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The urgent imperative to decarbonise societies requries effective decisions to 
neogotiate interconnections of people, technology and policies. In this theory 
paper, we hypothesise that integrating transdisciplinary engineering with systems 
approaches can provide useful principles and tools to support effective sustain-
ability policymaking. We consider this hypothesis in the context of a historic and 
current UK energy sector transition: (a) the transition from ‘town-gas’ to natural 
gas in the 1960–1970s and (b) the current shift from natural gas to low carbon 
domestic heating, focussing on heat pump deployment. Through these case-
studies, we find that transdisciplinary and systems approaches are apparent in the 
successful historic transition, while remaining largely absent in the present low 
carbon heating transition, which is currently stalled. We argue this is caused by 
policy analysis being siloed and economically focused. We present two systems 
approach examples to show how they might be applied to begin addressing 
current UK policy failures for low carbon heating. We identify benefits while rec-
ognising some key limitations of this approach, including the resource require-
ments on officials. The paper concludes with suggestions for further research 
to continue developing the conceptual and practical basis and therefore lead to 
improved decision making in national sustainability policymaking.

KEYWORDS
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1 Introduction

All aspects of societies must urgently decarbonise if there is to be any chance of limiting 
global warming to 1.5 °C and avoiding the most devastating impacts of climate change 
(Intergovernmental panel on climate change (IPCC), 2022; Forster et al., 2025). But how can 
nations make effective decisions for sustainability when faced with complex and complicated 
interconnections of people, technology and policy? For many decarbonisation issues, bringing 
engineering expertise to these choices in national-level analysis is also of considerable impor-
tance yet doing so can bring its own problems (Cooper et al., 2021). These issues are central 
for countries looking to shift the from current fossil-fuel based economies to ones based on 
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sustainable and decarbonised energy. Meanwhile they also have merit 
for considering other similar shifts in healthcare and environmental 
protection. In this paper we explore how effective sustainability deci-
sions can be made and how engineering expertise (specifically, the use 
of systems approaches both as an engineering-rooted method and as 
means of connecting engineering knowledge to other knowledge) can 
be bought into national decisions. We focus on the UK and the chal-
lenges faced in shifting the landscape of heating technologies, people 
and society to reduce carbon emissions from a key sector for address-
ing climate change.

The theoretical foundation for this paper is rooted in previous 
work by Cooper et al. (2021, 2022, 2023), which centres on the con-
cept of ‘engineering policy’. Taking an ‘engineering policy’ perspective 
reveals that the importance of engineering is almost entirely invisible 
to national policy actors, meaning that a dual failure is possible: first, 
a lack of understanding of the engineering aspects of delivery and 
second, a failure to make use of engineering-based analytic approaches 
to diagnose issues and design effective approaches. The simultaneous 
importance and invisibility of engineering is—according to the engi-
neering policy perspective—central to why effective change can be 
difficult to achieve (Cooper et al., 2023). Conversely the engineering 
community also needs to recognise that technical solutions alone are 
not sufficient and need to be accompanied by, amongst others, better 
policy rooted in a deeper understanding people and society beyond 
common economic analysis.

Fundamentally, we argue that both engineers and policy makers 
lack a sufficiently holistic view to address challenges such as home 
heat decarbonisation effectively. For this reason, we explore practices 
that help integrate across engineering and policy worlds, focussing on 
the key role of transdisciplinary engineering. However, transdiscipli-
narity introduces challenges for the world of policymaking, which 
often operates with short deadlines and limited resources. 
Transdisciplinary working can be complicated, and time consuming 
as it requires bridging often quite different perspectives and starting 
points on an issue (Morgan et al., 2025). This suggests that analytic 
tools are needed to enable transdisciplinarity to have practical value 
in policy settings. We focus on systems approaches as amongst the 
most useful family of methods to support this kind of integration of 
different perspectives (engineering, policy, social). Our hypothesis is 
therefore that integrating transdisciplinary engineering and a systems 
approach can enable better, more balanced national policy making.

