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Abstract: Understanding the future of multi-vector energy networks in the context of the
transition to net zero and the energy trilemma (energy security, environmental impact and
social cost) requires novel interdisciplinary approaches. A variety of challenges regarding
systems, plant, physical infrastructure, sources and nature of uncertainties, technological in
general and more specifically Information and Communication Technologies requirements,
cyber security, big data analytics, innovative business models and markets, policy and
societal changes, are critically important to ensure enhanced flexibility and higher resilience,
as well as reduced costs of an integrated energy system. Integration of individual energy
networks into multi-vector entities opens a number of opportunities, but also presents a
number of challenges requiring interdisciplinary perspectives and solutions. Considering
drivers like societal evolution, climate change and technology advances, this paper describes
the most important aspects which have to be taken into account when designing, planning
and operating future multi-vector energy networks. For this purpose, the issues addressing
future architecture, infrastructure, interdependencies and interactions of energy network
infrastructures are elaborated through a novel interdisciplinary perspective. Aspects related
to optimal operation of multi-vector energy networks, implementation of novel technologies,
jointly with new concepts and algorithms, are extensively discussed. The role of policy,
markets and regulation in facilitating multi-vector energy networks is also reported. Last but
not least, the aspects of risks and uncertainties, relevant for secure and optimal operation of
future multi-vector energy networks are discussed.
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1. INTRODUCTION

Energy networks form the backbone of energy systems and are vitally important enablers
in the global pursuit of a just transition to net zero [1]. Energy networks have a key role to
play in achieving the goals set out in the Paris agreement of 2015 [2], commited to by many
countries from across the globe, and to deliver a green recovery from the COVID-19 pandemic
[3]. Energy networks exist primarily to exploit and facilitate temporal and spatial diversity in
energy production and consumption and to take advantage of economies of scale where they
exist. The transition to net zero and the energy trilemma (energy security, environmental
impact and social cost) present many complex interconnected international challenges.

These challenges vary considerably from region to region due to historical, geographic,
political, economic and cultural reasons. As technology and society changes, so do these
challenges, and therefore the planning, design and operation of energy networks needs to be
revisited and optimised. Current energy networks research does not fully embrace a whole
systems approach (defined as research that explores the “social, environmental, and economic
impacts of energy pathways and choices, as well as the challenges surrounding technological
innovation” [4]) and is therefore not developing a deep enough understanding of the
interconnected and interdependent nature of energy network infrastructure [5], [6]. This paper
provides a novel interdisciplinary perspective intended to enable this deeper understanding.



For the purposes of this work, energy networks are defined as the infrastructure that is
required to transport energy (in time and in space) from a point of production to a point of
consumption. This definition is not restrictive, and so energy networks includes electrical
power transmission and distribution networks, gas transmission and distribution networks,
heat networks, as well as associated ICT networks. The energy networks community, which
includes individuals or institutions who are working on energy network infrastructure, would
strongly benefit from a more diverse, open, supportive membership with representation from
many disciplines beyond traditional engineering (such as Computing Science, Statistics,
Sociology, Anthropology, Geography, Economics and Applied Mathematics) to help enact a
whole systems approach. For example, anthropologists are investigating how energy systems
and networks are conceptualised, the role of states, societies, communities and individuals in
interacting with and shaping them, which can provide new insights useful for the design and
operation of energy networks and the associated socio-technical transitions required to reach
net zero [7], [8]. A deeper level of understanding, through a whole systems approach, is
necessary in order to understand how best to plan, design, integrate, regulate and operate
energy networks and their associated markets in the future [9]. The expected benefits would
be enhanced flexibility and higher resilience, as well as reduced costs of an integrated energy
system.

The energy sector worldwide is facing considerable pressure arising from the growing
demand for clean energy, the need to reduce carbon emissions substantially while adapting
to the inevitable impacts of climate change and coping with the depletion of fossil fuels and
geopolitical issues around the location of remaining fossil fuel reserves. These pressures have
implications for our energy networks. Electricity systems are facing technical issues of bi-
directional power flows, increasing long-distance power flows especially for cross-country
and cross-continent interconnections (upscale), and a growing contribution from converter
interfaced generation (CIG) [10]. Natural gas systems in many countries have challenges of
radically different business models in the face of the risk of becoming obsolete but could be
repurposed to play an important role in the integrated multi-vector energy networks (cross
vectors). Heat networks in many countries have little energy demand market share, although
they have been successfully installed in some northern European countries, but they are being
integrated with local energy resources and local electricity and gas networks to formal smart
local energy systems (downscale), e.g. in Denmark [11], [12]. Other energy vectors such as
hydrogen or bio-methane show great promise but as yet have no significant share of the
market [13].

Facing these pressures, to be fit for the future, the modernisation of energy networks
technology, processes and governance is a necessity. For example, in Great Britain (GB), it
is estimated that between 2014 and 2021 £34 billion of investment across electricity networks
and £7.6 billion across gas networks will be required to ensure energy demand will be met
in a cost effective, clean and secure way [14]. After years of incremental changes in energy
networks, transformational shifts are now becoming visible, especially in terms of downscale
and upscale perspectives and cross vectors (integrated multi-vector energy networks). These
are being driven by the evolution of societal norms, climate change and technology advances,
and necessitate the following urgent and timely programme of research. This is briefly
discussed below.



1) Downscale — Local Balancing of Power and Energy. Balancing power and energy
within a local network (e.g. through Peer to Peer energy systems, flexible demand like EVs
and energy storage) is seen as a solution to significantly increase the hosting capacity for
distributed energy resources in local grids, and to trade or share energy among local prosumers
so that the reliance and the pressures put on the external energy networks will be reduced.
This is creating new technical challenges, e.g. development and application of new types of
flexible power electronic devices, and bringing new business models, including the transition
from Distribution Network Operators to Distribution System Operators in some countries.
Local balancing has the potential to change the paradigm of the whole energy system.

2) Upscale — Enhanced Transmission Network Interconnection. Interconnections of
wide area transmission networks have been implemented in many countries (i.e. electricity
and gas transmission networks; heat networks are local so not included), and enabled trading
of high volumes of energy across great distances. Uncertainties in global and European
energy systems, result in difficulties in making optimal investment and operation decisions
on the gas and electricity transmission networks. There are clear needs to investigate the
challenges brought by enhanced network interconnection [5], [6].

3) Cross Vectors — Integrated Multi-Vector Energy Systems. Although research has
started to investigate the modelling and planning of multi-vector energy networks, there are
still enormous research challenges in this area. The complicated interactions and
interdependencies between energy networks (technical, economic and market) need to be
clearly understood; the roles of gas and heating/cooling networks in the future energy systems
need to be further clarified; new methodology and assessment tools need to be developed to
better understand cascading failures, vulnerability and resilience; the fragmented institutional
and market structures of different energy systems need redesign to realise the benefits of
synergies between energy networks.

Mechanisms for improving the system operation in terms of its flexibility and increased
utilization of renewable energy resources should be understood. There are different
challenges in each of these three areas regarding systems, plants, physical infrastructure (e.g.
cables and pipes), sources and nature of uncertainties, ICT requirements, cyber security, big
data analytics, innovative business models and markets, and policy and societal changes.

This paper provides a novel interdisciplinary perspective which discusses the future of
multi-vector energy networks in the context of the transition to net zero and the energy
trilemma. Section 2 introduces the framework for investigation of interfaces between
modelling, policy, markets, ICT and risks in multi-vector energy networks, to introduce each
of the key components of the energy system that are required to reach net zero. The remainder
of the work then considers each of these facets of the whole energy network system in turn.
Section 3 discusses the integrated physical multi-vector energy infrastructure and the
emerging research foci to demonstrate the challenges and opportunities of these interlinked
systems. Section 4 focuses on ICT and data analytics, to highlight how this will be a key
enabler for flexible and resilient multi-vector energy networks. Section 5 discusses the role
of policy in facilitating the multi-vector energy networks alongside the economic and societal
implications, whilst Section 6 introduces the market and regulatory arrangements. Section 7
covers the aspects of risks and uncertainties, to illustrate the importance of the development



of suitable methods to allow for secure and optimal operation of future multi-vector energy
networks even as systems rapidly decarbonise. Salient conclusions are then drawn in Section 8.

2. UNDERSTANDING, SHAPING AND CHALLENGING

A framework for investigation of the interfaces between modelling, policy, markets, ICT
and risk has been developed and applied to address the overarching research question “What is
the value of a whole systems energy networks approach?” and in particular, “What is the value
of network integration across multiple energy vectors?” [15]. This is illustrated in Figure 2.1.
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Fig. 2.1 Block-diagram of the framework for investigation of interfaces between modelling, policy,
markets, ICT and risks in multi-vector energy networks

Initially, the development of the framework focused on building up an interdisciplinary,
comprehensive understanding of the tools, techniques, common language, models and data
sets that exist or are still required to be developed/improved. This has involved horizon
scanning across the whole energy networks sector, and the sharing of definitions and
quantifications, which is particularly relevant for sharing of models and tools. Once that
common understanding was developed, the research team used this framework to consider
the potential shape/architecture of future energy networks, and potential challenges to the
networks. These will be discussed in more detail in this Section.

Markets

2.1. Potential Future Energy Network Architectures

One scenario of interest is Architecture 1 (Al): Bulk transnational energy transmission
networks. This possible future architecture is an integrated energy system that is national and
transnational such that generation, demand and storage are mainly located long distances
apart, but interconnected through energy networks. This network architecture would likely
exist in a centralised governance future with lower levels of public involvement in decision
making regarding energy infrastructure. This model could reduce or remove the value/role



of heat networks. This means that the scale of the assets managed by a single entity is likely
to be large, with power ratings of individual components being at the scale of 500 MW and
bigger, and the energy of storage devices being as great as 200MWh. These systems would
be facilitated by transnational markets and possibly by a small number of large suppliers.
Interactions between gas and electricity networks would be very important in this model, the
interactions at the transmission level would be a focus. Generation sources such as nuclear,
offshore wind and gas with carbon capture and storage could dominate.

