua-
tion, but also to be able to identify trade-offs between them. This allows
one to design alternative strategies that could maximise synergies and
improve all objectives [37,53]. In this context, ESI can have a role in
exploiting those synergies across energy systems, as it provides an op-
portunity for more collaboration among stakeholders in planning and
decision making to have a cohesive energy strategy.

Some of the techniques that had been used to highlight the trade-offs
were:

e cross impact analysis, scatter plots and influence diagrams of the
degree of interrelation between the different dimensions [33].

e a balance score associated with the trilemma index [43].

a ternary diagram to plot each of the energy trilemma dimensions

[45].

dashboard of indicators without aggregation [48].

e a radar chart to plot each of the energy sustainability dimensions
[50].

e multicriteria decision analysis techniques [51].

e scenario analysis coupled with MCA [36,52].

On the other hand, the trilemma dimensions have been assessed
separately using life cycle analysis, risk assessment and cost mini-
misation models [46] and have been presented in separate matrices [28]
without making any relationship between them.
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3.3. Multivectoral

Evaluation of ESI should also be multivectoral so that the multiple
energy vectors of the WES are considered and the interdependencies
involved upon integration are accounted for. As evident from the ex-
amples in section 2, coupling energy vectors would create additional
interactions and interdependencies between energy systems (see Fig. 1).
Other examples include using hydrogen to power vehicles, with elec-
trolysers offering grid balancing and storage services while increasing
the electricity demand and affecting the gas network [20]. Also through
integration, energy systems with low storage capacities could access the
benefits of storage available in other systems. Hence, sharing of assets is
another way in which ESI can reduce whole system costs [2]. A frame-
work that can capture such integration links and their impacts is
necessary for the evaluation.

Most of the existing frameworks tend to focus the evaluation around
the electricity system, while a few include other systems such as gas,
heat and transport [28-30,37-41]. However, those studies do not cap-
ture the interactions and interdependencies between the different en-
ergy systems as in the case of ESI. They simply expand the boundaries of
the evaluation to show indicators specific for each respective system
separately. Other studies consider hybrid energy systems with multiple
feed and multiple product streams of energy [31,32]. However, the
focus of those studies is on the generation technology level, and thus
they do not consider interactions beyond that point, particularly at the
network level which is of interest in the scope of ESIL.

3.4. Systemic

Evaluation of ESI should consider the whole energy supply chain
from generation to end-use, through networks, storage, markets and
policy. It is important to reflect systemic properties of the WES, partic-
ularly features emerging from interactions between the different system
components upon integration. For instance, energy security is consid-
ered a property of the whole system rather than its individual compo-
nents [29,60], and a result of the interactions and interdependencies
across the whole system [12,37]. However, previous studies tend to
focus on security from the supply side, particularly in terms of primary
energy resource availability and energy generation diversity [37,47].
Similarly, flexibility has a different connotation in a WES context, where
it reflects the capacity of energy vector conversion and shifting energy
between different systems. Consequently, resilience defined as the
adaptive capacity of the energy system would be enhanced by this form
of flexibility [61].

In the scope of ESI, the whole system would be more than its parts
due to the emergence of system features or performance at the WES
level, resulting from interactions within the system [13]. This is high-
lighted by the requirements of future systems to provide resilience, and
flexibility due to the uncertainties involved in the energy transition [15,
60]. Such features will arise as a result of the interaction of the different
components of the integrated energy system. Therefore, evaluation
should be able to reflect those features and properties at the whole
system level. In this context, a systemic approach to evaluation would
support accounting for interdependencies across different components
and pathways within the energy system [37,48].

A systemic approach was applied to the evaluation of energy security
considering the contribution of different components of the whole sys-
tem, namely the supply, conversion and distribution, and demand sub-
systems [29]. On the contrary, some framework, although
multidimensional, would focus only on a particular component of the
energy system, such as power generation [62,63], demand subsystem
[64], or energy policy [65]. Furthermore, a systemic approach is
adopted for sustainability assessments of different energy systems
considering their own supply chain stages or lifecycle phases. For
instance, a systemic approach was proposed for the evaluation of biofuel
systems to consider the interactions [35] and sustainable management
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[66] of its supply chain at different levels. Similarly, a systemic
approach was proposed for the evaluation of waste-to-energy [67] and
hydrogen [68] systems throughout their lifecycles.