1.1 Why systems approaches?

The emphasis on systems approaches (see section 2.3 for a brief 
explanation of what we mean by this term) in an transdisciplinary 
analysis may seem ad hoc, but there are a number of intersecting rea-
sons why it is a reasonable place to start. One reason lies in recent 
philosophical developments to connect the sustainability-science 
focused work of the Zurich school of transdisciplinary research (Lang 
et al., 2012) with systems thinking and practice modelling tools 
(Morgan et al., 2025). These developments also sit well with recent 
programmes of work to support more “systems thinking” in the UK 
government (HM Government, 2023; Royal Academy of Engineering, 
2023). However these latter, policy-focused efforts emphasise the sys-
tematic aspects paying limited or no attention to the transdisciplinary 
context into which these approaches potentially gain important 
impacts. Given the plurality of complex and wide-ranging challenges 
that UK and other countries currently face, including climate change, 

international conflicts and a shifting world order, we consider that this 
study comes at an important moment for the topic and provides a 
useful synthesis and call to action. At the same time, it is important to 
consider

the null hypothesis: that systems approaches with transdisciplinary 
engineering are not effective in supporting effective policy decisions.

In part our goal is to test not the validity of ‘transdisciplinary engi-
neering’ here, but rather whether the addition of systems approaches 
are worth considering. Therefore, the key focus for this paper is to 
justify the systems emphasis, more than the transdisciplinary basis. A 
key reason why the null hypothesis might be true (that is, that systems 
approaches are not fundamentally useful in policy analysis) is that 
systems ideas are ones promoted by engineers (see Royal Academy of 
Engineering, 2023). It is therefore possible that systems approaches 
have been promoted by some (typically, systems) engineers simply 
because it is one of the tools they are familiar with, and not because 
systems concepts play an important role in understanding national 
policy planning choices.

One way to assess the robustness of our hypothesis within the 
confines of this paper is to explore two comparable cases: one a con-
temporary case in sustainability decision making where policy is fail-
ing (and where the absence of systems approaches and 
transdisciplinarity might therefore be visible) and a documented his-
torical case (from which success or failure can be established) analysed 
from non-engineering perspectives, that is close enough geographi-
cally and by economic sector to enable valid learning for the contem-
porary case. Given the focus of the special issue, and the core 
knowledge of the authors, we have settled on comparative UK cases 
within the energy sector. This links to the sustainability theme as cur-
rent policy goals in UK energy are strongly focused on carbon reduc-
tion in response to the climate crisis.

A key challenge within these efforts is the decarbonisation of UK 
home heating, where special emphasis has been placed on replacing 
natural gas boilers with electric-based heat pumps in over 20 million 
homes. The comparative case is also in the UK, but from 60 years 
earlier where a similar scale of change was executed in the shift from 
the incumbent ‘town gas’ used for heating and cooking to newly-dis-
covered natural gas supply. This historical ‘transition’ (as the authors 
of the papers we draw from frame it) has been subject to two separate 
case study analyses by social science scholars from different traditions, 
representing a useful and manageable case for exploring if evidence of 
what is now recognised as transdisciplinary engineering and systems 
approaches emerge in this case when analysed by non-engineers. 
Further, this case is useful because there are clear indications of suc-
cess (completion of the transition). The logic here is that if transdisci-
plinary and systems approaches do emerge, this provides some 
validation that such an approach has a wider merit than simply being 
useful to engineers. If so this can serve as a reasonable basis to further 
explore the application of this in the contemporary policy setting of 
accelerating heat pump uptake.

In the rest of this paper, we introduce and discuss engineering 
policy and theories on transdisciplinary engineering and systems 
approaches in detail and add to our hypothesis in section 2. Having 
introduced the theoretical framework, in sections 3 and 4 we then use 
previous research to explore two case studies of past and current tran-
sitions to UK domestic heating and consider the potential of transdis-
ciplinary engineering in these contexts. In section 5 we highlight the 
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lack of transdisciplinary systems approaches in current policies for 
the shift to low carbon heating. In section 6 we highlight two exam-
ples of visualisation tools and provide a summary of how the princi-
ples we have been discussing could apply to the low carbon heating 
transition. Finally in section 7 we discuss our findings and conclude 
the paper.

