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The decarbonization of energy systems poses significant challenges to energy

networks due to the introduction of new energy vectors and changes in the

pattern of energy demand. However, this is currently an under-researched

area. This paper addresses a gap in the literature by drawing on the

socio-technological transitions and multi-system interactions literature to

explore the views of experts from industry, academia and other sectors about

the challenges facing UK energy networks and the possible solutions, including

taking a more wholistic approach to the planning and operation of di�erent

networks. Using these frameworks, we have demonstrated that systems can

be deliberately integrated to interact and solve particular system challenges,

and have identified the nature of these interactions. The empirical results

identify areas of consensus and disagreement about the future development

of network infrastructure and regulation. They also highlight how government

policy responds to the challenges and opportunities presented by the UK climate

targets. The findings showwidespread agreement that the UK energy systemwill

become more electrified and decentralized as it incorporates more renewable

energy. However, the role of gaseous fuels in the energy system is more

uncertain, with some experts seeing a move from natural gas to hydrogen as

being key to maintaining the security of supply, while others see little or no role

for hydrogen. There is also widespread agreement that the regulatory structure

should change to address the challenges facing energy networks with much less

agreement on whether this could happen quickly enough. Recent developments

indicate the UK Government recognizes the need for regulatory change, but it

is premature to foresee their success in helping networks be a driver of, rather

than a barrier to, a net-zero energy system.

KEYWORDS

multi-vector energy networks, electricity networks, gas networks, hydrogen, multi-

energy systems, multi-systems interactions, socio-technological transitions

Highlights

• Energy networks are enablers of the UK’s energy transition but are facing

multiple challenges.

• Experts anticipate the need for significant changes in UK network architecture,

policies and regulation.
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• There is both consensus and disagreement regarding how

energy networks should evolve.

• Experts are conversant with MVEN approaches but differ in

views on their usefulness.

• UK policy is starting to address some of the challenges

identified by the experts.

• Further work on the MVEN approach is needed to

inform policy.

1 Introduction

Energy is at the core of a number of policy challenges—

energy security, affordability and sustainability—often described

as the energy trilemma. These goals can come into conflict, for

instance, with the need to invest in aging infrastructure and

replace carbon-intensive generation with cleaner technologies,

placing pressure on energy bills. At the same time, the energy

system is changing in response to the climate emergency and the

UK’s target for net-zero greenhouse gas emissions by 2050. The

growth in renewable generation brings challenges of intermittency

and reliability (Martinot, 2016). The decarbonization of heat and

transport is changing the scale of electricity demand, and increasing

digitalization creates new ways for all parts of the energy value

chain to interact. The future is uncertain, but all scenarios of the

future forecast substantial changes from our current energy systems

(Whinskel et al., 2019). There are challenges and opportunities

because of these changes, and these must be met if the UK is to

be successful at achieving its 2050 climate change targets.

Much attention has been focused on the changes taking place

in supply and demand, but energy networks play an essential role

in the future energy transition of the UK and in meeting the

energy trilemma. Unlike generation and supply, electricity and gas

networks have not been opened up to competition and have been

run and regulated as national or regional monopolies since the

liberalization of the energy sector in the late 1980s. For most of the

last 30 years, this regulation has prioritized short-term cost saving

over longer-term development, leaving them poorly positioned to

meet the commercial and technological challenges arising from

deep decarbonization of the energy sector (Ofgem, 2018). This is

starting to change because of new regulatory attempts to stimulate

innovation and transformation, but there are question marks about

whether this goes far enough and what more is needed.

While existing networks need to adapt, new networks are also

being promoted and developed. The need to decarbonize heat

poses a key challenge to meeting the 2050 carbon targets, and

there is currently no clear plan about how this will be done.

There is general agreement that natural gas use must be reduced,

but differing views on whether hydrogen might be suitable as

Abbreviations: CCUS, Carbon Capture Utilization and Storage; DH, District

Heating; DHC, District Heating and Cooling; DNO, Distribution Network

Operator; DSO, Distribution System Operator; EV, Electric Vehicle; IES,

Integrated Energy Systems; MES, Multi-Energy Systems; MLP, Multi-Level

Perspective;MVEN,Multi-Vector EnergyNetworks; P2G, Power-to-Gas; P2H,

Power-to-Hydrogen; RESP, Regional Energy Strategic Plan; RE, Renewable

Energy; SSEP, Strategic Spatial Energy Plan; TO, Transmission Owner; TSO,

Transmission System Operator; VRE, Variable Renewable Energy.

a widespread replacement. This creates considerable uncertainty

about the future of gas network infrastructure, which is currently

a vital backbone of the UK energy system (Broad et al., 2020;

Chaudry et al., 2015). District heating networks present another

opportunity to decarbonize heat, particularly in urban areas, and

provide future flexibility for heat sources to be changed as lower-

carbon alternatives become available (Competition and Markets

Authority, 2018).

Central to the energy transition is the appropriate network

infrastructure, planning and operations to transport these energy

vectors fromwhere they are produced to where they are in demand.

Energy networks have always provided these transport services

through transmission and distribution. But the challenge now is

that some of the energy resources to be transported are chemically

and physically different, requiring new operational and managerial

approaches. These changes pose many challenges to stakeholders

and thus require suitable regulations and policies to protect

consumer and investor interests. Network operators, regulators and

policymakers know of such changes and are searching for the best

ways to tackle these challenges while guaranteeing accessibility,

affordability, and security.

Over the years, energy networks have shown greater

interdependencies and interactions, and these have the potential to

solve grid integration and flexibility challenges. The multi-vector

energy networks (MVEN) approach is one of the forms of multi-

energy systems that exploit the optimality of the interdependencies

and interactions between two or more networks to provide

flexibility and grid integration solutions with the support of other

energy conversion technologies (Hosseini et al., 2020; Mancarella

et al., 2016; Oduro and Taylor, 2023; Taylor et al., 2021).

The benefits and challenges of multi-energy system approaches

have been studied across various multi-energy configurations and

concepts, such as integrated energy systems and energy hubs

(Hosseini et al., 2020; Mancarella, 2014; Oduro and Taylor, 2023;

Taylor et al., 2021;Wang and Shao, 2019; Yan et al., 2018). However,

the views of experts and policymakers regarding their potential

benefits and challenges have not been explored. The essence of

experts’ views is not to justify the validity of solutions, but experts’

opinions provide grounds to probe alternative solutions to solve

problems (Fischer et al., 2014; Karlsen and Karlsen, 2007). Using

experts’ views, it is thus imperative to investigate how MVEN can

solve some of the network challenges, where they can be more

beneficial, and what policy and regulatory arrangements could

support the MVEN system.

To understand how experts see these different elements

unfolding and interacting, we draw on the socio-technological

transition literature. Since energy networks connect multiple

systems, considering the sustainable socio-technological andmulti-

systems interactions theories or frameworks can help expose

the transition dynamics and system interactions. Using a socio-

technological transition lens to understand and characterize

the energy networks’ transition pathways can clarify how

expectations of the transition can shape decision-making and

policies. Reflecting on multi-system interactions perspectives

and the systems interaction and interdependency attributes of

energy networks and in particular multi-energy systems is also

critical to understanding the current and future views of the

energy system. Such reflections can provide insights on the

Frontiers in Sustainable Energy Policy 02 frontiersin.org

https://doi.org/10.3389/fsuep.2025.1514717
https://www.frontiersin.org/journals/sustainable-energy-policy
https://www.frontiersin.org


Oduro and Taylor 10.3389/fsuep.2025.1514717

possible collaborations, tensions and policy and institutional/actor

alignment and cascading effects of system changes. Multi-energy

systems therefore describe an energy landscape in which there

are multiple linked systems that interact with one another,

while multi-system interactions perspectives attempt to theorize

and frame the dynamics and effect of interactions in these

multiple systems.