This investigation was initiated by first considering the national and transnational
network architecture, with a review of the current role, and potential role, of interconnectors.
In particular, one place that is of growing interest is the role of interconnectors in capacity
markets — for example GB interconnector total capacity will almost double to almost 20% of
peak demand within the next five years, and as such, they contribute to GB system security
substantially.

There exists a patchwork of different capacity mechanisms in countries across the
EU [16], and methods that can determine interconnector security contribution continue to be
developed [17], [18]. Within the GB system, £700 million was allocated in the most recent
four-year ahead capacity auction, with the allocated portfolio including renewables, demand
side response, and interconnectors. Methods for calculating the capacity market value of
dispatchable thermal plant are typically straightforward, simply being based on historic
forced outage rates to determine a de-rating factor. Correlations between meteorological
conditions and demands can be used to determine the de-rating factor of renewable
generators, and their subsequent capacity value [17].

On the other hand, determining the capacity value of an interconnector is much more
challenging [19]-[21]. This is not least due to the bidirectionality of interconnectors, which
can both import and export. Correlations between net demands of different systems could
lead to reduced overall system security, as resultant system stress could lead to flows acting
in a direction that is contrary to their ‘normal’ flow. There is precedence for this — for example,
the high temperature sensitivity of the French system resulted in the IFA interconnector
exporting to France throughout ‘Beast from the East’ winter storm in February 2018 [22].

Architecture 2 (A2): Regional and service based energy networks is the second possible
future network architecture configuration which was investigated. The research considers an
integrated energy system that is regional such that generation, demand and storage are all co-
located within the energy networks. This means that the scale of the assets managed by these
entities is likely to be relatively small compared to the sizes of assets considered in the Bulk
Transnational (A1) architecture. Ratings of 30MW, 10MWh might be expected to be an upper
limit for the power- and energy-ratings of any assets that are managed, respectively. This
architecture would likely exist in a devolved governance future with higher levels of public
involvement in decision making regarding energy infrastructure. For example, heat and
transport-based domestic devices have been shown to be effective at reducing network
congestion [23]. Early work on this topic has investigated the impact of rapid electrification of
heat on regional electricity networks, by utilising historic gas demand data. The work is
intended to provide a data-driven complement to popular generative heat demand models, with



a particular aim of informing regulators and actors in capacity markets as to how policy changes
could impact on medium-term system adequacy metrics [24].

The third and final network architecture configuration which has been investigated is
Architecture 3 (A3): Differentiated and blended architectures of energy provision. This
possible future network architecture leads to variations in energy provision and therefore
could be a mix of the previous two network architecture shapes. The research has explored
the notion of providing different customers, regions and sectors (residential, industrial and
commercial) with differentiated levels of energy service, potentially through a platform such
as a peer-peer energy trading system [25]. This could be differentiated in terms of quality of
delivered energy, e.g. network harmonics or calorific value, or reliability of service. Network
architectures which could be used for this energy service provision were also considered, gas
grid or no gas grid, regional or national and transnational. The markets are also considered
as differentiated, to facilitate these envisaged methods of service differentiation. There will
be vital choices, in this possible network configuration, regarding the use and importance of
transmission and distribution networks across the energy vectors. Findings have been
discussed by an independent expert group, Network Architecture Working Group. Table 2.1
summarises the key characteristics of these possible energy network architectures.

Table 2.1 Key characteristics of illustrative energy network futures

Bulk transnational
energy
transmission
networks (Al)

Generation, demand
and storage are
mainly located long
distances apart

Centralised
governance future
with transnational
markets

Interaction across
vectors more
important at
transmission level

Regional and
service based
energy networks

Generation, demand
and storage are all
co-located within

Potential
development of
local markets, with

Interaction across
vectors more
important at local,

architectures (A3)

differentiated levels
of service

(A2) the energy networks | a devolved distribution level
governance
landscape
Differentiated and | Customers, regions | Differentiated Interaction across
blended and sectors receive | markets all scales possible

2.2. Potential Future Energy Network Challenges

This stage considers external factors which may lead to significant change in the
expected way that energy networks are planned and operated.

Challenge 1 (C1): Societal Shifts. This challenge considers the impact of major societal
shifts on energy networks. These societal shifts could include changes in the workplace,
considering how, where and when work is undertaken. It could include reduced car ownership
combined with procuring mobility as a service. It could include how technology is used and
our willingness to share data. At the time of writing, the COVID-19 pandemic is leading to
unprecedented societal changes, with school closures, significant numbers of individuals



working from home, and much reduced industry and commercial energy demand, for example.
After the work-from-home instruction, issued from the UK Government on the 18" March
2020, and national lock-down on the 23™ March 2020, electricity demand data (see Figure 2.2)
has fallen relatively sharply.
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Fig. 2.2 Elexon ITSDO weekly mean demand data for 2018, 2019, 2020, showing the GB lockdown start
date of 23rd March 2020

Challenge 2 (C2): Climate Change. This challenge considers major changes caused by
climate change and their impact on energy networks. Climate change could affect the extreme
weather events that networks experience, such as flood, wind, drought and temperatures; this
would affect resilience and reliability. The same climate effects could also cause mass
migration which would change the locations of load centres. The changing climate could affect
energy consumption patterns, e.g. air conditioning load, heating load. Climate change could
also affect renewable energy resources and their practical exploitation. Research outcomes
from this work have been presented to an independent expert Climate Change Working Group.

Challenge 3 (C3): Technology Change. This challenge considers major changes due to
technological breakthroughs in either energy generation, demand or network technology with
a focus on their impact on energy networks. Examples could be superconductivity, mass
hydrogen deployment, fusion and CCS. Another example would be that advanced digital
technology deployment causes cyber security to become a significant problem.

3. MULTI-VECTOR ENERGY NETWORKS (MVENS) INFRASTRUCTURE

Conventionally the different energy networks had relatively few interactions and were
designed and operated independently. However, these diverse systems are increasingly
interconnected with each other via network coupling technologies, e.g. Combined Cycle Gas
Turbines (CCGT), Combined Heat and Power units (CHP), Power to Gas equipment (P2G, e.g.
using excess renewable energy to produce hydrogen, which can be injected to the gas network
or converted to synthetic natural gas (SNG) and then injected into the gas network) and heat



pumps [5], [9], [26]. The interactions mainly take place through conversion of energy between
different energy systems in order to provide services and ensure that each system is managed in
an optimal way. There is another type of coupling component which will consume one type of
energy but will keep another energy system working properly, e.g. electric compressors in the
gas networks and the circulation pumps in the district heating networks. An example of an
integrated energy system with coupling components between different energy sectors is shown
in Figure 3.1. Information and communication technologies (ICT) also play a critical role in such
integrated energy systems, which will integrate various energy system through information
sharing and coordinated operation.
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Fig. 3.1 A conceptual illustration of the integrated multi-vector energy infrastructure [27]
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The key drivers for integrating various energy networks include:

e co-evolution of multiple energy systems which significantly increase the interactions
and interdependencies between different energy carriers;

e integration of ICT with energy systems;

e emerging energy service companies which will design, construct, operate and manage
multiple energy infrastructures together; and

e emerging flexible energy trading (e.g. Peer to Peer energy trading) and new energy markets.

In addition, the massive opportunities in research and innovation are also driving the fast
development of this area.
The integrated energy system can bring a number of benefits, which mainly include:

e better use of the complementary advantages of various energy systems for system
design and operation;

e carbon emissions reduction by increasing the whole system energy efficiency and
flexibility;

o facilitating the integration of local sustainable and renewable energy resources;

e reduction or delay of operational and capital expenditure on energy systems;

o cost effective provision of flexibility to the electric power system;



e improved system reliability and resilience; and
e opportunities for business innovation.

There are a number of concepts and methods available around this topic, e.g. Multi-
Vector Energy Systems [28], Multi-Carrier Energy Systems [29], Integrated Energy Systems,
Sector Coupling and Energy Systems Integration [30], which have obvious overlaps and
slightly different focuses.

After years of incremental change in energy supply networks, transformational shifts are
now becoming visible. Technical, commercial and societal factors are driving the changes
that can be seen internationally. There have been great developments in EVs, battery storage,
solar roofing, active network management, demand response, new commercial frameworks
including DNO to DSO transition, TNO-DNO integration, new ancillary services, local
markets, community energy and aggregators.

However, the research in this area is still siloed in individual sectors and faces significant
challenges. The key research challenges include:

e Interactions and interdependencies between different energy vectors and between
different scales are complex and poorly understood in a holistic way;

e Few commercial tools are available to analyze and optimize integrated multi-vector
energy network infrastructure (electricity/gas/heating/cooling networks);

e The multi-party benefits of improving the reliability and reducing uncertainties of energy
supply through integrating energy systems need to be investigated and quantified;

e It is unclear how to support the whole-system integration through advanced ICT and
data analytics;

e The fragmented structure of the energy supply sector and lack of large integrated
municipal utilities has impeded the development of integrated energy systems. Market
and regulatory frameworks are not designed for integrated interdependent energy
systems; and

e It is unclear what is the best way to facilitate the development of new security, quality
and design standards through detailed integrated energy network modelling and analysis.

There are a number of emerging research foci in the integrated multi-vector energy
infrastructure.

1) Identification and quantification of the interdependencies and interactions of
energy network infrastructure. The complex links, interdependencies and interactions of
energy network infrastructure need to be investigated using a holistic method, from the
individual buildings, through community energy systems and national networks, to the pan-
Europe energy supply networks. Methodologies are still being developed to identify and
quantify the impacts of these interdependencies and interactions, considering the physics of
the networks (detailed electricity power flow, pipe flows and thermal dynamics) and the
technological aspects of the coupling components (such as heat pumps, CHPs, gas fired
generators, compressor stations, or ICT). Such research will provide technical and functional
specifications for the modelling, simulation and optimisation of energy network
infrastructure at different scales, and identify the future needs for energy networks.
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2) Risk assessment of integrated energy infrastructure. The complex interdependencies
and interactions between various energy systems may increase the risk of cascading failure of
the integrated infrastructure. New methodology and assessment tools are being developed to
better understand and quantify the risk of cascading failures. The probability of failures in the
integrated energy system needs to be quantified, and the potential for cascading, parallel and
escalating failures be investigated. The key vulnerabilities in the integrated energy networks
should be identified. Investigation needs to be carried out to study how the integrated networks
should be modified to reduce vulnerability and improve resilience. Here the candidate solutions
could be those based on implementation of graph theory [31]-[34].