Moreover, frameworks were proposed for energy security with sys-
temic properties defined at different system levels (such as adequacy of
generation and grid, and flexibility of supply and demand) [33], and
within different time horizons (stability, flexibility, resilience, adequacy
and robustness) [37]. On the other hand, a systemic approach was used
to evaluate the environmental sustainability of energy supply technol-
ogies regarding the impact on the climate, water, land and economy as
system environments [42]. Additionally, the market structure, business
environment, policy framework and the society were considered as
variables affecting the energy system security [8,38].

3.5. Futuristic

Evaluation of future energy pathways is important to anticipate the
impact of different energy policies and technologies on the energy
transition and the impact of the transition on the performance of the
WES [49]. Therefore, evaluation frameworks specifically targeting
future energy systems should be sufficiently generic to be valid for en-
ergy systems totally different from existing ones [41]. This is particu-
larly essential for the evaluation of ESI given the magnitude of the
expected changes to the energy system discussed in section 2.

Although several evaluations were conducted on future scenarios for
the energy system [46,48,51], these have not considered major changes
or reconfigurations that would totally transform the system. Future
scenarios evaluated in those studies were focused around the different
technological composition for electricity supply, while leaving out the
potential impacts of structural changes in the energy system [41]. Other
future changes include the use of smart systems and renewable fuels
such as hydrogen and biofuels [69]. A few exceptions were found where
the performance of decentralised energy systems [34], the extent of
decentralisation and digitalisation [36], the impact of decentralisation
and electrification on energy security [37], and the readiness of the
energy system for the transition [8] were considered. However, none of
those studies have specifically considered the impact of ESI on the WES
performance.

3.6. Systematic

The evaluation framework should be systematic in terms of proce-
dural derivation and interpretation of evaluation criteria and indicators.
This is important for replicability under different circumstances as there
is no definitive set of indicators. Indicators must be context-specific to
accommodate for different conditions and priorities. This is evident by
the multifaceted concept of energy security, which is manifested in
different ways according to the different context in which it is being used
[29]. This characteristic is also important for the clarity and trans-
parency of the evaluation, which improves its validity and credibility
[70]. Thus, systematic evaluation frameworks should be inherently
comprehensive and flexible to cover the different aspects involved in
different situations [3,4].

Most frameworks reviewed are noted as systematic with a few ex-
ceptions. Frameworks indicated as systematic are those that present the
lead up and derivation of the appropriate evaluation criteria or in-
dicators they used. This could be through systems analysis techniques
[29,31,32,35-37], experts interviews or surveys [34,48,53], or a liter-
ature review with selection principles to filter indicators [8,43,44,50].
Some of the systematic frameworks also conduct additional analysis of
the results beyond quantification of indicators [33,41,52]. On the other
hand, frameworks not indicated as systematic just list the indicators
used without transparent justification.
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3.7. Applicable

The evaluation framework should be applicable in practice to prove
its usefulness and contribute to decision making. While most of the
frameworks reviewed were applied to systems using existing data or
with future scenarios, a different approach was taken in Ref. [28] by
developing an ideal set of indicators for policymakers for the separate
trilemma dimensions without relying on existing data. However, the
indicator set presented was not tested due to data being unavailable,
which is one of the main challenges for evaluation. Hence, it is impor-
tant to be able to get relevant data from energy models resembling
future scenarios.

In summary, there are a number of gaps that make existing frame-
works incapable of evaluating the performance of future integrated
energy systems. None of the reviewed frameworks simultaneously
exhibit the six characteristics identified for the evaluation of ESI. These
characteristics represent the WES domains and the changes to the energy
system discussed in section 2, which are necessary to account for in the
evaluation. While it is common to find multidimensional, systematic and
applicable evaluation frameworks, existing frameworks mainly fail in
reflecting systemic attributes emerging at the whole system level from
the multivectoral interactions and interdependencies across energy sys-
tems. Moreover, existing frameworks generally neglect major structural
and functional changes to the energy system in a futuristic evaluation.

4. Proposed evaluation framework for integrated energy
systems

In order to address the identified gaps and consider the required
characteristics for evaluating the performance of integrated energy
systems, a novel methodological framework is proposed. Section 4.1
describes the underlying concepts and methods used to develop the
proposed framework. Section 4.2 explains the procedure whereby the
framework can be applied to evaluate integrated energy systems. Sec-
tion 4.3 describes the validation of the proposed framework in a group
interview with experts.