Thus, this research aims to understand experts’ views on

the UK energy transition pathways, the energy networks’ role in

accelerating decarbonization, and their viewpoints on the MVEN

approach in dealing with energy network challenges. The specific

research questions we address are as follows:

Q1. What are energy networks’ key opportunities and

challenges over the next 30 years?

Q2. What are the discourses and areas of agreement

and disagreement relating to likely future pathways for

UK energy networks in response to these opportunities

and challenges?

Q3. How do experts understand the MVEN approach, and

do they believe that the approach can help energy networks

drive forward the energy transition?

Q4. To what extent is the policy environment changing to

support the different future pathways for energy networks

identified and to promote an MVEN approach?

The article discusses socio-technological transition pathways

and multi-system interaction in section 2, materials and methods

in section 3, and the case of UK energy networks and multi-

energy systems in section 4. Results and discussions are presented

in sections 5 and 6, respectively, and then section 7 concludes.

2 Theoretical framework

Sustainable socio-technological transition frameworks have

been used to analyze and understand dynamics and interactions

among multiple socio-technological systems, regimes and niches.

These frameworks aim to enhance our understanding of the

actors’ processes and interactions that help manage and govern

a transition from an old (or existing) regime to a new (future)

regime. Socio-technical systems provide social functions (e.g.,

energy, transport and food). Regimes are the combinations

of dominant materials (technologies and infrastructure) and

social (rules and actor networks) conformations that define

systems to ensure stable patterns of production and use

(Rosenbloom, 2020). Sociotechnical systems are dominant regimes

that incrementally innovate and are disrupted by innovative niches

that rapidly respond to landscape pressures to alter established

patterns (Kemp et al., 1998). Therefore, sociotechnical system

transitions are a multi-actor process in which actors with different

viewpoints, interests, and capabilities constantly respond to and

interact with each other to face critical challenges posed by

landscape pressures or agendas (e.g., the low-carbon energy

transition). Thus, studying sociotechnical systems or regimes,

niche concepts, and theories is central to understanding niche

development and evolution and their responses to transition

landscape pressures.

The literature on socio-technical transitions and niche theories

is extensive, and the associated frameworks/pathways have been

used to support and enhance our understanding of the constantly

evolving and interactive transition landscapes. These frameworks

include the coevolution transition framework (Foxon, 2011), multi-

level perspective (Geels, 2002), regime transformation (Van De

Poel, 2003), systems innovation (Elzen et al., 2004) and transition

management (Rotmans et al., 2001). Geels’s multi-level perspective

(MLP) defines the typology of sociotechnical transition pathways at

different levels (micro, meso and macro), including technological

niches, socio-technical regimes, and the sociotechnical landscape

(Geels and Schot, 2007). Foxon’s coevolutionary framework for

analyzing transition pathways uses the coevolution of ecosystems,

technologies, institutions, business strategies and user practices to

explore and explain existing and possible future regime processes.

Several authors have applied socio-technical transition frameworks

to analyze the frontiers of the energy transition at various levels,

and these include Zhang and Andrews-Speed (2020), Winskel and

Kattirtzi (2020), Baker and Phillips (2019), Kucharski and Unesaki

(2018), Simpson (2017), Child and Breyer (2017), Ruggiero et al.

(2015), Nepal and Jamasb (2015), Foxon (2013), Smith and Raven

(2012) and Kahrl et al. (2011). Others, including Ewijk (2014)

and Smith and Raven (2012) have applied niche theory to explain

niches, innovation and supporting technologies.

So far, we have identified the value of analyzing sociotechnical

systems transitions using these various frameworks and have

discussed some of their applications. Although it is agreed that

actors interact, the dynamics and nature of such interactions

across multiple technologies and multiple systems and regimes are

not fully captured in most traditional socio-technical transition

literature, such as the MLP (Andersen and Markard, 2020). Yet,

there is significant evidence that the boundaries of sociotechnical

systems are not immutable and that system boundaries change

as they interact and respond to landscape pressures, regime

change or innovation, and disruptive niche innovations. Multi-

systems interactions and perspectives form a strand of research

that investigates these interactions in more detail beyond the usual

niche-regime levels. A particular benefit of these approaches is that

they can help to reveal possible system alignments and tensions

that could be levers for political and regulatory interventions

(Rosenbloom, 2019). Multi-system interactions and perspectives

can also help analyze the consequences of system cascading

effects of transition changes (Rosenbloom, 2019). Andersen and

Markard (2020) analyzed multi-technology interactions in socio-

technical transitions using recent dynamics in HVDC technology

and highlighted how these inform transition theories. Rosenbloom

(2019) applied transition and disruption insights to analyze

interactions between multiple socio-technical systems in Ontario’s

key energy transition pathways (electricity, heating and transport)

and their actors. The study uncovered emerging patterns of

interactions in terms of competition or symbiosis while identifying

alignments and tensions with policy implications. Others have

argued that in analyzing future pathways of network utilities, it

is essential to evaluate multi-level perspectives for production,

consumption and governance but highlight the need to unravel

the interactions and interdependence of multi-regime dynamics

(Konrad et al., 2008).
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3 Materials and methods

3.1 Research design

In this study, we adopt a sustainability sociotechnical transition

framework (Figure 1), based on Foxon’s co-evolution transition

framework and the MLP to design our data collection and analysis

methods. The framework’s function and capability to leverage

whole systems thinking across sectors and institutions make

it valuable for analyzing the UK’s future pathways for energy

networks. Specifically, the framework helped to shape the categories

of experts to interview and the topics for discussion. Compared

with other frameworks, it gives an overarching perspective of

what is needed to transition from one regime to another across

various sectors, including the existing physical and institutional

architectures and their outlook under the new regime. Specifically,

we collected evidence on probable future archetypes of the physical

network infrastructure while investigating whether the transition

would require changes in regulation, policy, actors or institutions.

The framework thus guided us in exploring the potential of

innovative options (for example, MVEN and hydrogen) to solve

network challenges.

In addition, energy networks span and connect parts of

the energy system across supply and use. Understanding the

possible pathways for the UK’s energy networks transition

and the potential for a multi-vector energy networks (MVEN)

approach highlights the required collaborations between niche

and incumbent technologies/actors that are constantly challenging,

interacting and eventually influencing the direction of socio-

technical transitions. MVEN and other energy transition pathways

depend on supporting several innovative technologies, including

Power-to-Gas (P2G), Power-to-Hydrogen (P2H), electrolytic

technologies, thermal storage technologies, new information and

communication technologies, and innovative data management

practices. Thus, reflecting on multi-systems interactions and

perspectives broadens the scope of the research to understand the

sites of interactions and to identify enabling and limiting alignment

within and outside the systems of focus. In this study, we use multi-

system interaction insights to help us visualize and understand the

consequences of the interactions and interdependencies within and

outside the energy network systems. The insights produced are

used to question and validate experts’ views of energy networks

operations and management.

The research focused on analyzing experts’ views on future

pathways for energy networks as the UK pursues a net-zero

transition. The main areas investigated include energy network

challenges, responses and opportunities, network architecture,

multi-vector energy networks approach, network impact on

consumers, policy and regulation. Expert views are crucial in

exploring various facets of an issue of interest, as they are

experienced and knowledgeable in their fields of expertise. In

addition, for exploratory studies, the expert views method can

be more efficient than other methods, including observations,

systematic reviews and extensive surveys. This is because the

researcher is more assured of identifying and interviewing

individuals with expertise in the research themes (Döringer, 2021;

Kaiser, 2014; Meuser and Nagel, 2009). However, relying on

experts’ views could also impact the quality of research outputs if

researchers cannot validate or distill the biases of the experts during

the analysis process (Bogner et al., 2009). With these limitations

in mind and following the recommendations in Von Soest (2023),

we designed the research to enable discussion of controversial

discourses by various experts with different backgrounds and

interests. We were particularly keen to moderate any biases during

the interviews, so we presented counterarguments from literature

or other interviewees to enable the experts to justify their views.