2 Engineering policy, transdisciplinary 
engineering and systems approaches

2.1 Engineering policy

The concept of ‘engineering policy’ is meant to capture both 
‘policy for engineering’—the way a nation manages or governs its 
engineering capacity—and ‘engineering for policy’—the use of engi-
neering skills and knowledge to advise policy design and develop-
ment—in the same way ‘science policy’ refers to both policy for 
science and science for policy (Cooper et al., 2023). While both senses 
are inter-related, we are focused more specifically on engineering for 
policy here, and in particular aim to explore how engineering (a col-
lection of technical disciplines and practices) can be effectively 
deployed into policy design spaces that are less technical and more 
social and political in nature. Previous research by Liote (2022) and 
Cooper et al. (2021)—which are rare examples of empirical studies on 
engineering advice to policy in practice—emphasised the importance 
of effective collaboration between those in government trained as 
engineers and those not. The studies identified this as a key compo-
nent of transdisciplinarity and also revealed a wider lack of frame-
works for understanding how to best shape these interactions 
effectively.

While in this paper we focus on transdisciplinary and system 
approaches, at the same time we recognise that there are other varia-
tions which aim to bring engineering into wider areas of action, 
beyond the typical places of construction, manufacturing, technical 
design and so on. For instance, the related field of ‘transition engineer-
ing’ offers an alternative and interesting framing. Transition engi-
neering is:

an emerging approach for tackling wicked problems and for 
designing, developing, and delivering real-world steps aimed at 
downshifting systemic unsustainability [and] …encompasses the 
workflow, process, and methods for conceptualizing and deliver-
ing participatory transformative impact (Ahrens et al., 
2025, p. 3).

Space limitations prevents a more detailed appraisal here but the 
positioning of transition engineering draws on lessons from safety 
engineering and therefore may be understood as tackling problems 
within engineering (and the way engineering is carried out) as 
opposed to understanding how ‘engineering thinking’ may usefully be 
applied in policy analysis settings. Indeed, it is highly likely that devel-
opments in transition engineering may help a better application of 
engineering-based methods in policy in the future since any transition 
engineering methods are likely to fit better into the wider needs of 
policy analysis. We do, however, return briefly to lessons from transi-
tion engineering later in the paper in section 7.

2.2 What is transdisciplinarity?

Transdisciplinarity is an emerging cultural, philosophical and 
epistemic shift in the contemporary practice of science which builds 
on interdisciplinarity—the integration of knowledge and methods 
across disciplines (Barry and Born, 2013). It also connects to the idea 
of ‘co-production of research’, where academic and non-academic 
actors collaborate to shape knowledge production for action 
(Edelenbos et al., 2011). As developed most recently in the field of 
sustainability science, transdisciplinarity has been defined as:

A reflexive, integrative, method-driven scientific principle aiming 
at the solution or transition of societal problems and concurrently 
of related scientific problems by differentiating and integrating 
knowledge from various scientific and societal bodies of knowledge. 
(Lang et al., 2012, pp. 26–27)

The emphasis throughout Lang et al.’s seminal paper is on integra-
tion of knowledge across different disciplines (i.e., interdisciplinarity) 
and between academia and practice communities, with this definition 
supported by a recent handbook on transdisciplinarity (Lawrence, 
2023). Interestingly, the engineering design community also recog-
nises the need to collaboratively and systematically develop products, 
their patterns of use and the institutional structures in the which they 
operate (e.g., Reich and Subrahmanian, 2022) reflecting a natural 
transdisciplinary orientation within (at least one field of) engineering.