4.1. Framework concept and methods

The proposed framework is based on two main conceptual and
methodological approaches (Fig. 3). The first is a SoS approach for
problem structuring and systems analysis. This approach primarily ad-
dresses the requirement for the evaluation to be multidimensional,
multivectoral and systemic. The energy system under study is modelled
as a SoS and is analysed accordingly, through conceptual system
modelling and Model-based Systems Engineering (MBSE). Within those,
concepts related to system architecture and system requirements are
useful to the framework to be futuristic. The second is an indicator-based
approach for the evaluation. After structuring the problem, criteria and
indicators are systematically derived, quantified and interpreted for the
holistic system evaluation using Multi-Criteria Analysis (MCA). Criteria
and indicators reflect the energy system interactions and emergent
properties related to ESI. The proposed framework is then applied to
case studies under various future scenarios to further investigate trade-
offs and synergies and to demonstrate applicability.

4.1.1. System-of-systems approach

Systems thinking is taking more ground in energy systems research
due to the need for deeper understanding of the increasing complexity
involved [71]. Complex systems have been the focus of other fields with
similar challenges, providing insights for understanding future energy
systems [72]. System-of-Systems Engineering (SoSE), a subfield of sys-
tems engineering, has developed to understand and design complex and
interdependent systems, with a focus on the boundaries and interactions
between different systems [73]. A SoS is defined as an integration of
independent systems that act jointly towards a common goal, through
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Fig. 3. Evaluation framework concepts and methods.

synergies, to collectively offer emergent functionality that cannot be
provided by the Constituent Systems (CSs) alone. A SoS has distinctive
characteristics of autonomy, independence, distribution, evolution,
interdependence, and interoperability of its CSs, in addition to emer-
gence as a result of synergistic collaboration of the CSs [73].

Systems analysis is considered as both a conceptual and a method-
ological approach to problem structuring in this framework. The
strength of systems analysis is in providing a holistic approach to
problem solving for complex systems [31]. In the proposed framework,
the specific method chosen for systems analysis is a SoS approach. The
SoS approach is chosen because it meets the requirements for the eval-
uation to be multidimensional, multivectoral and systemic. The inte-
grated energy system is therefore modelled as a SoS with all the
properties and analytical approaches which a SoS enables.

The SoS approach can capture the complexity and variety involved in
integrated energy systems, since it can support multidisciplinary un-
derstanding and evaluation of systems, help understand the way a sys-
tem is performing by exploring interdependencies, deal with complexity
and consider dynamics of change. It can also enable the provision and
validation of emerging behaviour, and prevent unintended conse-
quences by considering the interactions between the CSs and with the
system environment [74-76]. Such an approach is recommended in the
evaluation of complex and interdependent fields such as infrastructure
[77], water management [78] and sustainable development [79]. By
using a SoS approach, a broader, integrated and more holistic approach
to performance evaluation is enabled. This approach will better capture
the value of flexibility and resilience across the whole system, describe
the system interactions, and relate indicators to each other and to stra-
tegic goals and objectives.

ESI is based on a whole systems thinking that aims to find innovative
solutions beyond one energy system, to make use of possible in-
terrelations between different energy systems to collectively achieve a
greater outcome [80]. In fact, an integrated energy system lends itself to
a SoS approach since its comprising subsystems can be characterised by
the following SoS features [13].

e Managerial independence, by various utility companies

e Operational independence, through various metrics and operational
criteria

e Evolutionary independence, where each is continuously upgraded
and has its own lifecycle

e Geographic displacement, where an energy system is normally
geographically spread

e Emergent behaviour, resulting from interacting components

e Having a collective purpose as a SoS, such as improving overall ef-
ficiency, reliability and resilience, and reducing overall costs and
emissions

4.1.1.1. Conceptual system modelling. The future changes to the energy
system are expected to transform the system and alter its architecture,
where the whole system must evolve to recognise the new interfaces
created by new interactions, while satisfying the system requirements. A
system architecture generally includes principles and guidelines gov-
erning the system structure, functions, the relationships between its
components and with its environment, and how the system will meet its
requirements [81]. System requirements refer to the functions and ca-
pabilities that the system needs to fulfil or acquire, and are mainly
related to the needs of stakeholders [82].

Therefore, the early stage of SoSE that is the conceptual model
development, which aims to identify system requirements and potential
architectures, is considered useful to satisfy the requirement for the
evaluation framework to be futuristic as described earlier. In the con-
ceptual model development stage, system concepts, constraints, trade-
offs and requirements are considered. Tasks involved in this stage
include translating capability objectives into requirements, under-
standing the CSs and their relationships, obtaining information from
different stakeholders, and assessing actual performance against capa-
bility objectives [83,84].