Regarding the data collection, we selected and interviewed

participants who are experts in one or more aspect(s) of energy

network(s). A snowballing approach was used to identify experts.

We identified the first batch of experts based on recommendations

from participants in the Supergen Energy Networks Hub (an

academic-industry research collaboration in the UK), and the

other sets of experts were recommended by the experts we

had already interviewed. We gathered both tacit and explicit

knowledge about specific aspects of the research domain. We

assessed these insights during the interviews by posing logically

connected questions to elicit further information and clarification

by suggesting counter perspectives.

We considered, but rejected, possible alternative approaches

such as E-labs (Karlsen and Karlsen, 2007) and Delphi methods

(Kattirtzi and Winskel, 2020; PwC et al., 2016; Winskel and

Kattirtzi, 2020). These have been used with expert groups to solicit

views for energy futures and foresight studies. Discussing experts’

views and building consensus on discourses around pathways

can be facilitated by such techniques. However, such approaches

also have limitations. First, mistrust between participants or

competitors could impact the quality of the evidence collected

(Karlsen and Karlsen, 2007). For example, a party may be reluctant

to acknowledge that evidence because it may be linked to business

secrets (Kuusi, 1999). The other limitation is the difficulty of

assembling policy and industry partners in one place. Thus, we

interviewed experts individually because it was considered a robust

and pragmatic approach.

3.2 Experts interviewed

From 23 January 2020 to 10 June 2022, we interviewed fifteen

(15) experts from energy companies (electricity distribution

network operators, gas distribution network operators, and

transmission system operators), energy consultants, regulators,

policymakers, consumer groups, and academic researchers

(Table 1).

See Figures 2, 3 for distributions of experts based on their

current organizations and their vector experience.

Most experts had experience in more than one vector, except

two with experience in either gas or electricity. Many experts

had experience in two vectors, the most common cross-vector

experience related to electricity and gas.

3.3 Conducting and analyzing interviews

Ethical approval for the research was given by the

University of Leeds Business, Environment and Social
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FIGURE 1

A sustainable socio-technological framework - possible transition pathways and factors that influence them. Source: Foxon et al. (2010).

Sciences Faculties Research Ethics Committee (approval

reference LTSEE-101). We identified any ethical concerns,

informed participants of the research and its methods, sought

participants’ informed consent, anonymised their responses

and assured them of data confidentiality before conducting

the interviews.

A semi-structured script (Appendix A) was used to guide

the interviews and to ensure all aspects were covered. Even

though the expectation was for interviewees to answer questions

according to the main themes, it was permissible for some

questions to be answered under different themes. Each interview

lasted between 30 and 50min and was conducted in person,

over the telephone or on Teams/Zoom. The interviews were

recorded, transcribed and organized into the main and sub-

themes.

We used content analysis to create themes and sub-themes

and assigned experts’ statements accordingly. Given the relatively

low number of interviews and the transcript length, it was

plausible to code the transcripts manually. The research questions

predefined the main themes, and during the coding process, sub-

themes were created, deleted and sometimes recreated through

an iterative inductive process. Additionally, we identified, grouped

and counted the frequency of similar views. The tallying

exercise was to help reveal areas of greater or lesser consensus

and to identify relationships between participant types and

their opinions.

4 Empirical case study: GB energy
networks and multi-energy systems

The sections below explain the critical roles of energy networks

in the UK and then introduce the individual network’s capacity

and current challenges relating to industry technology, regulation

and policies. We then discuss multi-energy systems approaches and

how they could be used to solve some of the network challenges.

4.1 Developments in GB energy
consumption

The most extensive energy networks in the UK are for

electricity and gas. Heat networks are far less developed, although

they are expanding in some city areas and could increase their

share of energy transport as the UK transitions to net zero. Figure 4

shows how final energy consumption in the UK has evolved over

the last 50 years. Two important points stand out. The first is

that, in contrast to most countries, total final energy consumption

has fallen over time, with a particularly significant downward

trend since 2004. The second is the change in the contribution

of the energy carriers to meeting the final demand. There has

been the almost complete elimination of coal from final energy

consumption, but a significant increase in the use of natural gas.
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TABLE 1 Experts, their roles and backgrounds.

Expert
ID

Energy vector(s) of
expertise

Roles and
background

E1 Electricity Academic researcher in

energy policy and regulation

E2 Gas/Electricity/

Hydrogen/DH

Academic researcher in

energy policy and innovation

E3 Gas/Electricity Engineer/Network regulation

E4 Gas Manager/Knowledge transfer

and professional network

E5 Gas/Electricity/DH Engineer/System operator

E6 Electricity/Gas Engineer/Network operator

E7 Electricity/Gas Consultant and expert in

energy regulation and policy

E8 Electricity/gas Consultant for low carbon

energy

E9 Electricity/Gas/DH Academic researcher in

energy system modeling

E10 Electricity/Gas Energy Policy Officer/Civil

society organization

E11 Electricity/Gas Academic researcher in

energy policy and innovation

E12 Electricity/Gas DNO

Operator/Policy/Regulation

E13 Electricity/Gas TSO/Engineer, technology

and innovation expert

E14 Electricity/Gas Academic researcher in

electricity system modeling

E15 Electricity/Gas Academic researcher in

energy planning and policy

Oil consumption has also fallen slightly, while electricity use has

increased over the whole period but with a decline since 2005.

Other energy carriers, such as heat, have grown but still represent a

small share of total final energy consumption.

4.2 GB energy networks1

Electricity, gas, and heat are produced and transported to final

consumers via pipes and wires that make up the UK’s energy

networks. In contrast, while there are oil pipelines, most oil

products are delivered to consumers in road tankers.

4.2.1 Ownership structure and operation
4.2.1.1 Electricity

The UK has an extensive electricity distribution and

transmission system with over 800,000 km of wires and a

sophisticated market and regulatory regime. The transmission

network transmits high voltage (HV) power from generators and

interconnectors into the distribution networks. A System Operator

manages the system—currently National Grid Electricity System

1 There is an integrated system in GB. Northern Ireland is separate.

Operator (NGESO)—and it is largely owned and maintained by

three Transmission Owners—one (National Grid) in England and

Wales, and two (Scottish & Southern Electricity Network and

SP Energy Networks) in Scotland (National Electricity System

Operator, 2024).

All parties must ensure the system remains in balance in real

time, with the ESO taking the role of the residual balancer and

ensuring it has contracts in place so that supply can be ramped up

or down quickly as required. The TOs also have a security of supply

obligation and must ensure sufficient capacity (NESO, 2024).

Distribution Networks (DNs) are the parts of the network that

carry power from the high voltage transmission grid to over 29

million homes and businesses across Great Britain. The distribution

network is separated into eight license areas in mainland GB, which

are currently run by 6 distribution network operators (DNOs)

(Ofgem, 2023). They also have a role to play in balancing supply

and demand on their networks (NGESO, 2021).

4.2.1.2 Gas

The UK gas network infrastructure is also extensive, summing

up to about 300,000 km of pipes and connecting over 22 million

homes and businesses. Gas enters the energy system from three

sources: UK production, pipeline imports from Europe, and

imports of Liquefied Natural Gas (LNG) that are shipped from

other parts of the world. National Grid Gas (NGG) plc acts as both

the System Operator (SO) and the Transmission Owner (TO) for

the National Transmission System (NTS) (National Gas, 2024). As

the SO, their role is to ensure a broad balance between inputs and

outputs of the NTS over the gas day. As the TO, they have to ensure

there is enough network capacity to maintain the security of supply

(National Gas, 2024).

The gas distribution networks (GDNs) transport gas from the

high-pressure NTS to homes and businesses. There are 8 regional

networks, which are managed by 4 companies. There are also a

few Independent Gas Transporters (IGTs), who own and manage

smaller grids within the regions (Ofgem, 2024).