3) Optimal operation of integrated energy network infrastructure. Integrated energy
network infrastructure with a high penetration of distributed energy resources, will involve
multiple entities, and there are major challenges on how to co-ordinate and harmonise many
types of control actions in an integrated energy network infrastructure considering such
multi-entity involvement (e.g. Network Operators, DER owners, suppliers, aggregators, and
various types of energy service companies). There is much research looking at methods for
optimal operation of integrated energy infrastructure. There are also many emerging
technologies. For example, Distributed Ledger Technology (DLT, e.g. Blockchain) has been
recently recognised as a revolutionary technology that provides an effective and reliable
means of co-ordinating and harmonising such activities across multiple interested entities.
DLT-enabled optimal operation strategies could be used for the integrated energy network
infrastructure based on heterogeneous ICT infrastructure and data availability.

4) Expansion planning of cross-national gas and electricity networks under
uncertainties. Using the European energy system as an example, uncertainties in European
energy systems result in difficulties in making an optimal investment decisions on pan-
European gas and electricity networks. Stochastic models for expansion planning of
combined pan-European gas and electricity networks need to be developed to determine the
optimal expansion of both networks. The key uncertainties considered should include
connection of renewable electricity generation and distributed gas injection (e.g. Power to
Gas and shale gas), development of gas interconnectors and gas storage facilities,
development of electricity Super Grid, energy price and energy demand.

5) Whole-System Modelling. Whole-system modelling is a promising way to obtain
essential quantitative insights into the challenges of decarbonisation, energy security, energy
equity, and cost-effectiveness. Current work mainly focuses on energy studies within energy,
environment and economy domains. Modelling of integrated energy networks provides a
platform that assists detailed whole-system modelling for technical and socio-economic
analysis at different scales (from generation, transmission, distribution down to demand
behaviour) and at different time periods, which provides finer granularity regarding detailed
energy flows on the networks considering various technical constraints rather than merely
energy balance at the system level.

6) Analytical Support for New Security, Quality and Design Standards. The current
security, quality and design standards were not designed for future low carbon integrated
energy networks, and are becoming barriers for further development of smart energy systems.
Integrated modelling of energy systems enables analytical support for new security, quality
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and design standards. Novel methodologies and approaches need to be investigated to link
integrated modelling with development of new security, quality and design standards.

7) Investigation of business cases, market design and regulatory frameworks for
integrated energy systems. Current business models, market designs and regulatory
frameworks cannot provide adequate incentives for the players to move towards low-carbon,
low-cost, high-efficiency and smart energy systems. Considering the large number of
potential actors, physical systems, market constraints and the multi-objectives, the design
and operation of new business models, new markets and new regulatory frameworks with
increasing interdependencies, interactions and data requirements within the integrated energy
systems are urgently needed.

4. ICT AND DATA ANALYTICS FOR FLEXIBLE AND RESILIENT MULTI-VECTOR
ENERGY NETWORKS

The Information and Communication Technologies (ICT) are recognized to have their
own role in pursuing sustainable development goals defined by United Nations 2030
Development Agenda [35]. To ensure optimal operation and a high level of flexibility of
future multi-vector energy networks, implementation of adequate novel technologies will be
one of its enablers, jointly with new concepts and algorithms. It is expected that concepts
based on large quantities of data will particularly contribute to this agenda and furthermore
will open doors for fostering overall system resilience, both from its quantification and real-
time monitoring, as well as generating control measures for its support. It is also expected
that new, data-driven and model-free approaches will enable another level of flexibility and
optimal system operation by processing data obtained from the primary assets, monitoring
the system operating point without knowing its model, parameters, structure, or state. On the
other hand, big data acquisitions, transmissions, storage and analytics require data centers
with huge computing power, giving a rise to more consumptions of energy [36]. This has
already raised concerns and different methods are proposed in the literature toward greening
big data [37], [38]. Still, there is a room opened for discussions how multi-vector energy
networks can contribute to meet big data green challenges.

In this section, aspects related to integration of large quantity of data over ICT and
customized data-acquisition platforms will be discussed. An example of a Flexible ICT
Platform (FICTP), with an integrated situational awareness tool, designed for multi-vector
energy network Big Data processing will be described and discussed. In the context of the
potential future scenarios and network changes, discussion about their impact to both the
platform and the tool is given.

4.1. ICT, Big Data and Data Analytics

An integrated multi-vector energy network infrastructure will continuously generate data
with large volume, high velocity and diverse variety and veracity (4V). It is not fully clear what
IS the exact meaning of the term “big data”, because in different disciplines, or physical
processes, it is relative which problem can be considered as a big-data problem. However,
these are data analytics approaches for dealing with big-data problems. The definition of big
data depends on whether the data can be processed and examined in a time that meets a
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particular application’s requirements. For one company or system, big data may be 50 TB; for
another, it may be 10 PB [39]. In this context, quite intuitively, one can accept that in the field
of multi-vector energy networks, big data may refer to the processing of Gigabyte, Terabyte or
even larger quantities of data, with the data likely to have very different origins (e.g. voltage, or
current phasors, temperatures from different locations in the heat network, or gas pressure at the
customer terminal). Such a variety is one of the challenges which must be adequately considered
when creating applications in which different energy sectors are simultaneously considered; for
example, state estimation/dynamic state estimation of an integrated MVENSs [40]-[42].

The term velocity is used here to describe the frequency of incoming data that needs to
be processed. This frequency must be high enough, so that the fastest transient processes
occurring in the physical system can be monitored. Veracity is concerned with the accuracy
of data obtained from the asset.

There is a need for new big data (data analytics) solutions suitable for the whole energy
system with analysis of a) offline data sets for planning, as well as b) real time data analysis
for control (identified today as priority by the Industrial community). A greater understanding
of the quality, robustness, architecture and cyber security of the applied ICT network
[43]-[45], as well as approaches for data driven applications, could significantly contribute
to multi-vector energy network characterisation, resilience and flexibility. Finally, there is
also a need for practical demonstration and validation of approaches for integration of data
from different energy networks and their usage in specific applications.

4.2. Flexible ICT Platform for Big Data and Multi-Vector Energy Networks Situational
Awareness

Assessment of multi-vector energy network 4Vs data sources and the case for their
integration can be undertaken to provide a starting point for creating requirements for design
of a FICTP for Big Data processing. For this purpose, a detailed understanding of the data
origin, nature, range, dynamic properties and interactions, is of critical importance and should
be resolved at the network modelling and simulation phase of the design of a FICTP.

Major sources of uncertainties, including the entire measurement chain and the ICT
network, are equally important and can be obtained by understanding the end to end data
acquisition chain, starting from sensors installed at the asset level, communication
infrastructure transferring measured data to the data acquisition platform, or different
technologies supporting the entire process, e.g. time synchronization. Uncertainties are also
related to the quality of modelling of the primary asset and they must also be considered.

The major candidate FICTP building blocks can e.g. include Pl-servers, and/or the Apache
Hadoop big data Java tool. Appropriate big data pre-processing techniques can be used to
improve the data quality, especially in a highly uncertain environment with corrupted data sets.

4.3. Situational Awareness of Multi-Vector Energy Networks

Situational awareness is the first aspect needed for successful monitoring and open loop
control of multi-vector energy networks, including design of early warning systems. Here
the term “open loop control” means derivation of recommendations which control measures
should be applied. They are a typical decision support tool, providing real-time instructions
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to operators, who would undertake the actual control measure and by this close the loop. This
kind of control is suitable for processes described with time constants long enough to allow
a human intervention and system support in terms of its regulation. A move towards closed
loop control requires reliable ICT and robust concepts. For example, frequency control in
electricity networks, supported by heat and gas networks through flexible interface
technologies, e.g. Combined Heat and Pump (CHP).

By designing a multi-vector energy networks situational awareness tool (M-SAT) a
secure whole-system operation considering different types of system constraints can be
supported. It traditionally relies on the known MVENSs topology and state. These are a
prerequisite for superimposed applications, allowing e.g. a more flexible system operation
and control, or monitoring of the network resilience level. The M-SAT can combine data
obtained over ICT networks from different energy networks, which can be considered as one
of the key features enabling flexibility and resilience capabilities.

The M-SAT, integrated into the abovementioned FICTP, can rely on e.g. robust
linear/nonlinear dynamic recursive state estimators considering the known nature of random
processes characterizing the entire metering chain [46]-[50]. For example, traditionally used
a) least error squares, or b) weighted least error squares estimators can be implemented under
the assumption that the stochastic nature of the process and measurement noise is considered
to be a non-correlated white noise. When the stochastic nature is known, Kalman-type
estimators can be used, e.g. Kalman Filter, Extended Kalman Filter, or Unscented Kalman
Filter. Knowledge extraction approaches can also be based on classical Digital Signal
Processing (DSP) approaches, including Discrete Fourier Transforms and its variants like Fast
Fourier Transform, or Short-term Fourier Transform. When dealing with detection problems,
Wavelet Transform can be used, whereas Stockwell Transform has been found to be
particularly applicable for design of novel algorithms processing complex signals typical for
transient processes. Stockwell transform is a generalization of the short-time Fourier transform,
extending the continuous wavelet transform and overcoming some of its disadvantages.