Finally, as noted above in the section on engineering policy—spe-
cifically, engineering for policy (engineering advice)—this is the type 
of setting where a transdisciplinary approach is considered most 
important. The definition above aligns well with ones offered in the 
transdisciplinary engineering literature too, for example Wognum 
defines as transdisciplinary engineering research as:

…aimed at solving problems that require a vision beyond the 
immediate engineering task for their solution… not only technical 
disciplines need to participate but also disciplines from social sci-
ences. In addition, knowledge is needed from practice and stake-
holder communities. (Wognum et al., 2018, p. 755)

Across all these different definitions, a key concept is central to 
transdisciplinary practice—it involves the collaboration and/or inte-
gration of ideas and practices across different knowledge communi-
ties. This typically includes between physical scientists, social scientists 
and community or policy actors (typical of transdiscplinary research) 
or between engineering researchers, social scientist and business 
actors (typical of transdisciplinary engineering). Bringing engineer 
and engineering approaches into policy settings is one of the relatively 
unusual elements of our approach here, one that is closely allied to the 
engineering policy framing set out at the start of this paper.

This makes transdisciplinary engineering particularly suited to 
applications in policy decision-making for sustainability. However, a 
practical challenge emerges for those wanting to deploy this in policy 
settings as noted above—that is, the challenge of integrating a range 
of different perspectives under pressure of limited time and resources. 
Given the different orientations of policy and research (explored by 
Cooper in the energy sector, 2018) this creates a need to explore spe-
cific mechanisms to enable transdisciplinary engineering to be effec-
tively applied in policy. Usefully, Morgan et al. (2025) build out a 
significant amount of philosophical architecture around these issues, 
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and conclude that the use of systems approaches (or “systems think-
ing” as they and many others term it) can better co-ordinate and inte-
grate different perspectives simply and coherently. We build on their 
work here—rather than repeat it—with the goal of exploring both the 
validity of systems approaches and its practical application to a live 
case. We next consider what we mean by systems approaches.

2.3 Systems approaches

Since general system theory was developed in the second half of 
the 20th century, it has been applied to numerous fields. ‘Hard’ system 
theory, sees systems as interconnected elements which can be con-
trolled, whereas ‘soft’ systems acknowledge the validity of subjective 
experience (Zexian and Xuhui, 2010). Collectively this can be called a 
‘systems approach’—something that has been applied in multiple ways 
in sustainability and climate change policy arenas, including in the UK 
(e.g., HM Government, 2023). System approaches can be defined as:

a set of synergistic analytic skills used to improve the capability of 
identifying and understanding systems, predicting their behav-
iours, and devising modifications to them in order to produce 
desired effects (Arnold and Wade, 2015, p. 675).

A systems approach covers a range of methods that share a core 
set of concepts (Arnold and Wade, 2015). Our interest in systems 
approaches at this point is in first characterising them sufficiently to 
understand whether ‘systems’ concepts are visible within non-sys-
tems analyses of an historic case study. We do this to validate the 
claim that systems approaches are fundamental to effective sustain-
ability decision-making but also as a basis for understanding how 
systems approaches can be practically implemented in policy 
decision-making.

Drawing on a synthesis and review of systems approaches by 
Arnold and Wade (2015) we briefly present one set of elements for 
understanding and deploying a systems approach. These seven ele-
ments1 help orient a practitioner, engineer, social scientist or any other 
relevant stakeholder to the systemic nature of the issue they are 
confronting.

	1	 Recognising interconnections
	2	 Identifying and understanding feedback loops
	3	 Understanding system structure
	4	 Differentiating types of stocks, flows and variables
	5	 Understanding dynamic behaviour
	6	 Retain but navigate complexity by grouping systems 

conceptually
	7	 Understanding systems at different scales

Again, due to space limitations we do not explore this list in depth 
but rather use it as a typical example in which systems approaches are 
turned into practical guidance. The point here is to first ask whether 
we can identify the presence of these elements in non-systems analyses 
of an historic case relevant to a related contemporary case. If so, this 
provides evidence that systems approaches, even if not deployed by 

1  The original paper by Arnold and Wade set out 8 elements, which included 

“identifying and understanding non-linear relationships” which they conceded 

could be grouped under “4. Differentiating types of stocks, flows and vari-

ables”—we have taken that advice to reduce the list here for simplicity.

systems specialists, may in some sense be intrinsic or otherwise foun-
dational features of policy challenges that demand better sustainability 
decision-making.