4.2.1.3 Heat

Heat networks work by carrying hot water from local heat

sources to homes and businesses, using insulated pipes and

enabling the use of efficient CHP plants, waste heat, large-scale

renewables and low-carbon heat sources (ADE, 2018). They are

powered by a variety of energy sources depending on the network,

and these sources can be changed later as lower carbon alternatives

become available or more commercially viable (ETI, 2018).

Heat networks are still poorly developed in the UK, providing

only 2% of heat demand and supplying 1% of households, although

they have a much higher uptake in large institutional estates, where

they currently provide up to 50% of heat demand (ETI, 2018).

However, there is increasing interest in the role of DH in UK cities

and large towns where it is seen as a solution that can tackle both

climate change and fuel poverty (Bolton and Foxon, 2015; Crisp

et al., 2017).
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FIGURE 2

Experts’ places of work.

FIGURE 3

Experts’ experience of di�erent energy vectors.

4.3 Regulatory framework

4.3.1 Gas and electricity
The gas and electricity networks are natural monopolies and

are, therefore, regulated to ensure that they deliver an acceptable

quality of service. Both gas and electricity networks are governed

and regulated by the Office of Gas and Electricity Markets (Ofgem)

and the Department of Energy Security and Net Zero (DESNZ).

The key regulatory tool is a price control framework, which

has gone through several iterations over the last 30 years, with

a trend toward increasing complexity as new challenges and

obligations have emerged. Previously, the regulator’s focus was

narrow—protecting customer interests by promoting competition

– and networks were regulated under an RPI-X framework;

simple structures that focused primarily on driving cost reductions

through efficiencies (Helm, 2017).

However, the external policy environment has changed since

the inception of RPI-X, and Ofgem’s remit has expanded to

address growing concerns about energy security and climate

change (Bolton and Foxon, 2011). Additionally, key challenges have

emerged, such as aging infrastructure and the spread of distributed

generation. There has also been increasing awareness that having

separate incentive schemes for operating and capital expenses

encouraged network companies to solve network issues through

capital investment rather than considering smarter solutions

(Lockwood, 2016).

The sector is now regulated under the “Revenue = Incentives

+ Innovation + Outputs” (RIIO) framework, which was

implemented after an Ofgem consultation in 2010. This covers

transmission and distribution companies for both electricity and

gas. It was implemented for transmission and gas distribution in

April 2013 and electricity distribution in April 2015. It aims to

“promote smarter gas and electricity networks for a low carbon

future” (Ofgem, 2010).

The RIIO framework represents some key changes from

previous regulatory approaches. It is output-focused, with

companies challenged to deliver on customer satisfaction,

reliability and availability, safe network services, connection

terms, environmental impact and social obligations. There have

also been changes to how network companies’ cost allowances

are set, notably the switch from a traditional Opex/Capex2

split to a Totex allowance, designed to encourage companies to

take a flexible approach to delivering outputs. In addition, the

price control period has been lengthened from 5 to 8 years to

provide more security and stability for investors and encourage

longer-term planning.

4.3.2 Heat networks
Unlike electricity and gas networks, heat networks are not

currently centrally regulated, and the resulting perceived lack of

consumer protection has been identified as one of the barriers to

deployment (DECC, 2013). An independent customer protection

scheme, The Heat Trust, and a voluntary Code of Practice

2 Operating expenditure is expenditure on operating and maintaining the

network (inspection and maintenance, fault repair, engineering and business

administation costs).

Capital expenditure is expenditure on investment in long-lived network assets

(cables, overhead electricity lines and substations).
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FIGURE 4

Final energy consumption by energy carrier (Source: based on data from DUKES).

have been created, and any projects applying for Heat Network

Investment Programme (HNIP) funding must comply with these

standards (BEIS, 2021). However, the regulation of heat networks in

GB is planned to begin during 2024-25 (DESNZ and Ofgem, 2024).

4.4 Multi-energy systems

Energy systems are moving away from operating in silos to

systems where various vectors interact and are interdependent

to increase benefits to the whole system. The field of multi-

energy systems (MES) is vast, with concepts spanning from energy

hubs to integrated energy systems to energy system integration,

multi-generation systems, whole systems approach and multi-

vector energy networks concept. Energy network operations and

planning have been described as smart (mostly the electricity

grid) and have birthed typologies, including smart energy grids

and smart integrated energy systems. Concepts of multi-vector or

multi-energy, their optimisation and their assessment are discussed

in (Hosseini et al., 2020; Mancarella, 2014; Oduro and Taylor,

2023; Taylor et al., 2021). Mancarella explains the concept of

MES as a whole-system approach that optimizes and evaluates

specific cases or levels (building or country level) that expand

beyond the boundaries of a particular sector or vector of interest.

General benefits of the system include increasing conversion

efficiency and utilization of primary energy sources; enhancing

market interactions because of the optimal deployment of both

centralized and decentralized resources; and increasing system

flexibility to respond and increase integration of variable renewable

energy (wind and solar) (Mancarella, 2014; Taylor et al., 2021).

Different authors have attempted categorizing MES to reveal

and make simpler the various perspectives and complexity that

characterize the concept. The spatial perspective relates to the

MES applications at various levels or aggregation -from buildings

(with multiple energy-generating technologies interacting with

one another) in districts, regions and even countries. A multi-

service perspective is the optimal integration of different energy

vectors at the supply level to deliver multiple services. There is

also the multi-fuel perspective, where the focus is on how the

classical fuels (NG, Biomass, RE) can be integrated to supply MES

services optimally.

The last perspective is the Networks Perspective, and this study

aims to investigate its potential in the future of UK energy network

operation, planning and investments. The focus of this perspective

is on how energy networks (DH, DHC, Electricity, Natural Gas,

and Hydrogen) interact and are interdependent on one another

and enable the optimal integration of, and interaction with, multi-

energy generating and conversion technologies to supply multi-

services at the demand side in an MES. Figure 5 is an MVEN

illustration taken from Taylor et al. (2021). The horizontal lines

are the network infrastructure for various energy vectors, while

the vertical lines are energy supply vectors interacting with energy

networks and delivering services at the demand side. Conversion

and storage technologies, including fuel cells, steam reformers, heat

pumps, power to gas, adsorption and electric chillers interact with,

and interdepend on, the various energy network operations.

5 Results

This section presents the thematized views of experts on

various discourses. Several discourses birthed agreements and
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FIGURE 5

Multi-vector energy networks illustration. Source: Taylor et al. (2021).

FIGURE 6

Number of experts supporting di�erent discourses of the future pathways of energy networks.
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disagreements on the challenges of energy networks, future

pathways and network architecture, multi-vector energy networks’

potential, and consumer impact.

5.1 Challenges of energy networks

This section explores experts’ views on the UK’s energy network

challenges and opportunities as the country pursues its energy

transition. We categorized their views into five themes with related

key statements in Appendix B. The first theme is planning and

operational challenges resulting from the increasing electricity

demand met by a growing share of VRE generation resources.

All experts indicated that TSOs and DNOs must deal with grid

integration, flexibility and congestion issues as more VRE comes

on stream. Most of the experts also agreed that a combination of

technological and market solutions could address these challenges.

They mentioned market solutions (flexibility market options

and locational pricing), battery storage, grid reinforcement and

extension, and conversion and coupling technologies, including

P2G, P2H, and V2G. Generally, the experts agreed that the real

challenge is operationalizing these interventions to decarbonize

heat and transport at a reasonable cost.