There are two types of system requirements: (i) Functional re-
quirements that relate to the system performing a function and are
usually described by action verbs such as do, provide, deliver and pro-
duce; and (ii) Non-functional requirements that represent a constraint to
another system requirement, including quality, implementation and
solution-specific requirements. For example, this could be meeting a
standard, complying with a legislation, using a particular technology, or
ensuring a specific performance level, in addition to size and operations
constraints [85]. This distinction is useful for the system modelling
process and the derivation of evaluation criteria described in section 4.2.

4.1.1.2. Model-based systems engineering. MBSE is the formalised
application of modelling to support system design, architecture, anal-
ysis, verification and evaluation. MBSE is a rigorous, iterative process to
develop conceptual models that coherently represent a system and its
operating domain. This includes the structure, behaviour, properties,
functions, requirements, interactions, interconnections, data and
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communication. MBSE techniques are used to produce structured
models of complex systems comprising input from different stake-
holders, to support understanding of critical components, interfaces and
processes of these systems. This allows different stakeholders to consider
the system in their perspective of interests, without losing internal
consistency across the range of viewpoints [86].

MBSE is supported by the Systems Modelling Language (SysML),
which is a general-purpose graphical modelling language for designing,
analysing and verifying complex systems. SysML facilitates standard and
rigorous, yet flexible modelling of systems, as a result of the breadth of
the diagrams included, allowing users to represent systems using
appropriate vocabulary and conventions of the relevant domain. This
makes SysML a good choice for modelling SoS [86]. The exact use of
SysML diagrams in this framework is further discussed in section 4.2.1.

4.1.2. Indicator-based approach

The proposed framework uses an indicator-based approach for
evaluation. In this framework, evaluation criteria and indicators are
systematically derived from the conceptual system model developed and
are examined in a MCA. This approach is influenced by the SoS approach
described earlier to match the other required evaluation characteristics.

Indicators are a typical means used to facilitate evaluation and aid
decision making, as they can convey a complex message in a simplified
informative manner, and have an international recognition [35]. In-
dicators are trusted for highlighting problems, identifying barriers, and
providing insights into the dynamics of the energy system. However,
indicators must evolve over time to fit different conditions, priorities
and capabilities [29]. In this context, systems thinking can provide
theory for the changes and emergence of system characteristics, which
would make relevant evaluation criteria seem redundant later [76]. On
the other hand, a limitation for the use of energy indicators as policy
instruments is their partial view and simplification of complexity, which
would hide multiple dynamic vulnerabilities of the energy system, such
as security [37]. In this regard, combining a plenitude of indicators with
a SoS approach can resolve this limitation by capturing the dynamics
and complexity involved, and identifying system-wide vulnerabilities,
requirements and emerging properties.

Identifying principles for selecting the appropriate indicators sits at
the heart of the process of developing an indicator set. A rigorous and
transparent selection process of indicators allows for the conceptual
validation and increases the credibility of the evaluation framework
[70]. Selection principles commonly used in literature include measur-
ability, analytical robustness, scientific reliability, validity, policy rele-
vance and sensitivity to changes, exhaustiveness, comparability and
data availability [70,87]. Few indicators might not be sufficient for the
proper evaluation, and too many indicators would be difficult to handle
[88]. In this regard, a systemic approach provides a good conceptual
structure to tackle the challenging task of identifying a coherent set of
essential indicator, but requires extensive knowledge of the whole
system.

MCA is a formal approach for evaluation using criteria and indicators
[36]. It is a universal and versatile tool for evaluation that can be utilised
as a generic assessment tool for different sustainability issues [88]. In
line with the holistic SoS approach, MCA can be applied as an evaluation
technique that can capture the diversity of perspectives and complexity
involved [26]. It provides a multidisciplinary, participatory, and trans-
parent framework for policy evaluation [89], and is well suited for
supporting decision making when several considerations are of interest,
such as in energy policy and planning [90]. MCA has been applied to
different problems related to energy. However, studies have focused on
energy systems with one energy vector, despite systems with multiple
energy vectors being considered suitable to be examined by MCA due to
its ability to capture synergies between multiple systems [90].

MCA can be used either to close down a discussion by aggregation
and ranking, or to open it up by a disaggregated set of indicators [91].
Upon quantification, indicators can be aggregated into a weighted index
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or displayed as a set of disaggregated measures. Indices can be easy to
interpret and would provide a uniform scale for comparison [50].
However, indices are not always robust and different indices addressing
the same concept can show inconsistent evaluations [55,89]. Indices can
also mask trade-offs by compensation of bad performance in one
dimension by good performance in another [54]. On the other hand,
presenting indicators in a disaggregated form such as a dashboard, en-
ables decision makers to realise trade-offs between the different in-
dicators when comparing different scenarios. Nevertheless, the use of
dashboards could be daunting if a large number of indicators is pre-
sented [50]. In this framework, indicators are presented in a dis-
aggregated form such as a dashboard as it better presents trade-offs.