3 Case study one: the 20th century 
transition from town to natural gas 
analysed from non-engineering 
perspectives

This section examines the assessment by two key papers which 
approach the UK transition from town gas to natural gas using social 
science theories and non-engineering perspectives. Arapostathis et al. 
(2019) analyse the importance of strong control and direction as part 
of a transition management approach and Hanmer and Abram (2017) 
complements this by taking an actor network perspective to stress the 
importance of coordination and path-dependency within such a sys-
temically planned, structured and controlled approach.

Over a key 10-year period from 1967 to 1977 over 13 million UK 
households with around 35 million separate appliances were con-
verted from town gas to natural gas, requiring technical changes to the 
connections, energy metres and heating, cooking and lighting appli-
ances in these homes and changes to the way the systems worked. 
Town gas was mainly manufactured from coal carbonisation with 
local distribution by multiple small companies, although by 1965 these 
had been merged into a single gas council with 12 area boards. 
Households were switched to natural gas (methane), from newly dis-
covered gas fields in the North Sea, distributed through a national grid.

3.1 Understanding system structure: strong 
central control and direction

Arapostathis et al. (2019) take a transitions management approach 
to analysing the switch to natural gas. Transitions management 
(Loorbach, 2010) is a political science approach to understanding 
transitions and focusses on the role of governance and institutions in 
enabling transitions. For these purposes transitions are defined as:

…a gradual, continuous process of change where the structural 
character of a society (or a complex sub-system of society) trans-
forms (Rotmans et al., 2001, p. 16).

In line with this approach, they highlight that the gas transition 
took place in a much more centrally managed economy than that of 
the UK today and began with the dismantling of multiple individual 
town gas companies and the creation of state-owned British Gas 
which nationalised and consolidated the industry, providing central-
ised control of the transition. They note the contrast with today’s 
industry which:

Consists of numerous privately-owned national and international 
companies with much shorter planning and financing horizons, 
lacking monopolistic or monopsonistic control over their markets, 
prices and profits (Arapostathis et al., 2019, p. 136).

Arapostathis et al. also highlight the importance of a ‘Fordist’ 
approach to organisation—following the industrial manufacturing 
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approach to standardising products and processes developed by 
Henry Ford in the early 1900s—to reduce uncertainties, leverage 
economies of scale and exercise control over the numerous contrac-
tors who carried out the installation work. An 8–9-week formal train-
ing programme with harmonised technical examination processes was 
required for all contractors and was administered by 13 new training 
and examination centres, there were also clear expectations in terms 
of manner and approach. These requirements were facilitated by a 
skilled workforce seeking jobs at that time and the transition was sup-
ported by substantial resources dedicated to rapidly dealing with any 
complaints.

This highlights one of the seven elements of systems—under-
standing system structure. The authors focus on this, and importance 
they give to it, reinforces the idea that system structure is an important 
way of understanding how a transition—in their terms—happens.

The transition was compulsory, with town gas being cut off to 
homes on a given date. Technicians were also given authority to force 
entry into buildings to switch the technology at the appropriate time 
for each area if permission was not forthcoming, something that 
would be close to unthinkable today. Conversion of essential appli-
ances took around 10 h (i.e., was completed in 1 day) and non-essen-
tial appliances were converted in the following few days. This 
command-and-control strategy was also supported by incentives such 
as the switch being cost free to households, with free conversion—or 
where necessary replacement (usually if more than 14 years old)—of 
their own existing appliances to work on the new fuel and with a free 
call back for up to 8 weeks post switch to deal with any problems, 
which at the height of the process was needed in around 25% of cases.