“The electricity networks need to expand or reinforce to

supply more electrical heat and . . . when you think about where

that electricity is going to come from [and] their decisions to

[deal with] generation as well. So, I think that’s at the center of

the problem. . . . for flexibility to be a real success, you need the

distribution level and its active management to be much more

developed than it is at the moment.” [E6]

“[How to] purchase hardware required to connect the

50GW of offshore and wind and the increase of bulk solar. . . e.g.

the amount of cables required is more than the total global cable

market in the last 5 years.” [E13]

“If we take electricity, I think the biggest challenge is to

be able to have the capacity available at transmission and

distribution at the same pace as the zero-carbon transition has

received. And that’s a big challenge at the moment because the

network is quite full right now.” [E15]

The second theme relates to the uncertain role of gas networks

in a future UK energy system. All experts suggested that the gas

network is at a crossroads, but with a range of views around

the likely path ahead. The uncertainty was supported by pointing

to UK transition plans with different future scenarios for gas

demand, from long-term decline to a significant role for hydrogen

as a replacement for natural gas [for example, the three net zero

scenarios in the UK’s Net Zero Strategy in (HM Government,

2021b)]. They highlighted that this uncertainty has implications

for future operation, long-term planning and investment in the gas

network, with a significant risk of stranded assets. The two quotes

below exemplify the need for GDNs to deal with the uncertain role

of gas and the challenge of recouping asset investments in scenarios

with little gas use. In contrast, the third quote represents a view of

the future with a significant role for gas in the UK.

“So, there is a kind of scenario of [gas] decline andmanaging

decline and how do you pay for a declining network? I think the

gas networks have a... much tougher, and much more uncertain

future.” [E2]

“An interesting conundrum is the role of gas in this future

world and the role of the gas networks particularly. . . The main

challenge is [with] gas . . . it is the recognition that they [gas

networks] are either going to be managing a declining system or

a declining service.” [E7]

“There are no credible future scenarios where there isn’t a

significant use of gases or vectors whether it’s hydrogen or green

gas. . . You [the UK] need a secure backup . . . when it’s not

windy.” [E3]

Third, a few experts emphasized that the rapid pace of

decarbonization requires energy networks to innovate and invest

“ahead of need,” anticipating increased demand from both

recharging significant numbers of EVs and high levels of

electrification of heating. However, such an approach is not

without risks, given the uncertainty regarding both the timing and

extent of these developments. The regulatory framework guiding

network investment and operation has historically discouraged

such an approach because the regulator has been keen to protect

current consumers from unnecessary costs associated with what

could be speculative investments. Yet, without some anticipatory

investment, network developments will likely lag what is needed

to meet increased demand. This is a shared challenge for energy

networks and the regulator (Ofgem), compelling the latter to

adapt the regulatory framework to the speed of the transition. Key

statements from E3 and E5 illustrate some of the issues.

“But if you’re going to relax the attitude to risk, I think

you need to then think about, how do you change the way the

regulator adjusts if something goes wrong?” [E3]

“Investment ahead of need not quite allowed by Ofgem until

recently because they are always more interested in protecting

consumers now than consumers of the future.” [E5]

The fourth challenge is the lack of clarity in the UK energy

policy direction. Industry experts, in particular, highlighted the

lack of clarity in policy direction for decarbonizing certain sectors,

including heating. This lack of clarity increases operational and

investment risks for the network operators and can have knock-

on implications for energy prices. Below are quotations from

two experts:

“Lack of clarity on how we are going to decarbonise the

energy system is preventing any significant steps forward.” [E3]

“So, I think the thing we are missing is the political will and

political signaling of what the heat strategy is. So, once it’s clearer

about what the heat strategy is supposed to be, and where and

what different pathways [there] are, the more certainty there will

be, and the best job the regulator can do.” [E6]
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The final network challenge deals with reducing consumer

costs and understanding consumer behavior as the UK transitions.

All experts agree there are at least short to medium-term

cost implications for consumers as networks respond to sustain

their businesses. Understanding consumer behavior could drive

innovation to reduce network operation costs but experts suggest

the energy industry seems inadequate in this domain.

“. . .who’s going to pick up the tab? Who’s going to pay for

all these changes? That’s a massively important question because

quite a lot of the infrastructure changes will come at a significant

cost. And at the moment, the way that we socialize costs means

they can be distributed in a number of different ways.”[E6]

“. . . as a network, we need to transform into what society

and our customers want us to become, but currently we are not

allowed to due to regulatory constraints.” [E13]

5.2 Future pathways and architecture of
UK energy networks

Experts discussed different ways the energy network

architecture could develop, including centralized, regionalized and

localized approaches. Appendix C shows experts’ key statements

and inferred perspectives on potential future architectures. Most

experts were concerned about the security implications of an

electricity-centric future, while two experts were optimistic about

an all-electrified pathway with an insignificant role for natural

gas between 2030 and 2050. These two experts were also skeptical

about a future in which hydrogen played a significant role.

“About whether power for hydrogen will ever really happen

because of the efficiency losses and because of the requirement for

high rate [of permeability] . . . I’m slightly skeptical that you will

be taking renewable electricity and turning it into hydrogen for a

few hours a year or a few days in a year.” [E7]

Most experts foresee a dominant role for the electricity network

but emphasize that the energy system will still require gas (e.g.

hydrogen, a blend of hydrogen and natural gas, and bio methane

or ammonia) to play a significant role in the transition.

“There are no credible future scenarios where there isn’t a

significant use of gas as a vector, whether it’s hydrogen or green

gas” [E3]

Experts also discussed the role of the transmission network

for both gas and electricity. Disagreement on this matter was

not pronounced. The dominant view is that a continued role for

the electricity transmission network is inevitable. However, they

perceive that it will play more of a balancing role than be used for

the bulk transmission of power. This insight is built on a conceived

scenario of an energy systemwithmore locally generated renewable

energy. For example, we infer from views of E1, E2, and E5 that the

electricity transmission network is inevitable, but it will play a lesser

role in transmission than in storage and system balancing because

they believe the electricity generation will become more local. In

the quote below, E7 expresses a skeptical view on the role of the

transmission network.

“I think there probably would be elements of both. You

know, we’re already involved in a project with [name removed]

for doing peer-to-peer trading in Cornwall, and I think there is

value to that and that if you know can balance the local area

network but at the same time you’ve got to also balance the

transmission system as well, yeah. So, I think it’s probably both,

but in terms of the interaction between those two. . . I’m not sure

I’m afraid.” [E7]

Some of the experts were unsure of the future of the gas

network but some perceived gas would operate in the sub-national

and regional setting. For example, it was inferred from E2, E5,

and E7 that the future of the gas network (hydrogen, blended

or repurposed) is more certain to be at the regional and sub-

regional levels.

Two experts envisioned an architecture in which

interconnectors play an important role. However, another

highlighted an imminent decrease in interconnector utilization

capacity, which could reduce its prominence in the UK. Low

seasonal and daily demand variability between the UK and Europe,

the significant increase in local energy supply and balancing

capacities are the factors that the experts highlighted could lead to

a reduced interconnector role.

“Interconnectors are great, but to some extent, and there are

cost implications, and the economics are not good. Utilization,

given the location of the UK, will even get lower and lower, as it

[the energy system] becomes more regional.”[E5]

The structural archetypes below represent the foresight views of

E1, E6, and E14, respectively:

a. All electric, with a reduced role for electricity transmission,

significant decentralized generation and little or no gas.

b. Highly electric but with a significant role for

gas, very decentralized with both transmission lines

and interconnectors.

c. A shared gas and electricity future with a highly

decentralized system but with transmission lines

and interconnectors.

5.3 MVEN- benefits and challenges

An MVEN approach is considered a possible pathway to

solve some of the VRE-imposed challenges by coordinating and

optimizing operations, planning and investments of two or more

energy networks together. Almost all the experts were conversant

with theMVEN concept and could distinguish it from other related

ideas, such as MES. Two experts were familiar with MES but were

unaware of the MVEN approach. Perhaps not surprisingly, experts

from the gas industry were more aware of and generally supported

and advocated for the MVEN approach. Conversely, we noticed

that experts who were skeptical about the role of MVEN were also

unsure about the future role of gas.
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We also gathered views on the benefits and challenges of

MVEN, and how the approach could benefit the UK. Key

statements on the benefits and challenges of MVEN are captured

in Appendix D.