4.2. Framework procedure

The proposed framework procedure comprises three stages for the
evaluation of integrated energy systems (Fig. 4). The first stage is the
problem structuring stage, where systems analysis is conducted using a
SoS approach to model the structure and behaviour of the system under
study. This facilitates the identification of requirements and interactions
within the integrated energy system, as well as the emergent properties
of the whole system. SysML is utilised to develop the conceptual system
model and carry out the systems analysis. In the second stage, appro-
priate criteria and respective indicators are assigned relating system
requirements to relevant system components and functions specified in
stage 1. Indicators are then grouped and analysed for the evaluation of
the whole system in a dashboard form. This approach enables evaluation
considering different system levels and multiple perspectives. The third
stage involves comparing the findings of various future scenarios to
analyse trade-offs and synergies.

4.2.1. Stage 1: problem structuring

The first stage of the evaluation framework presented in Fig. 4 in-
volves systems analysis. The aim of this stage is to develop a conceptual
system model, which includes creating context, structural and func-
tional models of the system. The underpinning conceptual approach to
systems analysis is a SoS approach, as described in section 4.1. By
applying a SoS approach, an architectural framework for creating the
system model can be developed. Table 3 presents the architectural
framework used for this study, which is based on the System-of-Systems
Approach to Context-based Requirements Engineering (SoS-ACRE)
framework [92], adapted to the case of integrated energy systems. The
architectural framework describes the system views that are needed as
part of the systems analysis stage, which would then feed into the second
stage of evaluation.

System views are divided into four system levels, namely the
Context, SoS, CS and System Element levels. On each level, several views
are developed to show the structure, properties, requirements and op-
erations of the different system components. Although the system views
are presented in a specific sequence from a higher system level to a lower
one, the process of developing those views is iterative. One might move
from one system view and one system level back to another to make the
whole system model complete and consistent.

System views are developed using SysML diagrams. Diagrams of
interest are both structural and behavioural and are summarised as
follows [82,84,85].

e Block definition diagrams: to define the system structure, composi-
tion, relationships and properties

o Internal block diagram: to describe the internal structure and flows
in the system

e Requirement diagrams: to define and describe system requirements
and their relationships

e Use case diagrams: to link the system requirements to actors or CSs,
showing requirements in application context
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Fig. 4. Framework procedure for evaluating integrated energy systems.

Table 3
Systems analysis architectural framework.
Level View Diagram
Context Context: System Boundary, Composition, Block Definition
Perspectives, Environment, Stakeholders
System-of- Structure Internal Block
Systems Requirements Use Case,
Requirements
Operations Activity,
Sequence
Constituent Composition Block Definition,
System Structure Internal Block
Requirements Use Case,
Requirements
Operations Activity,
Sequence
System Composition, Properties Block Definition
Element

e Activity diagrams: to show the behaviour and interactions between
and within elements and operations

e Sequence diagrams: to model scenarios and understand the logical
sequence of the system operations

e Parametric diagrams: to define calculations for parameters (mea-
sures of effectiveness) used to evaluate performance

4.2.1.1. Context level. The first step in the architectural framework
presented in Table 3 is setting the context and defining the SoS to be
evaluated. At this level, the system boundaries are specified in order to
identify what is considered inside and outside of the system, thus its CSs
and the actors or stakeholders composing its environment. Block defi-
nition diagrams are used to show the composition of the system and its
stakeholders. At this level also, the perspectives to be considered are
identified. These could be for instance the technical, economic, envi-
ronmental, political, and social.

For example, the focus of the evaluation could be the physical system
architecture of ESI. In this case, the boundaries would mainly include
the physical aspects of the energy system. Accordingly, the CSs would be
the power, gas, heat, transport, and hydrogen physical systems involved,
in addition to integration enablers or coupling components, such as
CHP, P2X, HPs and EVs. On the other hand, the system environment
would include stakeholders affecting or affected by the system, in other
words, having some control on the system or requirements from it. This
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typically includes actors from policy, environment, markets and society,
and therefore reflect the political, environmental, economic and social
perspectives.