State estimator can be considered as one of key situational awareness applications,
enabling nowadays optimal functioning of power system control centres. Extension of the
estimator to e.g. heat and gas networks can open doors for new applications, supporting
flexible operation of a multi-vector energy network, characterized with a high level of
resilience. Having a reliable network/system state, advanced application, e.g.
security/stability monitoring, or resilience quantification, can be realized.

According to the above discussion, M-SAT can consider security limits from multi-
vector energy networks and derive new security indices based on the whole-system approach.
Such a tool can be developed so that it can be adapted to consider different types of future
challenges, e.g. the impact of future technology, or concepts for future advanced control,
both centralised and decentralised.

In Figure 4.1 a global block diagram of the FICTP, with the integrated M-SAT tool is
presented. Different types of sensors, used for different purposes, are detecting, or measuring
various physical properties in the multi-vector energy network. For example, statuses of power
system circuit breakers, or voltages, currents, active and reactive powers and frequency are
obtained from a power system. Over communication infrastructure, these data are further
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transferred to the Data Integration block. Communication infrastructure has to provide a secure
and fast data transfer according to one of accepted/agreed/prescribed communication protocols.
Data from other sources, e.g. meteorological, or society data are assumed to be available to
support different types of Applications, which are a part of the Data Analytics block.
Dependent on the complexity of application, different data analytics are applied, but the key
point is that it is expected that the quantity of data is expected to be large, so that efficient
approaches for knowledge extraction have to be implemented. Information extracted is
intended to be used to support visualisation, policy, market, control and other serviced relevant
for the network.

The role of novel sensor and ICT technology will be even more critical when it comes
to control, or protection aspects of MVENSs. Here the importance of understanding the
sources of uncertainties, as well as risks related to them, will be essential (see Section 7).
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Fig. 4.1 Block diagram of the FICTP with an integrated M-SAT tool based on Data Analytics
5. PoLicy AND SOCIETY

As described in the introduction, energy systems in many countries are undergoing
profound changes in the way that energy is generated, distributed and used. In terms of
distribution, energy networks are facing significant changes to meet the challenges of
facilitating decarbonisation, while maintaining energy security and protecting consumers.
Planning, designing, operating and regulating networks will all be affected by these changes.
For example, the transition to low carbon energy requires rapid development of renewable
energy in both national and local energy systems and this results in increased demand in
flexibility which does not fit the current strict dispatch and planning rules of the electricity
network [51]. Generally, the current energy systems (electricity, heat, gas) are planned and
operated separately, but greater interdependence between vectors in terms of the use of gas
to generate electricity, or the use of electricity to provide heat, means that a new perspective
involving a MVENS approach may bring significant benefits.
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For instance, in terms of economies of scope, [52] suggests that industries could reap
benefits in scope by jointly managing knowledge related to regulation, environment,
planning, and policy development. A MVENS approach can facilitate the development of
multi-vector energy technologies and their interactions to bring about minimisation of system
cost and maximisation of environmental performance [6]. In Europe, cross-vector integration
IS seen to have a significant potential for promoting system flexibility and security of energy
supply, while end-use sector coupling can increase the scope for harnessing intermittent
renewable energy sources [53]. Options that are enhancing flexibility in Denmark, for
example, have been highlighted by [54]. These include flexibility from interconnectors,
conventional power plant flexibility, flexibility from heat sector integration and flexibility
from the gas and power sectors. One thing that is clear is that interest is mounting in a number
of European countries (including Finland, Denmark, Germany, Netherlands and the UK)
regarding cross-vector integration options and this has led to an increasing number of
modelling and simulation studies [55], [56].

This brings into focus the question of the role of policy in facilitating MVENSs. Many actors
in the energy sector are looking for a clear steer from government policy as to the direction and
speed that the energy transition should take. The need for a relatively stable and clear policy
environment is particularly important for energy networks, which are characterized by multiple
organisations with high, long-term, financial and non-financial commitments [57]. In the UK
and many other jurisdictions, the main driver for the transition in the energy sector has been
climate policy, but uncertainties remain both because of a lack of clear policy direction in some
areas and the competing interests of different sectors within the energy industry [58]. Energy
networks are at the heart of some of these uncertainties and the nature of the challenge will
vary between networks. For example, a key challenge for the electricity network is the need to
meet the increased demand that will arise from using electricity to help decarbonize heating
and transport, while at the same time incorporating greater renewable generation embedded in
the distribution network [59]. In contrast, the very future of the existing gas networks is
uncertain, and while it is clear that a substantially decarbonized energy system will have to
reduce its reliance on natural gas, it is very unclear whether and to what extent the current
network might be repurposed to distribute hydrogen instead [60].

With the rapid nature of changes occurring in energy networks, there is a need for a clear
sense of direction from government policy, while also maintaining flexibility to deal with
unexpected future requirements and challenges. Experts anticipate an energy system that will
have a combination of incremental and radical changes with many trials of technology,
regulation and policy measures [61]. What this means is that each of these components must
be flexible and adaptive to accommodate learning as the results of the trials become known
and the nature of the challenges become clearer.

Therefore, like any other transition pathway, a MVENS approach will require a deliberate
policy package. Any policy package will need to take account of both the existing energy
landscape and also the overarching goals of energy policy in a particular country. An
international review of existing energy transition policies will be a strong reference point to
begin with. There may also be lessons that can be drawn from transitions in other fields but
energy networks also have characteristics that make them rather unique [62]. Potential
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evolutions of the system need to be studied to pre-empt future challenges and increase
certainty in the responses required to ensure a transition that is cost-effective, inclusive and
socially acceptable. This implies that while technological solutions are core to any transition,
these need to be considered alongside the economic and societal implications. Policy will
only be effective to the extent that it can drive the behaviour of investors and consumers.
Thus, engaging with all stakeholders will help shape policy that is more inclusive while
understanding the political economy elements considering that most reforms come with
“losers and winners” [63], [64]. Clearly, the dynamic and uncertain nature of the transition
as well as its strict time constraint do not allow policy to be designed, implemented and
monitored as has been done in the past. New approaches are being reported in the literature
that enable policies that are dynamic, interactive and adaptive [65]-[68] and these should be
explored and tailored to be appropriate for the specificities of MVENS. In MVVENS, there are
interactions of systems but also institutions and may require new mechanisms and
organisations for coordination. In addition, consumer awareness, intentions to adopt,
acceptability and behavioural patterns will all be relevant in designing a policy that is
dynamic, adaptive, interdisciplinary and one that deals with the energy trilemma (3Es) in an
integrative and an interactive way [62].

Given the above, the following investigations (see Figure 5.1) can inform the policy
design, implementation and control phases of the transition in general but more specifically
the MENSs pathway:

1) Evidence from local and international experience. Using both local and international
experience to gather evidence on the energy transition, network challenges, regulation and
policy evolution as well as documenting and analysing examples of MVENS.

2) Stakeholder views on MVENSs [Qualitative research]. Engaging the wider energy
community and experts on various pathways and in particular different configurations of
MVENSs to enable investigations into its potential, its benefits and challenges, political
economy, as well as the suitability of existing policy and regulatory framework to
accommodate and promote a MVENSs and any other changes that it comes with.

3) Societal impact and consumer behaviour. Analysis of societal impact and consumer
behaviour are essential components of the MVENS. Investigating consumer awareness,
intentions, potential impact of MVENSs and expected behavioural changes can help shape
decisions in network operations, policymaking, regulation and investments. The same is
required to investigate the implications for the cost of energy, energy poverty, energy
democracy and other regional and societal inequalities of the possible pathways and network
architectures (transnational, regional and hybrid system mentioned in the modelling and
architecture section).

4) Outputs of the above investigations are potential inputs for designing policies for
the various MVENSs systems. A policy package that is dynamic and adaptive can then be
designed using insights from the dynamic adaptive policy pathways framework and other
relevant models that are tested and trialled in both energy and non-energy fields.
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6. MARKETS AND REGULATION

Historically, markets and regulatory frameworks for MVEN were developed for a
centralised supply system with large-scale energy resources and passive energy customers,
reflecting the technical control, operation and investment of energy systems.
Decarbonisation, digitalisation and decentralisation are fundamentally changing the energy
landscape, where energy resources are increasingly diversified and decentralised, and
flexibilities are spreading across heat, power, and transport sectors. This move is changing
the way energy is produced, transported, and consumed. The market and regulatory
arrangements have to step up to the change and support the transition towards a smart,
flexible, decentralised energy system. The arrangements should reflect a very different
network users, network operation and development, and open up new market routines to work
with decentralised and diverse energy technologies, new energy players, disruptive business
models, and smart energy customers.

An enduring set of commercial and regulatory solutions would help to shape intelligent,
efficient, adaptive and lower carbon MVENSs within which both existing and new energy
players would profit. The low carbon transition not only increases the complexity,
interdependency and uncertainty of future MVENS [69]-[71], it also exacerbates some of the
existing challenges, examples of electricity network challenges include, voltage and
frequency stability, fault current and three-phase imbalance [72]-[76]. Furthermore, they will
disproportionately impact on different types of customers, such as domestic, commercial and
industrial, and different areas of networks, such as urban, rural areas [77]. This makes it
extremely challenging to understand and translate the needs of MVENS to wider market
participants. On the other hand, there are disruptive alternatives to address network issues
from regulation to commercial arrangements for the network and customers, such as high-
level network regulation recommendations on the distribution network in the context of a
possible increased connection of distributed energy resources [78], to the new business model
for distribution network to make use of the spare and back up network capacities [79] and
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increased network operational intelligence to manage congestions and constraints [80]-[83],
and non-network solutions to tap into customers’ energy resources [84], [85]. This requires
novel approaches to approximate the increasingly complex and flexible energy systems, able
to effectively and efficiently represent the complicated and interconnected network problem,
and reflect the large volume of new network and non-network solutions from the current and
future market participants.
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Fig. 6.1 Logical framework for designing enduring market and regulation solutions

6.1. Development of holistic techno-economic tools for commercial arrangements and
regulatory frameworks

Existing techno-economic algorithms and tools are facing the challenges of increased
system complexity, nonlinearity and uncertainty, which make it difficult for scalable design.
The existing simplification, linearisation and decomposition methods to scale the modelling
and analyses are mainly focused on the optimisation formulations and manipulations of
existing solvers [86]-[88]. Instead of placing all the burdens on the optimisation, a
fundamental redesign is considered for network access, balancing markets and services,
regulatory arrangements by identifying the dominant factors and dynamic interactions
between differing network functions and across different energy vectors for model reduction,
simplification and connections. From the deep insights into systems and customers,
fundamental new ways to represent the system needs and solution offers across multiple
energy sectors will be developed to achieve the right balance between computational
requirements and accuracy for the integration of the MVEN.