Most experts were positive about MVEN’s role in the UK,

although two were skeptical about its benefits/role. Their view

centered on how hydrogen would be central to anMVEN approach

consistent with the UK’s net-zero ambitions and that there were too

many obstacles to its rapid and widespread deployment.

“I don’t know how it will work in a decentralized system.

Hydrogen is more theory at the moment than it is proven, and

there is a short timescale for us to reach net zero, thus, we cannot

take a risk on that. [A] fair amount of balancing can be done

anyway given by the distributed energy resources.” [E1]

Those experts with a fair idea of MVEN highlighted

that the approach could help deal with grid integration and

curtailment challenges as VRE increases. They emphasized that the

interdependencies between electricity and gas will become more

apparent in the UK. Some experts highlighted what they saw as the

operational and regulatory challenges of MVEN but indicated that

these are resolvable.

“So, if you’ve got one (network) that was constrained in every

way, and the other network isn’t, then it makes sense that you

look at solutions that involve using the one with a spare capacity.”

Solving constraint issues between gas and electricity networks is

where planning networks can be revealed. But it’s almost down

to the market, to realize and to bring forward a solution.” [E3]

E2, E4, and E5 also envisaged that an MVEN approach would

be most feasible at the regional and sub-regional levels. They

believe that gas networks will be less dominant at the transmission

level. The reason is that the distribution of green gas production

(hydrogen and biomethane) and the use of gas in electricity peaking

plants are likely to be highly non-uniform across the UK. As such, it

will be more valuable for hydrogen and biomethane to be produced

and used for peaking plants at particular geographical locations.

“At the local level, there is more potential for MVEN, but

there are current challenges based on the existing framework.

(It is) quite early days, but companies at the local level can

integrate two networks and benefit from saving investments and

cost.” [E2]

“There is a long way to go because this concept [MVEN] is

applicable at the regional level, and even with existing electricity

and gas systems, regionalization is still a challenge.” [E4]

“[MVEN] is being driven by the fact that you know,

electrification will prove to be just so hard. . . . there is use of

hydrogen for example, in certain areas [e.g.] industrial heartland

of the north of the country, South Wales, and North Wales.

[These] places could be probably desperate for hydrogen, and

other places and maybe a more multi-vector approach to the

sector.” [E5]

Experts highlighted some of the specific benefits and challenges

of the MVEN approach. First, almost all interviewees suggested

that it increases efficiency by optimizing networks and investments.

Most explained the storage capability of MVEN to demonstrate

how the approach could conserve currently wasted or curtailed

energy. A few experts mentioned that line-packs could offer

more balancing/flexibility capacity for the electricity grid if the

networks were planned and optimized together. Cost efficiency and

environmental gains were also noted as benefits of MVEN, except

that two experts were skeptical about what scale, type, and quantity

of hydrogen (blue or green) could make such benefits realizable.

Regarding challenges, experts noted the practical difficulties of

implementingMVEN at the required pace tomeet the UK’s net zero

target. The experts doubted the extent of the current collaboration

between the electricity and gas networks. Thus, the ambition of co-

planning investments and operations between networks could be

too great in the short term if the required collaboration does not

currently exist.

“Solving constraint issues between gas and electricity

network is where [the benefits of] planning networks can be

revealed. But it’s almost down to the market to realize it [the need

for co-planning] and to bring forward a solution.” [E3]

Several experts, however, were more positive and highlighted

that energy networks must collaborate more than ever before

and that MVEN will emerge organically even in an electricity-

dominated future.

“MVEN will emerge organically and may require active

policy and regulatory action for it to happen. It has an advantage

even in an all-electrified UK, and in that situation, it will be

relevant in a downgraded gas industry where it can help with

grid integration problems with VRE.” [E7]

Some experts saw MVEN’s data exchange requirements and

related complex models as problematic. For the data challenge, the

argument was that even gathering and managing critical data to

make the electricity network smarter has faced challenges at the

local and regional levels. One expert referred to a case where only

two utilities had completed the data collection phase of a smart grid

project, suggesting that convincing stakeholders regarding the data

challenge could be difficult. Thus, collecting, sharing and managing

data across two or more networks could be more challenging.

Nonetheless, two other experts suggested that the energy domain

has highly skilled individuals who can overcome data andmodeling

complexities. Thus, identifying coordination roles and resourcing

competent staff would be a logical step to take with the data and

modeling issues.

“It is not widespread, but there are still lots of people who

understand this stuff and...there are some very clever people in

the energy industry, and they are starting to work on this stuff.

So positive that they start falling (creating) big solutions.” [E5]

Other experts keenly highlighted the regulatory authorities’

role in supporting MVEN approaches. Their views regarding the
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regulatory framework suggest it would need to change significantly

for MVEN to function. They believed that the regulator’s capacity

is inadequate to deal with the MVEN approach, given that the

networks have historically been regulated separately. Two experts

agreed that a specific policy package is needed to bring forward the

required regulatory changes that will drive the MVEN application.

“[The challenge is] whether there are enough incentives on

planning to accelerate planning in terms of MVEN or not, the

system designer to do so, or they [the networks] have to do it

themselves.” [E6]

“MVEN . . . requires active policy and regulatory action for

it to happen [in the UK]” [E7]

“I think we need to open up policy [for MVEN to

happen]” [E13]

5.4 Potential impact on consumers

This section discusses experts’ perspectives on how different

future pathways for energy networks may impact consumers. Key

statements made by the experts are in Appendix E. First, some

of the experts believed that, even though energy networks are

engaging stakeholders in their plans, general consumer awareness

about the role of networks in the energy transition is incredibly

low. These experts highlight the danger of not taking consumers

along on the journey since the energy transition will directly impact

them. Second, almost all experts envisaged cost implications for

consumers relating to the transition, and those from academia

and civil society groups appeared particularly concerned about an

increase in costs. Three questions emerged from this theme: who

is likely to bear the additional cost, what would be an equitable

distribution of such costs, and which mechanisms (policy, market

and regulation) could ensure such a fair distribution and so protect

vulnerable groups? Experts agree that minimizing cost implications

for all consumers is critical, but vulnerable consumers deserve

extra support. Two participants highlighted the need to balance the

responsibilities and burden across generations and the costs across

different consumers and adopters of new low-carbon technologies

and infrastructure. For example, ensuring equity between EV and

non-EV users (whomay have low incomes) when recovering public

investments in EV infrastructure is complex and controversial.

. . . so, when you are thinking about [energy] network

changes, or how to decarbonise heating, particular attention to

people on lower incomes is really important, otherwise, the risk is

that the politics will not work.” [E2]

Four perspectives emerged concerning equity and protecting

vulnerable consumers: socializing the transition cost, providing

fiscal reliefs and incentives to specific groups, using regulation to

increase efficiency and reduce cost and providing flexible financing

options. Below is a statement from E3 regarding how to deal with

the transition cost.

You have a mixture of consumer funding and taxation

paying for the transition. And then once you’ve got all the new

energy arrangements in place, you can then switch the market

arrangements back on.” [E3]

5.5 Implications for policy and regulation

Experts’ key statements on future network implications for

policy and regulation are captured in Appendix F. Possible changes

in the energy sector drive the need to reassess the flexibility

and robustness of existing policies and regulations. The potential

changes to network architecture and institutions, changes in

residential, industrial and transport energy demand and the

potential introduction of new vectors (hydrogen, blended natural

gas and hydrogen, ammonia, etc.) will require policy and regulation

to adapt. For example, introducing new vectors and increasing

decentralization require new policies and regulations. Some experts

thought that a complete change to the regulatory system was

needed to meet these challenges.