4.2.1.2. System-of-systems level. The second step is developing system
views for the SoS level, where the structure, requirements, and opera-
tions of the system as a whole are shown, i.e. showing each CS as a black
box. The structure at this level follows from the composition shown at
the context level, but with a closer look at how the CSs are linked. This is
carried out using an internal block diagram, showing the relationships
and flows between the different CSs. Flows could be physical, com-
mercial or informational.

At this SoS level, requirements are related to the perspectives
introduced in the context level. These could be technical features that
are expected from the system as a whole, such as resilience, flexibility
and interoperability. For instance, the whole system resilience is resil-
ience across CSs, since it is enhanced by operational flexibility which
could be fulfilled through structural and organisational interoperability
of different CSs, where interactions typically involve exchange of energy
and information. Furthermore, requirements of stakeholders reflecting
other perspectives can be considered as contextual objectives of the
energy system as set by external actors. These could be objectives or
constraints related to political concerns, environmental regulations,
economic considerations, and social acceptability. Hereby, dimensions
such as those presented in Table 2 can be accounted for in this
framework.

Requirements are defined using requirements diagrams. Re-
quirements are functions or capabilities that the SoS should deliver or
acquire to satisfy the needs of the identified stakeholders. Requirements
can also be linked together, with some requirements constraining others
or being an extension to others. Use case diagrams show desired func-
tions or features of the SoS which are linked to external actors, showing
the SoS capabilities from different users’ perspectives. Use cases provide
context to requirements by showing how the system can be used, and
help understand SoS functions, requirements and capability gaps. Based
on use cases, scenarios can be produced and simulated. In this frame-
work, non-functional requirements are represented in a requirements
diagram, while functional requirements are represented in a use case
diagram.

Behavioural diagrams are used to describe the operations involved
and the interactions between CSs to deliver the system functionality and
satisfy requirements. This includes sequence and activity diagrams.
Sequence diagrams show the operations involved between CSs, while
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activity diagrams show behaviour within an operation. Two approaches
can be taken to model the system behaviour: (i) a goal-oriented analysis,
where a system view shows the operations needed to deliver a
requirement. For instance, the operations undertaken to satisfy the
requirement of delivering heat through the heat network after energy
has been transformed from the electricity system via HPs; and (ii)
scenarios-driven analysis that considers different what-ifs for the system
operations. In this case, one can examine the different flows in the
system and conduct a fault analysis exercise to verify the flexibility
requirement of the whole system in case of a fault or a break in some
pathways.

4.2.1.3. Constituent system level. System views for the structure, re-
quirements and operations at the CS level are developed for each of the
CSs, similar to the SoS level. The system views are performed to show the
composition of each CS in terms of system elements and operations
involved to satisfy requirements. Requirements at this level relate to the
independent functionality of the CSs, in addition to the functionalities
that are supported by the CSs, which the SoS has to deliver. Accordingly,
requirements at this level can be associated with stakeholders, but also
with other CSs and with the SoS as a whole. Block definition and internal
block diagrams are used to model the structure of the CS, i.e. its
composition and interrelations, while activity diagrams are used to
model the operations. As described for the SoS level, use case and re-
quirements diagrams are used to show and describe requirements for
stakeholders at this level. However, based on the SoS-ACRE framework,
diagrams at this level need to show the interactions between the re-
quirements and functionalities of the CSs and the SoS.

As an example, the CS electricity system can be further broken down
at this level to include primary resources, generation, storage, trans-
mission and distribution. These elements can also be described by their
operations whereby electricity is generated, stored, transmitted and
distributed, to finally satisfy electricity demand, and possibly other re-
quirements related to other CSs and the SoS to provide flexibility to the
whole system. Other CSs such as P2X can in turn provide services to the
electricity system such as grid balancing and storage services, while also
transforming energy from the electricity system to the gas system or vice
versa.

4.2.1.4. System element level. Each of the CS elements is further
composed of different technologies. For instance, within the electricity
system, various primary energy resources exist (gas, uranium, wind,
solar radiance etc.) and accordingly different generation technologies
are applied, such as gas-fired turbines, nuclear reactors, wind turbines
and solar PV. Therefore, the composition of the different CSs and the
properties of their system elements are viewed, using block definition
diagrams. This is important when each of those technologies have
different properties which impact higher levels of the system in a
different way.