For differing commercial/regulatory purposes, the dominant factors and dynamic
interactions are different. The system decomposition, the process of breaking a problem down
into individual, tractable and manageable sub-problems, is thus not unique. The nature of the
network, the degree of integration and flexibility, the extent of ICT infrastructure, and societal
and policy should be considered as well. The existing commercial and regulatory arrangements
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presently limit a level-playing field between centralised and decentralised systems, between
incumbents and new players, there needs to be more open and inclusive arrangements to
maximise energy resources across the whole system [89]-[91].

6.2 Commercial and regulatory innovations for promoting whole-system efficiency,
resilience and integration

To promote whole-system efficiency, resilience, and integration, the market framework
for multi-vector energy networks should be able to translate the system needs into simple,
efficient, and integrated commercial signals that will open up new commercial routes for a
wide range of technologies and energy players without compromising the supply security.
The regulatory framework for multi-vector energy networks should be able to combine the
characteristics of different energy vectors to provide incentives that can exploit flexibilities
and their complementarities across multiple energy vectors and address the network
problems in an integrated way to maximise the overall system efficiency.

It is critically important that innovations in the market and regulatory frameworks can
withstand the test of systems at different scales, from highly connected national and Pan-
European mega systems to community / service based supply system. The innovation will
incorporate new technologies, flexibility, business models, society, and policy options.
Crucially, the innovation will have a greater role to play to extract additional value from
existing network infrastructure, such as shared network access with a third party network
operator to mobilise network spare capacity [79].

6.3 Future-proof commercial and regulatory frameworks for major challenges

Decarbonisation and Covid-19 have demonstrated that our energy landscape and
consumer energy behaviour could change dramatically in a relatively short period of
time [92], commercial/regulatory innovations thus have to withstand major societal,
technical and environmental challenges. This requires not only increased flexibility in energy
networks and energy customers, crucially, flexibility in commercial and regulatory
arrangements that enable and reward adaptable and resilient energy networks to facilitate the
long-term sustainability, efficiency and adaptability of our energy supplies.

7. RISK AND UNCERTAINTY

MVENSs consist of huge numbers of active system components with distinct
characteristics, regulated by vast numbers of controllers, connected through highly
reconfigurable networks. The network planning and operation is further complicated by the
growing number of uncertainties as a result of the deregulated market structure, intermittent
renewables (e.g. wind and photovoltaic farms) and novel loads introduced by the electrification
of heat and transport. However, techniques to analyse uncertainties within interdependent
physical and cyber networks are still in their infancy and are yet to be thoroughly applied to
MVENs. Moreover, due to the growing interdependency between energy vectors and the
impact of any one energy vector on the capability of another (e.g. the impact of high penetration
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of wind generation in electricity network on the gas network as demonstrated in [93]), a better
understanding of risk and uncertainty propagation in MVENS is required [94].

This needs to build on prior expertise [95] to develop the new techniques needed to
adequately model and analyse the impact of the various sources of uncertainty in energy
networks. The resulting risks within these interdependent MVENS should then be quantified
so that new opportunities for mitigation can be exploited.

With regards to risk and uncertainty in MVENSs, the following challenges have been
identified for further investigation:

7.1. Uncertainty propagation through interdependent MVENSs

Due to the interconnected and interdependent nature of MVENS, the uncertainties from
one network can propagate to the other, resulting in unfamiliar risks to the security of energy
supply. It is therefore important to quantify the uncertainty propagation in MVENSs by
advancing promising single-vector techniques for uncertainty analysis such as the Morris
Method and Sobol measures [95]. These techniques can be validated in simplified MVEN
models (discussed in Section 3) for initial development before application on larger and more
complex realistic systems.

7.2. Uncertainty quantification on variable timescales and locations

There is a need to quantify the stochastic dependence present on different temporal and
geographic scales between the various uncertainty parameters in MVENSs. These
quantifications can be derived as analytical expressions (e.g. as discussed in [96]) that can
then be integrated into suitable market development strategies (discussed in Section 6). In
addition, these quantifications can feed into the prospective network approaches discussed in
Section 2, not only on operational aspects, but also on delivering flexible multi-vector
planning decisions under uncertainty.

7.3. Impact of critical uncertainties

To address the needs of bulk transnational energy transmission networks (Al), suitable
sensitivity analysis methods (e.g., Morris, Sobol, Peasron correlation, Borgonovo) [97], in
addition to data availability and analytics (as discussed in Section 3 and Section 4) can be
employed to identify critical uncertainties influencing the operation of bulk energy networks.
The critical uncertainties in the energy network can be broadly classified into:

« operational variables [98] that represent the variation in system quantities during
normal operation such as electricity/gas demand fluctuations, wind/photovoltaic power
fluctuations and gas supply uncertainties;

« disturbance variables [98] that represent unexpected events which move the system
into emergency operating states such as electricity transmission line outages,
generation capacity outages, gas import pipeline outages, gas terminal outages and gas
storage facility outages [99].
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This can result in the development of novel techniques for identifying critical monitoring
points helping to reduce data uncertainty and the possible impacts of corrupted data streams
on MVENSs situational awareness.

7.4. Metrics for communicating uncertainty and risk

More often than not, risk and uncertainty can be neglected as well as poorly
communicated to the energy network stakeholders. Risk metrics are often used to assess and
communicate the security of supply in the energy networks, e.g., the common risk metrics
for electricity networks are loss of load expectation (LOLE) [100], expected energy unserved
(EEU) [100], capacity margin, average circuit unreliability [101], average electricity
customer interruptions [102] and average minutes lost per customer [102], whereas the
primary risk metric for gas networks is 1 in 20 peak day [103]. However, metrics to
communicate risk in MVENS are yet to be thoroughly developed; therefore, it is important
to investigate suitable risk and uncertainty metrics in consultation with the concerned
stakeholders. The development and evaluation of multi-vector risk metrics would enable
decision-making for policy makers and system operators on optimal investments (e.g., gas
vs. electricity) and offer awareness on evolving security and reliability problems [99] (e.g.
impacts of heat decarbonisation on MVENS).

One way of achieving this is to conduct interviews (as described in Section 5) including
guestions with respect to the communication of uncertainty and risk. To facilitate this
consultation, an introductory guide to risk and uncertainty can be produced to provide a
common accessible set of metrics enabling greater engagement of the wider community.

7.5. Generalised risk methodology for future challenge assessment

The outputs from Sections 7.1 — 7.4 can be combined to form a general risk assessment
methodology that can be used to assess the impact of possible external shocks on energy
networks (see Figure 7.1). This can build on previous single-vector driven approaches such
as the GARPUR project [104] to produce a clear methodology with robust output metrics.
The development of this stakeholder-driven generalised risk quantification framework can
then be used to address the MVENS challenges (discussed in Section 2) and can be shared
with the wider research community to encourage further development of advanced intelligent
and autonomous control-based risk mitigation solutions. This can become the groundwork
on which to develop future security assessment of interdependent critical infrastructure
systems.
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8. CONCLUSION

Optimal utilization of primary energy relies on a deep interdisciplinary understanding of
multi-vector energy networks (MVENS), plants, physical infrastructure, sources and nature
of uncertainties, Information and Communication Technologies (ICT) requirements, cyber
security, big data analytics, innovative business models and markets, policy and societal
changes. This paper proposes and applies an interdisciplinary perspective to investigate
future energy network architectures. Early results consider the potential role of
interconnectors in a possible future bulk transnational energy transmission network, given
the planned doubling of interconnector capacity. Regarding a more regional and service-
based network, the research has investigated the impact of rapid electrification of heat
demand in the distribution networks. The challenge of societal shifts, such as greater home-
working, has also been investigated, and initial work shows significant change in the UK
electricity demand during the COVID-19 lockdown in early 2020. Furthermore, the
approaches for design, planning and operation of energy infrastructure are undergoing a
transformation to meet the challenges of energy trilemma, especially decarbonisation. It is
important to adopt an interdisciplinary perspective to analyse the complex technical and
economic interactions and interdependencies between different energy carrier systems, such
as electricity, natural gas and hydrogen, and to quantify, illustrate and make appropriate use
of the synergies between them. Equally, efficient management of data from energy networks
Is recognized as a particular challenge. In the paper, an example of a Flexible ICT Platform,
with an integrated situational awareness tool, designed for multi-vector energy network Big
Data processing is proposed and discussed. The importance and ways of efficient handling
of large quantities of data are shown. The logic needed for supporting visualisation, policy,
market, control and other services relevant for MVENS is presented and discussed. Next, it is
vital that Government policy provides a clear sense of direction to the energy sector,
including the expected role for MVENS, so that the needs of society can be met appropriately.
Well-designed policy can incentivise innovation, while removing barriers to a
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interdisciplinary MVENSs approach and help to co-ordinate the competing interests of
different actors in the energy system. However, any policy approach will also need to be
flexible enough to deal with unexpected future requirements and challenges as they arise. At
the same time, an enduring market and regulation framework can provide the right incentives
to shape intelligent, efficient, adaptive and lower carbon MVENS. Ideally, this is achieved
by meeting the MVENS needs with the diversified offers provided from multi-vector energy
flexibilities. For that purpose, an interdisciplinary and coordinated approach is required to
better plan and operate the MVENs while ensuring options are open to accommodate
potentially very different future technologies and business models. Finally, the network
planning and operation of MVVENS faces a growing number of uncertainties such as energy
policy, market deregulation, intermittent renewables and new loads. This, along with the
growing interdependency between energy vectors, necessitates a better understanding of risk
and uncertainty in MVVENS. This paper discusses the need to develop novel techniques for
adequate modelling and analysis of the impact of various sources of uncertainty in MVENSs,
quantify resulting risks and exploit new opportunities for mitigation. A general risk
assessment methodology can then be designed to address the challenges and can be shared with
the wider research community to encourage progress of advanced intelligent and autonomous
control-based risk mitigation solutions. This can become the foundation on which to cultivate
future security assessment of interdependent critical infrastructure systems. Authors of the
paper plan to move forward in this direction and to present more detailed results in the next
stage of the research.