“The market system [must] change dramatically for this

to work. Because of the regulations, . . . , and the market rules,

everything has been set up for a centralized system. . . . everything

is being tweaked within that [centralized system] too. Trying to

enable more decentralization and you tweaking a framework,

which is no longer viable. You are trying to just piecemeal alter

a centralized set of rules and industry codes and all the rest of it

rather than deciding that yes, if we want a decentralized system,

we need to start again with the rules and what have you. “[E1]

Given that decarbonization may entail reconfiguring the

existing regulatory framework, most of the experts agreed that

the regulator (Ofgem) would need additional capacity to deal

with the requirements of the transition, including coordinating

new technological developments and decentralization. While some

experts advocated for a new institution/agency to coordinate the

decarbonization agenda, two experts were uncertain about the need

for this. See views from E2 and E6:

“I’m a bit more cautious on this, but there has been some

debate about . . . Do we need to create another New agency,

an Energy Agency or? Well, so I suppose there’s a debate at the

moment about that, and that’s broader than what should Ofgem

do. It’s kind of is Ofgem the right body to do this?” [E2]

“The decision has to be made on whether we want a

centralized system with a system operator or a regional system

operator that works [on a] small local basis and is coordinated

by some kind of central body for a security of supply.” [E6]

Managing risks regarding “investing ahead of need” and

protecting consumers is crucial for net zero given the urgency of

the required innovation. However, some experts expressed that

this approach would need a change of attitude from the regulator.

Others expressed skepticism that the regulator could match the

industry’s planned speed of innovation, citing the regulator’s pro-

consumer and incremental change culture as inhibiting factors.
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Ultimately, protecting consumers is the regulator’s prime objective.

Thus, it is challenging to implement frameworks that could unfairly

distribute costs and benefits between different consumers: current

and future consumers and consumers and network investors.

One expert highlighted the complexities in designing a regulatory

framework that is flexible enough to accommodate a least regrets

approach while investing ahead of need.

6 Discussion

In this section, we discuss the experts’ views on the

thematic areas presented in the results and contextualize them

by considering developments since the interviews were held. The

section is structured to directly address the four research questions

in the introduction, and then we conclude by reflecting on the

findings in the light of the literature on socio-technical transitions

and multi-systems interactions perspectives.

6.1 Energy networks challenges and
opportunities

Our results highlight that experts see integrating massive

amounts of renewable energy as among the biggest challenges

facing the electricity network, while decarbonizing heat poses

challenges of different kinds for both electricity and gas networks.

The pathway for transport decarbonization seems clearer on the use

of electric vehicles replacing fossil-fuelled passenger cars and vans

than the approach to decarbonizing heat, which is still contested.

However, since the interviews were conducted, the arguments for

electrifying heating by using air-source heat pumps seem to have

gained ground relative to those who see the widespread use of

hydrogen for domestic heating (Rosenow, 2022). Linked to the

future of heating is the uncertain future role of the gas network. The

Heat and Buildings Strategy (BEIS, 2021) outlined Government

plans to develop an evidence base to inform strategy in 2026 about

the future role of hydrogen in home heating. Then, inOctober 2023,

the government clarified that heat pumps and heat networks would

be the primary low-carbon technology for decarbonizing home

heating over the next decade and will play a key role in all pathways

to 2050 (National Audit Office, 2024). However, the longer-term

future of gas beyond 2035 remains unclear.

The Russian invasion of Ukraine in February 2022 has had a

major impact on the energy policy discourse in the UK, with issues

of affordability and security becoming much more prominent. In

response, the Government has committed to reducing dependence

on fossil fuel imports through further exploitation of domestic

oil and gas in the North Sea, as well as plans for new nuclear

power stations and the development of CCUS and both blue

and green hydrogen production (HM Government, 2021a). These

developments are underpinned by a commitment to accelerate the

development of energy network infrastructure to both anticipate

need because planning minimizes cost and public disruption, and

deliver increased flexibility in matching supply and demand so

that minimal energy is wasted. The Government estimates that this

more efficient, locally responsive system could reduce costs by up

to £10 billion a year by 2050 (HM Government, 2021a).

6.2 Agreements and disagreements on UK
energy network pathways

Though diverse views were expressed, experts agreed more or

less on several discourses (Figure 6). For example, there was more

consensus on “Decentralized architecture for gas and electricity”

and “need for change in regulation for net zero” than on “an

all-electrified future by 2050 is feasible” and “significant role

for hydrogen.”

As discussed in section 4.2, some possible pathways emerged,

and these were based on how the experts perceived the dominance

of a particular energy vector. These included an electricity-

dominant pathway and a balanced gas and electricity pathway

with the gas sector dominated by hydrogen. We observed that

experts envisioned pathways based on their convictions about the

future role of the gas network. Thus, experts against an electricity-

dominant archetype doubted that flexibility and grid integration

challenges could be resolved within the period. Proponents of the

all-electric and no-gas futures believe hydrogen is not currently

practicable to replace natural gas.

It seems the structural architecture choices depended on

experts’ beliefs regarding what electric vehicle charging approaches

will emerge dominant, the role of natural gas and hydrogen, and

how domestic heating will be decarbonized. For example, the

proponents of a hydrogen/gas-dominated sector are convinced that

the gas network will be more local and less regional.

Experts working in the electricity sector were not especially

keen on an all-electric future while experts with gas network

experience were particular advocates of hydrogen and MVEN

futures. The future of a more decentralized architecture for

electricity was not contested although opinions were divided

around decentralization intensities (fair, significant, and

extreme levels of decentralization). We observed that the

more decentralized their choice, the more they agreed on a reduced

transmission role for balancing.

6.3 MVEN perspectives and developments

The interviews revealed that most experts were conversant

with the whole systems approach and MES. Regarding MVEN,

experts who did not support a continued role for gaseous fuels

in the UK energy system (proponents of an all-electric future)

were generally less knowledgeable and less persuaded about

the benefits of an MVEN approach. Most industry advocates

for hydrogen as a natural gas substitute had a gas network

background/experience and were most likely to support MVEN.

Nonetheless, those who perceived a balanced gas and electricity

pathway were also knowledgeable about MVEN and often believed

it would bring benefits.

Since the interviews were conducted, the need for greater

integration in planning electricity and gas networks has been

recognized in policy circles. In April 2022, the energy regulator

Ofgem published a document setting out plans to create a “Future

System Operator” (FSO) to be a trusted and expert body at the

center of the gas and electricity systems. These plans stated that

the FSO would adopt a “whole system” remit across electricity, gas,

and hydrogen (BEIS and Ofgem, 2022). In the summer of 2024,
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these plans came to fruition with the launch of a new independent,

public corporation known as the National Energy System Operator

(NESO). NESO oversees the planning and delivery of the integrated

system needed to secure the UK’s energy security, net-zero and

affordability goals. Among the ways it will do this is through the

development of two network plans (DESNZ, 2024b). These are a

Strategic Spatial Energy Plan (SSEP) for the whole energy system,

identifying the optimal locations for generation, storage and

networks required tomeet net zero, which will be complemented by

Regional Energy Strategic Plans (RESPs) to provide coordination

and accountability in the way that regional electricity and gas

networks are planned.

These new developments in the policy and regulatory landscape

can be seen as starting to implement many of the ideas that are

represented by an MVEN approach, and it is anticipated that

NESO may gain more powers over time. The focus on not only

national-scale issues but also on the regional level through the

RESPs responds to what many experts saw as the particular value of

the MVEN approach at the regional and local levels. Nevertheless,

some aspects highlighted by the interviews on issues such as the

sharing of data still need to be worked on, and there are already

questions about how both the SSEP and RESPs will be able to reflect

the diverse range of stakeholder views on the most appropriate

pathway forward for energy networks.

6.4 Implications for policy, regulation, and
society

The challenges and opportunities facing energy networks in

the UK are driving some of the most significant changes in policy

and regulation that have been seen since privatization more than

30 years ago. Some of the most critical challenges for the policy

environment identified by the expert interviews were:

• Determining a clear pathway for developing energy networks

to support the energy transition and net-zero targets.