4.2.2. Stage 2: derivation of criteria and indicators

After modelling the system with the views described in the first stage,
appropriate evaluation criteria and corresponding indicators are
assigned to the different system components or functions. The first step
is to specify the purpose of the evaluation. The purpose of evaluation can
be governed by policy objectives or performance benchmarks that need
to be met. Then, suitable criteria for the evaluation are derived from the
system model based on the purpose and selection principles. Criteria can
typically be objective focused (translation of objectives into criteria) or
alternative focused (highlighting strengths and weaknesses of each
alternative) [91]. In this framework, criteria will exploit both ap-
proaches by reflecting the system objectives and requirements identified
in the first stage at the different levels. Thus, the system is evaluated
against both: (i) the contextual objectives manifested as dimensions
similar to those presented in Table 2; and (ii) the functional

11

Renewable and Sustainable Energy Reviews 145 (2021) 111163

requirements identified in the systems analysis stage at the SoS and CS
levels. This shows the performance of the energy systems in delivering
capabilities independently and as a whole.

Furthermore, corresponding indicators that measure the state of the
evaluation criteria are chosen. A thematic grouping of indicators into
broader dimensions is followed as it better links them to targets. After
the selection of indicators, a parametric diagram is added to the system
diagrams developed in stage 1. SysML parametric diagrams show the
evaluation criteria and any mathematical formulae used to quantify
them. This makes the initial system model complete by representing
critical parameters for achieving desired requirements, defining ways to
evaluate performance and allowing the comparison of alternatives.

4.2.3. Stage 3: scenario analysis

Stage 3 of the framework presented in Fig. 4 involves scenario
analysis, where stages 1 and 2 are applied in a case study to evaluate and
compare the performance of the integrated energy system under a range
of scenarios. Different types of scenarios have been identified in the
literature for the analysis of future energy systems. In line with the WES
approach followed in this paper, scenarios best fit within the framework
are those used for modelling studies which typically focus on the WES, as
described in Ref. [93]. These scenarios are justified by qualitative
storylines and work under an identified end point. For instance, sce-
narios could explore the impact of employing energy systems integration
under exogenous constraints such as achieving net-zero emission tar-
gets, or under different supply and demand conditions. The latter could
be influenced by changes to the RES capacity or variations to the peak
demand levels.

In this stage, indicators are quantified and are presented in a dis-
aggregated form such as a dashboard. Qualitative storylines are usually
combined with quantitative modelling for quantification [94]. Thus,
data for scenarios are fed from existing demonstration systems, if
available, or simulation models of future systems. The latter requires
examining the simulation model coupled with the evaluation frame-
work, to ensure data availability for the identified indicators and that
the assumptions for modelling the WES are consistent.

Findings of different scenarios are then compared and analysed to
examine whether objectives can be achieved synergistically upon ESI or
whether they require trade-offs. The performance of integrated systems
can be evaluated either against set targets or as improvements relative to
a baseline scenario, for example one with no integration between energy
systems.

4.3. Experts validation

Validation of the proposed framework is important to ensure its
quality, utility and credibility. This is done following the method for
scientific validation using experts elicitation [95]. Several techniques
could be used to elicit the experts feedback including questionnaires and
interviews. The aim of the scientific validation is to evaluate the pro-
posed framework based on its conceptual coherence, operational
coherence and utility. The three aspects are associated with the three
types of validity: design, output and end-use validity. Design validity
relates to the scientific foundation of the framework, while output val-
idity relates to the reliability and credibility of the framework output,
and end-use validity looks at the usefulness of the framework in serving
its designated purposes [96].

A group interview with experts was conducted in the form of an
online workshop for the purpose of validation, with questions provided
in advance in order to elicit individual responses in addition to group
responses, and a questionnaire afterwards to capture any post-workshop
individual reflection. The workshop took place online due to travel re-
strictions caused by the COVID-19 pandemic, and a group interview was
chosen to generate insights from multi-disciplinary discussions between
the experts [97,98]. The participants were researchers from the EPSRC
National Centre for Energy Systems Integration. Six experts were chosen
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to span multiple academic disciplines related to energy research
including engineering, computing, mathematics and social sciences.

The workshop followed a three-fold validation process looking at the
design, output and end-use of the proposed framework. The workshop
was therefore divided into three parts representing different phases
involved in the design (presented in section 4.1), implementation (pre-
sented in section 4.2) and application (demonstrated with examples) of
the framework. Each part started with a presentation and was followed
by a structured discussion. The workshop was followed with a ques-
tionnaire. The experts were also provided with a brief written descrip-
tion of the proposed framework ahead of the workshop for familiarity.