ACKNOWLEDGMENT

This research was part of a project which is funded by the UK EPSRC (Engineering and
Physical Sciences Research Council), project title: "Supergen Energy Networks Hub",
project reference: EP/S00078X/2, https://www.ncl.ac.uk/supergenenhub/.

REFERENCES

[1] International Energy Agency Report, "World Energy Outlook 2020", IEA, Paris, 2020
https://www.iea.org/reports/world-energy-outlook-2020

[2] United Nations, "Climate Change Annual Report", 2019, ISBN 978-92-9219-190-0,
https://unfccc.int/sites/default/files/resource/unfccc_annual_report_2019.pdf

[3] C.Le Quéré, G. P. Peters, P. Friedlingstein, R. M. Andrew, J. G. Canadell, S. J. Davis, et.al., "Fossil CO2
emissions in the post-COVID-19 era”, Nature Climate Change. vol. 11, pp. 197-199, 2021. doi:
10.1038/s41558-021-01001-0

[4] UKRI Engineering and Physical Sciences Research Council, "Whole energy systems”, accessed
21/06/2021. https://epsrc.ukri.org/research/ourportfolio/themes/energy/programme/what-the-energy-
programme-funds/whole-energy-systems/

[5] S.H.R.Hosseini, A. Allahham, S. L. Walker, P. Taylor, "Optimal planning and operation of multi-vector
energy networks: A systematic review", Renewable and Sustainable Energy Reviews, vol. 133, 2020. doi:
10.1016/j.rser.2020.110216

[6] P.Mancarella, "MES (multi-energy systems): An overview of concepts and evaluation models", Energy,
vol. 65, pp. 1-17. 2014. doi: 10.1016/j.energy.2013.10.041

24


https://www.ncl.ac.uk/supergenenhub/
https://www.iea.org/reports/world-energy-outlook-2020
https://unfccc.int/sites/default/files/resource/unfccc_annual_report_2019.pdf
https://epsrc.ukri.org/research/ourportfolio/themes/energy/programme/what-the-energy-programme-funds/whole-energy-systems/
https://epsrc.ukri.org/research/ourportfolio/themes/energy/programme/what-the-energy-programme-funds/whole-energy-systems/

[7]1 A. Silvast, E. Laes, S. Abram, G. Bombaerts, "What do energy modellers know? An ethnography of
epistemic values and knowledge models”, Energy Research & Social Science, vol. 66, 2020. doi:
10.1016/j.erss.2020.101495

[8] M. Andoni, V. Robu, D. Flynn, S. Abram, D. Geach, D. Jenkins, et al., "Blockchain technology in the
energy sector: A systematic review of challenges and opportunities”, Renewable and Sustainable Energy
Reviews, vol. 100, 2019. doi: 10.1016/j.rser.2018.10.014

[91 S. H. R. Hosseini, A. Allahham, V. Vahidinasab, S. L. Walker, P. Taylor, "Techno-economic-
environmental evaluation framework for integrated gas and electricity distribution networks considering
impact of different storage configurations”, International Journal of Electrical Power & Energy Systems,
vol. 125, 2021. doi: 10.1016/j.ijepes.2020.106481

[10]S. Chen, Z. Wei, G. Sun, K. W. Cheung, Y. Sun, "Multi-linear probabilistic energy flow analysis of
integrated electrical and natural-gas systems"”, IEEE Transactions on Power Systems, vol. 32, no. 3,
pp. 1970-1979, 2017. doi: 10.1109/TPWRS.2016.2597162

[11]J. Wang, Y. Zong, S. You, C. Traholt, "A review of Danish integrated multi-energy system flexibility
options for high wind power penetration”, Clean Energy, vol. 1, no. 1, pp. 23-35, 2017. doi:
10.1093/ce/zkx002

[12]J. Wang, H. Cai, S. You, Y. Zong, C. Zhang, C. Traholt, "A framework for techno-economic assessment
of demand-side power-to-heat solutions in low-temperature district heating", International Journal of
Electrical Power & Energy Systems, vol. 122, 2020. doi: 10.1016/j.ijepes.2020.106096

[13]J. Wu, J. Yan, H. Jia, N. Hatziargyriou, N. Djilali, H. Sun, "Integrated energy systems", Applied Energy,
vol. 167, pp. 155-157, 2016. doi: 10.1016/j.apenergy.2016.02.075

[14]HM Government, "Industrial Strategy: Building a Britain fit for the future™, London: BEIS, 2017.

[15] M. Abeysekera, J. Wu, N. Jenkins, "Integrated energy systems: an overview of benefits, analysis methods,
gaps and opportunities”, HubNet, 2016.

[16] European Commission, "State Aid to Secure Electricity Supplies”, accessed 20/11/2020
https://ec.europa.eu/competition/sectors/energy/state_aid_to_secure_electricity_supply_en.html

[17] National Grid ESO, "National Grid ESO Capacity Market Report 2020", 2020.

[18] M. V. Loureiro, J. Claro, P. Fischbeck, "Coordinating cross-border electricity interconnection investments
and trade in market coupled regions", International Journal of Electrical Power & Energy Systems, vol.
104, pp. 194-204, 2019. doi: 10.1016/j.ijepes.2018.07.003

[19]S. H. Tindemans, M. Woolf, G. Strbac, "Capacity value of interconnection between two systems", 2019
IEEE Power & Energy Society General Meeting (PESGM), pp. 1-5, 2019. doi:
10.1109/PESGM40551.2019.8973865

[20] G. Castagneta, B. Guo, D. Newbery, G. Lipman, L. Montoya, P. Dodds, M. Grubb, P. Ekins, "The value
of international electricity trading", Technical report, University College London (UCL) and Cambridge
University, Commissioned by Ofgem, 2020.

[21]G. Hamoud, "Probabilistic assessment of interconnection assistance between power systems", IEEE
Transactions on Power Systems, vol. 13, no. 2, pp. 535-542, 1998. doi: 10.1109/59.667379

[22]1. Staffell, "Beast from the East exposes reliance on French interconnector”, Drax Energy Policy, 2018.
https://www.drax.com/energy-policy/the-beast-from-the-east/

[23]R. Sinha, B. Bak-Jensen, J. R. Pillai, "Operational flexibility of electrified transport and thermal units in
distribution grid", International Journal of Electrical Power & Energy Systems, vol. 121, 2020.
doi: 10.1016/j.ijepes.2020.106029

[24]M. Deakin, S. Sheehy, D. M. Greenwood, S. Walker, P. C. Taylor, "Calculations of System Adequacy
Considering Heat Transition Pathways", arXiv preprint arXiv:2002.11570, 2020. doi:
10.1109/PMAPS47429.2020.9183624

[25] V. Mohan, S. Bu, M. Jisma, V. C. Rijinlal, K. Thirumala, M. S. Thomas, Z. Xu, "Realistic energy
commitments in peer-to-peer transactive market with risk adjusted prosumer welfare maximization",

25


https://ec.europa.eu/competition/sectors/energy/state_aid_to_secure_electricity_supply_en.html
https://www.drax.com/energy-policy/the-beast-from-the-east/

International  Journal of Electrical Power & Energy Systems, vol. 124, 2021
doi: 10.1016/j.ijepes.2020.106377

[26]J. Wang, "Integrated energy systems — unleashing the flexibility between heat and power", Doctoral
dissertation, Technical University of Denmark, 2020.

[27]M. Abeysekera, "Combined analysis of coupled energy networks", Doctoral dissertation, Cardiff
University, UK, 2017.

[28] HubNet Project. Multi-Vector Energy Systems Theme of the EPSRC HubNet Project. [Online].
Available: http://www.hubnet.org.uk/themes/multi_energy

[29]M. Geidl, "Integrated Modelling and Optimization of Multi-Carrier Energy Systems", Doctoral
dissertation, ETH, Switzerland, No. 17141, 2007. doi: 10.3929/ethz-a-005377890

[30] National Renewable Energy Laboratory. Energy Systems Integration Project. [Online]. Available:
http://www.nrel.gov/esi/.

[31]L. Ding, Y. Guo, P. Wall, K. Sun, V. Terzija, "ldentifying the Timing of Controlled Islanding Using a
Controlling UEP based Method", IEEE Transactions on Power Systems, vol. 33, no. 6, pp. 5913 — 5922,
2018. doi: 10.1109/TPWRS.2018.2842709

[32]J. Quirés-Tortds, P. Demetriou, M. Panteli, E. Kyriakides, V. Terzija, "Intentional Controlled Islanding
and Risk Assessment: A Unified Framework", IEEE Systems Journal, vol. 12, no. 4, pp. 3637 — 3648,
2017 doi: 10.1109/JSYST.2017.2773837.