• Managing significant new investments in electricity

transmission and distribution to take account of increased

electricity generation from low-carbon sources and to meet

increased demand from heating and transport.

• Balancing the necessity of investments ahead of need so as not

to hold back the energy transition while also minimizing the

risk of stranded investments and protecting today’s consumers

from unnecessary costs.

• Addressing the probable decline in gas demand and its

implications for how the costs of gas networks are recovered.

• Operating an electricity system with significant proportions of

variable renewables while maintaining security of supply.

• Determining andmapping out regions or places whereMVEN

is applicable in the UK and demonstrating its value with the

right policy package.

Since the interviews were undertaken, there are signs that

the policy and regulatory framework is starting to change in

recognition of many of these challenges. Fundamental to this

new approach has been the passing of the Energy Act 2023

which addresses a wide range of topics including new governance

arrangements through the creation of NESO, giving Ofgem the

power to be the economic regulator of heat networks for the first

time, a range of measures to promote use of hydrogen and further

development of nuclear power.

Other recent developments of particular relevance to

energy networks include the publication of the Winser report

(Winser, 2023) which provided the Government with a set

of recommendations to accelerate the delivery of strategic

electricity transmission projects and a Review of Electricity Market

Arrangements which, among other things, is exploring the need

for new network charging approaches (including the possibility of

locational pricing) and how to make the networks more flexible

and reduce constraint costs (DESNZ, 2024a).

However, significant challenges remain, not least how to

develop a holistic, integrated and equitable approach to protect

consumers, and vulnerable consumers in particular, by minimizing

costs and maximizing benefits. Addressing vulnerability seems

to be high on the priority list of a range of actors, including

energy policymakers, the regulator and the industry (Ofgem, 2019).

Addressing this challenge is, therefore, likely to be an ongoing and

shared endeavor.

6.5 Theoretical reflections on UK energy
networks’ transition pathways

We analyzed expert views on the development of UK energy

networks using this framework and reflect here on the evidence of

specific themes relating to the energy transition. We found that the

UK’s ambition to tackle climate change is causing multiple socio-

technological developments and interactions as energy networks

evolve within the current regime as they respond to the challenges

posed by landscape pressures. This response involves multiple

actors, and leads to technological innovation (e.g., P2G and

hydrogen networks) and new operating and planning strategies

(MVEN and RESP). The need for regulatory and institutional

restructuring (as now manifested in the role of NESO as a

multi-vector central planner) highlighted by experts reinforces

the value of the co-evolutionary dimension of socio-technological

transition theories. Energy networks and other actors are finding

opportunities in distributed generation and the adoption of

new regulatory strategies (RIIO, SSEP, and RESP) and market

designs (locational pricing and ancillary markets) to address

emerging challenges.

Regarding multi-system interaction, the case of energy

networks demonstrates the need to understand complex systems

interactions. First, each network is linked to and interacts with

several other systems at different points along the supply value

chain. Second, given the interdependence and interactions of

energy networks with various other energy systems and sub-

systems, they present ideal opportunities to study multi-system

interaction dynamics. Gas and electricity networks (dominant

actors) will remain competitive and interdependent in the short

term. However, in the long run, the gas network will need to

embrace new low carbon fuels, such as hydrogen and biomethane, if

it is to have a continued role. District heating prominence or growth

in the UK is heavily dependent on government policy toward heat

decarbonization, including the rate of decline in the use of gas and

the uptake of heat pumps. Evidence from experts envisages that

the transition could change the existing relationship between the
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gas and electricity networks as they move from being competitive

to a more symbiotic one. This is because the electricity network

is favored by the landscape pressures, leading to demand-side

changes in fuels (for example, electrification of heat and transport).

However, the electricity network requires more innovation in

operations and planning, and continuous cooperation with the

gas network.

We identified several systems interactions in the MVEN

approach, which span the energy network and technological

infrastructure, policy and regulatory systems, markets and

institutional arrangements, and impacts on society and industry.

We identified three broad types of interactions namely hard,

(physical and technological system interactions i. e. networks-

energy transfer technologies-digital infrastructure) soft (policy,

regulation and markets, and consumer interactions of multiple

energy networks i.e. heat, gas, electricity) and hard-soft (physical

infrastructure, market designs, institutional, policy and regulatory)

systems interactions.

We have broadly reflected on multi-system interactions in

the transition of UK energy networks. We have demonstrated

that the MVEN approach internalizes supply and demand-side

dynamics, while hosting energy transfer/exchange technologies.

Thus, MVEN could be used to understand systems of system

interactions, focusing on the type of interactions, the direction of

causes and effects, material flows, knowledge exchanges, system

alignments and tensions. Such insights are critical to understanding

and managing the needed coordination in MVEN. The multi-

systems perspective value is reflected in the MVEN approach, as

experts are concerned about the cascading effects of system failures

across networks. Thus, critically examining system interactions

and the cascading effects of system changes is imperative for

MVEN implementation.

Finally, sharing costs and benefits for interacting systems is an

MVEN challenge. Since these systems deliberately interact to solve

a common objective, it is important for systems analysis to capture

the nature/distribution of costs and benefits. Thus, studying the

MVEN approach has demonstrated the need to expand the scope of

multi-system interactions analysis to include how costs and benefits

are distributed between systems in a regime.

7 Conclusions

Our investigations on the energy networks challenges,

opportunities and future pathways have demonstrated consensus

amongst experts on the need for a low-carbon energy transition

to support the UK’s net zero climate goal. There is a widespread

agreement that substantial investment will be required in electricity

transmission and distribution networks, both to integrate large

volumes of renewable electricity generation, including from

offshore wind farms and to meet the growing demand for

electricity from heat and transport. In contrast, the future for gas

networks is more uncertain and contested, with a decline in the

use of natural gas being seen as inevitable but markedly diverging

views on the extent to which it might be replaced by hydrogen.

Heat networks currently play only a small role in the UK and didn’t

receive much attention in interviews, although a modest expansion

in urban areas was expected by most experts.

Regarding our research questions on future energy networks

policy and regulation, a key challenge is how to enable energy

networks to help drive the low-carbon transition by allowing

investments ahead of need while ensuring that this does not impose

unnecessary costs on consumers. The questions of cost and how to

pay for the necessary investments were also important issues for

experts who believed that there was a future for both electricity

and a gaseous fuel in the energy system. Our investigations on the

potential of the MVEN approach in the UK show that experts think

that an MVEN approach that integrates planning and operation

across multiple energy vectors could bring benefits in terms of

greater efficiency and reduced costs, but also brings the risk of

cascading failures. In the UK, MVEN is seen to be more applicable

in local and regional settings. The Energy Act 2023 and other

policy developments are trying to address both the challenges and

opportunities identified by the experts, but it is too early to say

to what extent these recent changes will be successful in enabling

energy networks to be a driver of, rather than a barrier to, a net-zero

UK energy system.

Employing a sustainable socio-technological transition

framework and perspectives from the multi-system interactions

literature has enhanced our understanding of the energy transition.

We relied on multi-systems perspectives to understand and

validate experts’ views on UK energy networks transition pathways.

Upon reflecting on multi-system interactions and the MVEN

case, we have demonstrated that systems can be deliberately

integrated to interact and solve particular system challenges. We

identified three broad kinds of interactions: hard interactions, soft

interactions and soft-hard interactions, and highlighted the need to

expand the analytical perspective to include the distribution/nature

of costs and benefits between multiple systems as they interact.

Given that MVEN is a possible approach that deliberately links

systems, future research to study, identify and characterize systems

interactions could contribute to our understanding of multi-system

interactions as they apply to energy networks and so help inform

policy developments in the area.

While Great Britain’s energy system is unique, the goal to

drastically reduce greenhouse gas emissions and the challenges that

this poses to energy networks will be shared by many developed

countries, as will some of the solutions. The findings from this

paper should, therefore, be of interest to other countries facing

similar issues.
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