The participants generally showed a positive attitude towards the
proposed framework during the discussions. The participants thought
the framework provided a good level of accuracy, credibility, coherence
and utility, and that they were somehow likely to use the framework.
They all agreed that it was important that the framework allows for the
following:

e Show the relationships between different system components

e Model the system at different levels

o Present the system requirements in relation to multiple stakeholders

e Link the system components and functionalities to derive

e Make informative judgements on the performance of different
scenarios

Based on the experts’ feedback, the strengths of the framework can
be summarised as being comprehensive, flexible and transferable, and
provides a structured approach and unified language for ESI under-
standing and evaluation. On the other hand, the downside of the
framework lies in that it needs to be contextualised for each evaluation,
and this could take some effort for learning the methods used, such as
SysML. Another downside identified is that the framework is still
dependent on the quality of the data available. Accordingly, room for
improvements as suggested by the participants mainly related to the
consistent, standardised application of the framework. This shall be
addressed in future by development of a reference system architecture
that can be used as a standard conceptual system model for the first stage
of the evaluation, in addition to a functional specification of the formal
relation between the evaluation framework and simulation models
needed for the third stage of the evaluation.

5. Conclusion

This paper argues the need for a new evaluation framework that can
holistically assess the performance of integrated energy systems towards
achieving designated objectives. This is due to the major changes that
energy systems integration would bring to the energy system, in the way
it is structured, planned, operated, and consequently evaluated.
Accordingly, the framework should adopt a whole energy systems
approach to the evaluation. This enables the framework to consider the
interactions between multiple energy vectors, the interdependencies
across the system components from generation to end-use through
infrastructure, markets and policy, and the wide range of perspectives
and objectives involved in the energy system. These include the tech-
nical, environmental, economic, political and social aspects. The paper
reviews existing frameworks for the evaluation of energy systems based
on characteristics corresponding to the whole energy system domains
and changes to the energy system. The characteristics are multidimen-
sional, multivectoral, systemic, futuristic, systematic and applicability.
The review concludes that existing frameworks are not capable of
assessing the performance of integrated energy systems, lacking one or
more of the identified characteristics.

An evaluation framework is proposed to address the six key identi-
fied characteristics. The proposed framework combines a system-of-
systems approach for systems analysis, with an indicator-based
approach using multi-criteria analysis. The framework procedure
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involves three stages. First, problem structuring where the energy sys-
tem under study is modelled to specify the system structure, behaviour
and requirements. The second stage is derivation of criteria and in-
dicators for the holistic system evaluation relating system requirements
to relevant system components and functions. Finally, results from
various scenarios are compared and analysed to realise trade-offs and
synergies. The framework demonstrates the six characteristics as it en-
ables evaluation with respect to multiple perspectives and objectives at
different system levels. Moreover, this framework captures future
changes to the whole energy system architecture and highlights the in-
terdependencies between energy systems. This framework can also be
systematically applied to various scenarios in different contexts.

The evaluation framework presented in this paper was validated
using expert elicitation in a structured group interview. Experts identi-
fied the strengths and weaknesses of the proposed framework and pro-
vided suggestions for improvement. The proposed framework is
currently being applied to a case study with different scenarios repre-
senting different configurations for integrating the power, gas and heat
systems at a local scale. The objectives of the case study are: (i) to ensure
the applicability of the proposed framework; and (ii) to test the dash-
board approach presented in stage 3 of the framework in terms of
comparability between scenarios, conducting a trade-offs analysis, and
presentation of results. This case study and the examples discussed in
this paper focus on the physical energy systems and interactions.
However, the methods from systems-of-systems engineering used to
develop the proposed evaluation framework can be further extended to
look at the information and communication aspects of the whole energy
system. In fact, such methods are used in software engineering and are
particularly suitable for cyber-physical interactions. At that point, future
challenges related to the increased digitalisation of the system, such as
cyber security, data sharing and interoperability, can also be assessed.

It should be noted that the developed framework can be used for
evaluating decisions during the planning and operation of integrated
energy systems. As an example, in the future control rooms of integrated
energy systems, the control engineers from each of the power, gas and
district heating systems, need to control, manage and plan the integrated
energy system in a collaborative way. In this way, if a congestion,
blockage or any shortage of supply occurs in any of the systems, then it
would be possible to use the developed framework to inform decision-
making at the managerial level about the effectiveness of adjustments
made with other coupled systems to support the operational security of
the affected system. This example shows that the evaluation framework
has taken the advantage of the interactions and interdependencies be-
tween different systems offered by the coupling components, i.e. CHP,
P2X, etc., in order to provide a basis for making well-informed decisions
in terms of carbon emissions, cost and security, namely the dimensions
of the energy trilemma.
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