[33]L. Ding, Z. Ma, P. Wall, V. Terzija, "Graph Spectra Based Controlled Islanding for Low Inertia Power
Systems"”, IEEE Transactions on Power Delivery, vol. 32, no. 1, pp. 302-309, 2017. doi:
10.1109/TPWRD.2016.2582519

[34]L. Ding, F. Gonzalez-Longatt, P. Wall, V. Terzija, "Two-Step Spectral Clustering Controlled Islanding
Algorithm", IEEE Transactions on Power Systems, vol. 28, no. 1, pp. 75-84, 2013. doi:
10.1109/TPWRS.2012.2197640

[35]J. Wu, S. Guo, H. Huang, W. Liu, Y. Xiang, "Information and Communications Technologies for
Sustainable Development Goals: State-of-the-Art, Needs and Perspectives”, IEEE Communications
Surveys & Tutorials, vol. 20, no. 3, pp. 2389 — 2406, 2018. doi: 10.1109/COMST.2018.2812301

[36]J. Lorincz, A. Capone, J. Wu, "Greener, Energy-Efficient and Sustainable Networks: State-Of-The-Art
and New Trends", Sensors, vol. 19, no, 22, 2019. doi: 10.3390/s19224864

[37]J. Wu, S. Guo, J. Li, D. Zeng, "Big Data Meet Green Challenges: Greening Big Data", IEEE Systems
Journal, vol. 10, no. 3, pp. 873 — 887, 2016. doi: 10.1109/JSYST.2016.2550538

[38]J. Wu, S. Guo, J. Li, D. Zeng, "Big Data Meet Green Challenges: Big Data toward Green Applications”,
IEEE Systems Journal, vol. 10, no. 3, pp. 888 — 900, 2016. doi: 10.1109/JSYST.2016.2550530

[39]H. Akhavan-Hejazi, H. Mohsenian-Rad, "Power systems big data analytics: An assessment of paradigm
shift barriers and prospects”, Energy Reports, vol. 4, pp. 91-100, 2018. doi: 10.1016/j.egyr.2017.11.002

[40]J. Zhao, M. Netto, Z. Huang, S. S. Yu, A. Gomez-Exposito, S. Wang, I. Kamwa et al., "Roles of Dynamic
State Estimation in Power System Modeling, Monitoring and Operation", arXiv preprint
arXiv:2005.05380 (2020). doi: 10.1109/TPWRS.2020.3028047

[41]J. Zhao, A. Gomez-Expésito, M. Netto, L. Mili, A. Abur, V. Terzija, . Kamwa et al., "Power system
dynamic state estimation: Motivations, definitions, methodologies, and future work", IEEE Transactions
on Power Systems, vol. 34, no. 4, pp. 3188-3198, 2019. doi: 10.1109/TPWRS.2019.2894769

[42]Z. Jin, J. Zhao, S. Chakrabarti, L. Ding, V. Terzija, "A hybrid robust forecasting-aided state estimator
considering bimodal Gaussian mixture measurement errors", International Journal of Electrical Power &
Energy Systems, vol. 120, 2020. doi: 10.1016/j.ijepes.2020.105962

[43]1. A. Tandela, J. Foros, S. S. Kilskar, P. Hokstad, M. G. Jaatun, "Interdependencies and reliability in the
combined ICT and power system: An overview of current research”, Applied Computing and Informatics,
vol. 14, no. 1, pp. 17-27, 2018. doi: 10.1016/j.aci.2017.01.001

[44]R. Atat, L. Liu, J. Wu, G. Li, C. Ye, Y. Yang, "Big Data Meet Cyber-Physical Systems: A Panoramic
Survey", IEEE Access, vol. 6, pp. 73603 — 73636, 2018. doi: 10.1109/ACCESS.2018.2878681

26


http://www.hubnet.org.uk/themes/multi_energy
http://www.nrel.gov/esi/

[45]Y. Xie, H. Wen, J. Wu, Y. Jiang, J. Meng, X, Guo, et al.,"Three-Layers Secure Access Control for Cloud-
based Smart Grids", in Proc. IEEE Vehicular Technology Conference (VTC2015-Fall), Sept. 2015. doi:
10.1109/VTCFall.2015.7391174

[46]S. D. Ahmad, S. Azizi, A. Mohammad, V. Terzija, "Linear LAV-based State Estimation Integrating
Hybrid SCADA/PMU Measurements”, IET Generation, Transmission & Distribution, vol. 14, no. 8,
pp. 1583-1590, 2020. doi: 10.1049/iet-gtd.2019.1850

[47]1A. S. Dobakhshari, S. Azizi, M. Paolone, V. Terzija, "Ultra Fast Linear State Estimation Utilizing SCADA
Measurements”, IEEE Transactions on Power Systems, vol. 34, no. 4, pp. 2622-2631, 2019. doi:
10.1109/TPWRS.2019.2894518

[48] D. N. Cetenovi¢, A. M. Rankovi¢, "Optimal parameterization of Kalman filter based three-phase dynamic
state estimator for active distribution networks", International Journal of Electrical Power & Energy
Systems, vol. 101, pp. 472-481, 2018. doi: 10.1016/j.ijepes.2018.04.008

[49] G. Valverde, V. Terzija, "Unscented Kalman Filter for Power System Dynamic State Estimation”, IET
Generation, Transmission & Distribution, vol. 5, no. 1, pp. 29-37, 2011. doi: 10.1049/iet-gtd.2010.0210

[50]D. Cetenovié, A. Rankovié, J. Zhao, Z. Jin, J. Wu, V. Terzija, "An adaptive method for tuning process
noise covariance matrix in EKF-based three-phase distribution system state estimation™, International
Journal of Electrical Power & Energy Systems, vol. 132, 2021. doi: 10.1016/j.ijepes.2021.107192

[51]F. Bouffard, F. D. Galiana, "Stochastic Security for Operations Planning with Significant Wind Power
Generation Operations Planning With Large-Scale Wind Power”, Computer Engineering, vol. 23,
pp. 306-316, 2008. doi: 10.1109/TPWRS.2008.919318

[52] M. Abbott, B. Cohen, "Productivity and efficiency in the water industry", Utilities Policy, vol. 17, no. 3-4,
pp. 233-244, 2009. doi: 10.1016/j.jup.2009.05.001

[53] European Parliament, "Sector coupling: how can it be enhanced in the EU to foster grid stability and
decarbonise?", issue November, 2018.

[54]J. Wang, Y. Zong, S. You, C. Traeholt, "A review of Danish integrated multi-energy system flexibility
options for high wind power penetration”, Clean Energy, vol. 1, no. 1, pp. 23-35, 2017. doi:
10.1093/ce/zkx002

[55] D. Bothe, T. Bongers, M. Ahlert, J. Kuhn, "The importance of the gas infrastructure for Germany’s energy
transition™, vol. 2018, issue January, 2018.

[56]J. Devlin, K. Li, P. Higgins, A. Foley, "A multi vector energy analysis for interconnected power and gas
systems", Applied Energy, vol. 192, pp. 315-328. 2017. doi: 10.1016/j.apenergy.2016.08.040

[57]1PWC, "Unlocking capital for Net Zero infrastructure”, November 2020.
https://www.pwec.co.uk/assets/document/Unlocking-capital-for-net-zero-PwC-Nov-2020.pdf

[58] Committee on Climate Change, "Net Zero: The UK’s contribution to stopping global warming", May
2019.

[59]J. Y. Tsao, E. F. Schubert, R. Fouquet, M. Lave, "The electrification of energy: Long-term trends and
opportunities”, MRS Energy & Sustainability, wvol. 5 no. 1, pp. 1-14. 2018
https://doi.org/10.1557/mre.2018.6

[60] Hydrogen Taskforce, "The Role of Hydrogen in Delivering Net Zero", 2020.

[61] M. Winskel, M. Kattirtzi, "Transitions, disruptions and revolutions: Expert views on prospects for a smart
and local energy revolution in the UK", Energy Policy, vol. 147, 2020. doi: 10.1016/j.enpol.2020.111815

[62]C. S. E. Bale, L. Varga, T. J. Foxon, "Energy and complexity: New ways forward", Applied Energy,
vol. 138, pp. 150-159, 2015. doi: 10.1016/j.apenergy.2014.10.057

[63] G. Hale, "Dealing with Losers: The Political Economy of Policy Transitions Michael J. Trebilcock New
York: Oxford University Press, 2014, pp. 224.", Canadian Journal of Political Science, vol. 50, no. 4,
pp. 1115-1117, 2017. doi: 10.1017/S0008423917000919

[64] A. Eberhard, C. Godinho, "A Review and Exploration of the Status, Context and Political Economy of
Power Sector Reforms", 2017.

27


https://www.pwc.co.uk/assets/document/Unlocking-capital-for-net-zero-PwC-Nov-2020.pdf
https://doi.org/10.1557/mre.2018.6

[65] M. Haasnoot, J. H. Kwakkel, W. E. Walker, J. ter Maat, "Dynamic adaptive policy pathways: A method
for crafting robust decisions for a deeply uncertain world", Global Environmental Change, vol. 23, no. 2,
pp. 485-498. 2013. doi: 10.1016/j.gloenvcha.2012.12.006

[66]W. E. Walker, V. A. W. J. Marchau, "Dynamic adaptive policymaking for the sustainable city: The case of
automated taxis", International Journal of Transportation Science and Technology, vol. 6, no. 1, pp. 112,
2017. doi: 10.1016/j.ijtst.2017.03.004

[67]S. Michas, V. Stavrakas, S. Papadelis, A. Flamos, "A transdisciplinary modeling framework for the
participatory design of dynamic adaptive policy pathways", Energy Policy, vol. 139, 2020. doi:
10.1016/j.enpol.2020.111350

[68]J. C. J. Kwadijk, M. Haasnoot, J. P. M. Mulder, M. M. C. Hoogvliet, A. B. M. Jeuken, R. A. A. van der
Krogt, N. G. C. van Oostrom, H. A. Schelfhout, E. H. van Velzen, H. van Waveren, M. J. M. de Wit,
"Using adaptation tipping points to prepare for climate change and sea level rise: A case study in the
Netherlands”, Wiley Interdisciplinary Reviews: Climate Change, vol. 1, no. 5, pp. 729-740, 2010. doi:
10.1002/wcc.64

[69] National Infrastructure Commission, "NET ZERO Opportunities for the power sector™, 2020.

[70] National Grid ESO, "System Needs and Product Strategy", 2017.

[71]C. Gu, X. Zhang, K. Ma, J. Yan, Y. Song, "Impact analysis of electricity supply unreliability to
interdependent economic sectors by an economic-technical approach", Renewable Energy, vol. 122,
pp. 108-117, 2018. doi: 10.1016/j.renene.2018.01.103

[72] National Grid ESO, "System Operability Framewotk", 2016.

[73]F. Teng, V. Trovato, G. Strbac, "Stochastic scheduling with inertia-dependent fast frequency response
requirements”, IEEE Transactions on Power Systems, vol. 31, no. 2, pp. 1557-1566, 2015. doi:
10.1109/TPWRS.2015.2434837

[74]1. Hernando-Gil, H. Shi, F. Li, S. Djokic, M. Lehtonen, "Evaluation of fault levels and power supply
network impedances in 230/400 V 50 Hz generic distribution systems", IEEE Transactions on Power
Delivery, vol. 32, no. 2, pp. 768-777, 2016. doi: 10.1109/TPWRD.2016.2609643

[75]K. Ma, R. Li, I. Hernando Gil, F. Li, "Quantification of Additional Reinforcement Cost from Severe 3-
Phase Imbalance”, IEEE Transactions on Power Systems, vol. 32, no. 5, pp. 4143-4144, 2017. doi:
10.1109/TPWRS.2016.2635383

[76] X. Da, Y. Lu, C. Gu, F. Li, "Scheme design considering network topology and multi-attribute decision-
making for under frequency load shedding", International Journal of Electrical Power & Energy Systems,
vol. 88, 2017. doi:10.1016/j.ijepes.2016.12.001

[77]R. Li, C. Gu, F. Li, G. Shaddick, M. Dale, "Development of Low Voltage Network Templates—Part I:
Substation Clustering and Classification", IEEE Transactions on Power Systems, vol. 30, no. 6, pp. 3036—
3044, 2015. doi: 10.1109/TPWRS.2014.2371474

[78] M. Pollitt, "Does electricity (and heat) network regulation have anything to learn from fixed line telecoms
regulation?", Energy Policy, vol. 38, no. 3, pp. 1360-1371, 2010. doi: 10.1016/j.enpol.2009.10.070

[79]R. Li, Z. Zhang, F. Li, P. Ahokangas, "A shared network access business model for distribution networks",
IEEE Transactions on Power Systems, vol. 33, no. 1, pp. 1082-1084, 2017. doi:
10.1109/TEC.2017.2688137

[80]S. W. Alnaser, L. F. Ochoa, "Optimal sizing and control of energy storage in wind power-rich distribution
networks", IEEE Transactions on Power Systems, vol. 31, no. 3, pp. 2004-2013, 2015. doi:
10.1109/TPWRS.2015.2465181

[81]K. Bell, S. Gill, "Delivering a highly distributed electricity system: Technical, regulatory and policy
challenges", Energy policy, vol. 113, pp. 765-777, 2018. doi: 10.1016/j.enpol.2017.11.039

[82]L. Zhou, F. Li, X. Tong, "Active network management considering wind and load forecasting error", IEEE
Transactions on Smart Grid, vol. 8, no. 6, pp. 2694-2701, 2016. doi: 10.1109/TSG.2016.2535269

28



[83]W. Cao, J. Wu, N. Jenkins, C. Wang, T. Green, "Benefits analysis of Soft Open Points for electrical
distribution network operation”, Applied Energy, vol. 165, pp. 36-47, 2016. doi:
10.1016/j.apenergy.2015.12.022

[84]C. Zhao, S. Dong, C. Gu, F. Li, Y. Song, N. P. Padhy, "New problem formulation for optimal demand
side response in hybrid AC/DC systems", IEEE Transactions on Smart Grid, vol. 9, no. 4, pp. 3154-3165,
2016. doi: 10.1109/TSG.2016.2628040

[85] A. De Paola, D. Angeli, G. Strbac, "Price-based schemes for distributed coordination of flexible demand
in the electricity market”, IEEE Transactions on Smart Grid, vol. 8, no. 6, pp. 3104-3116, 2017. doi:
10.1109/TSG.2017.2707121

[86]L. Mitridati, J. Kazempour, P. Pinson, "Heat and electricity market coordination: A scalable
complementarity approach", European Journal of Operational Research, vol. 283, no. 3, pp. 1107-1123,
2020. doi: 10.1016/j.ejor.2019.11.072

[87]X. Qiao, Y. Zou, Y. Li, Y. Chen, F. Liu, L. Jiang, et al., "Impact of uncertainty and correlation on operation
of micro-integrated energy system", International Journal of Electrical Power & Energy Systems, vol.
112, pp. 262-271, 2019. doi: 10.1016/J.1JEPES.2019.03.066

[88]X. Yang, C. Gu, X. Yan, F. Li", Reliability-Based Probabilistic Network Pricing With Demand
Uncertainty", IEEE Transactions on Power Systems, vol. 35, no. 5, pp. 3342-3352, 2020. doi:
10.1109/TPWRS.2020.2976944

[89] National Grid ESO, "Balancing Mechanism Wider Access”, https://www.nationalgrideso.com/balan
cing-services/wider-access

[90] National Grird ESO, "Product Roadmap", May 2018. https://www.nationalgrideso.com/sites/eso/files/
documents/National%20Grid%20S0%20Product%20Roadmap%20for%20Restoration.pdf

[91] National Grid ESO, "System Needs and Product Strategy", June 2017. https://www.nationalgrideso.
com/document/84261/download

[92] BEIS, "Energy Trends UK", https://www.gov.uk/government/collections/energy-trends

[93] M. Qadrdan, M. Chaudry, J. Wu, N. Jenkins, J. Ekanayake, "Impact of a large penetration of wind
generation on the GB gas network", Energy Policy, vol. 38, no. 10, pp. 5684-5695, 2010. doi:
10.1016/j.enpol.2010.05.016

[94] M. Chaudry, J. Wu, N. Jenkins, "A sequential Monte Carlo model of the combined GB gas and electricity
network", Energy Policy, vol. 62, pp. 473-483, 2013. doi: 10.1016/j.enpol.2013.08.011

[95] R. Preece, J. V. Milanovic, "Assessing the applicability of uncertainty importance measures for power
system studies”, IEEE Transactions on Power Systems, vol. 31, no. 3, pp. 2076-2084, 2016. doi:
10.1109/TPWRS.2015.2449082

[96] A. Ehsan, Q. Yang, "Optimal integration and planning of renewable distributed generation in the power
distribution networks: A review of analytical techniques”, Applied Energy, vol. 210, pp. 44-59, 2018.
doi: 10.1016/j.apenergy.2017.10.106

[97]1K. N. Hasan, R. Preece, J. V. Milanovic, "Priority Ranking of Critical Uncertainties Affecting Small-
Disturbance Stability Using Sensitivity Analysis Techniques", IEEE Transactions on Power Systems,
vol. 32, no. 4, pp. 2629-2639, 2017. doi: 10.1109/TPWRS.2016.2618347

[98]K. N. Hasan, R. Preece, J. V. Milanovi¢, "EXxisting approaches and trends in uncertainty modelling and
probabilistic stability analysis of power systems with renewable generation™, Renewable and Sustainable
Energy Reviews, vol. 101, pp. 168-180, 2019. doi: 10.1016/j.rser.2018.10.027

[99] M. Chaudry, J. Wu, N. Jenkins, "A sequential Monte Carlo model of the combined GB gas and electricity
network", Energy Policy, vol. 62, pp. 473-483, 2013. doi: 10.1016/j.enpol.2013.08.011

[100] Department of Energy & Climate Change, "Annex C: Reliability Standard Methodology", 2013.
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/22365
3/emr_consultation_annex_c.pdf

[101] National Grid, "Managing Electricity = Transmission Network Reliability", 2019.
https://www.nationalgrid.com/uk/electricity-transmission/document/129991/download

29


https://www.nationalgrideso.com/balancing-services/wider-access
https://www.nationalgrideso.com/balancing-services/wider-access
https://www.nationalgrideso.com/sites/eso/files/documents/National%20Grid%20SO%20Product%20Roadmap%20for%20Restoration.pdf
https://www.nationalgrideso.com/sites/eso/files/documents/National%20Grid%20SO%20Product%20Roadmap%20for%20Restoration.pdf
https://www.nationalgrideso.com/document/84261/download
https://www.nationalgrideso.com/document/84261/download
https://www.gov.uk/government/collections/energy-trends
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/223653/emr_consultation_annex_c.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/223653/emr_consultation_annex_c.pdf
https://www.nationalgrid.com/uk/electricity-transmission/document/129991/download

[102] Ofgem, "Sustainable Development indicators - Theme 4: Ensuring a secure and reliable gas and
electricity supply", 2014. https://www.ofgem.gov.uk/publications-and-updates/sustainable-development-
indicators-theme-4-ensuring-secure-and-reliable-gas-and-electricity-supply

[103] National Grid, "Gas Demand Forecasting Methodology", 2016.
https://www.nationalgrid.com/sites/default/files/documents/8589937808-Gas  Demand  Forecasting
Methodology.pdf

[104]  Generally accepted reliability principle with uncertainty modelling and through probabilistic risk
assessment. 2013-2017. EU's framework programmes for research and innovation (FP1 to Horizon 2020).
WWW.garpur-project.eu

30


https://www.ofgem.gov.uk/publications-and-updates/sustainable-development-indicators-theme-4-ensuring-secure-and-reliable-gas-and-electricity-supply
https://www.ofgem.gov.uk/publications-and-updates/sustainable-development-indicators-theme-4-ensuring-secure-and-reliable-gas-and-electricity-supply
https://www.nationalgrid.com/sites/default/files/documents/8589937808-Gas%20Demand%20Forecasting%20Methodology.pdf
https://www.nationalgrid.com/sites/default/files/documents/8589937808-Gas%20Demand%20Forecasting%20Methodology.pdf
http://www.garpur-project.eu/