3.2 Recognising interconnections: public 
communications, appliance manufacturers 
and gas councils

In addition, an aggressive, centrally directed public relations and 
education campaign was developed for the ‘high-speed gas’ and new 
‘modern’ appliances, including local public events, leaflets, talks and 
even film screenings on the benefits of natural gas and its strategic 
priority for the UK. Another initiative was live cooking demonstra-
tions from ‘home economics graduates’ comparing the two gas types 
and showing ‘the enhanced safety, convenience and evenness of cook-
ing with natural gas’ (Arapostathis et al., 2019, p. 132), while stan-
dardised ‘bake tests’ were also sometimes conducted during call back 
visits to help support households with learning and to check that 
appliances were functioning effectively. This included specific guid-
ance to Jewish and Muslim households on ensuring even cooking of 
Hallal and Kosher food.

Agreement was made with multiple appliance manufacturers and 
suppliers that they would develop conversion sets for their own appli-
ances and that they would only sell multi-gas type appliances from the 
1st of April 1968. Arapostathis et al. also highlight the Gas Councils’ 
generally harmonious and positive relationship with the various gov-
ernments of the day, both Labour and Conservative, and how they 
enjoyed mostly steady government support and backing throughout 
the transition.

It can be seen that this was therefore a purposeful, planned and 
centrally managed transition with strong and consistent government 
support in a very different structural context to today’s environment. 
It points to the range of approaches and expertise used in creating 
functional outcomes for households, which contributed to the rapid 

progress recorded. This suggests the need to ensure that any co-ordi-
nation within the system recognises the role of diverse actors in ensur-
ing two key elements: (i) its resilience to failure and (ii) ability to 
self-correct, something which is also highlighted in the second paper 
discussed below. Notably the designers of the approach acknowledged 
this and put transparent complaint and redress processes in place to 
handle problems, demonstrating how awareness of distinct roles and 
benefits of specifically designed functions can support the system 
effectively. This aspect of their analysis reveals a strong flavour of rec-
ognising the importance of interconnections between elements in the 
system. These interconnections (and the recognition of them) seems 
to form a key basis for effective action to carry out the transition 
successfully.

We now look at another angle on this historic case, taken from a 
paper by Hanmer and Abram (2017).

3.3 Understanding dynamic behaviour: the 
importance of coordination and the 
creation of path dependencies

Hanmer and Abram (2017), analyse the same town gas to natural 
gas case, again framed as a ‘socio-technical transition’ using Actor 
Network Theory (ANT)—a social theory first developed by Latour 
(2007) and others. This is therefore from a quite different social theo-
retic approach from transition management with a distinct, scholarly 
community, if albeit still within the broad disciplinary grouping of 
social sciences.

Hanmer and Abram highlight the importance of the “actor net-
works” comprising both people (including installers, manufacturers, 
designers, regulators and so forth—although strangely not house-
holds!), and technical system components [such as gas drilling, 
national distribution pipework, household appliances, etc. (Hanmer 
and Abram, 2017)]. As with the previous paper they acknowledge the 
centralised control, management and state sponsoring of the transi-
tion and the focus on the communications and technical skills of the 
installers, whom they identify as vital ‘translators’ in the transition 
(thus reinforcing the idea of the importance of interconnections, and 
possible different types of stocks).

They also identify the planning, overall systems visualisation and 
research that went into the process prior to the switch, including on 
the uncertainties and the need for technical changes to existing appli-
ances—because burners required higher airflow rates than town gas. 
This included the role of ‘Watson House’—the Gas Council’s national 
research centre—in field trials, development and approval of technol-
ogy and communication of technical installation details. As such they 
argue that Watson House was fulfilling the role of a ‘translation 
hub’ which:

Characterise[s] a concentration of translation activities in one 
organisation which aligns with the interests of a constellation of 
actors and creates stability in the network… in this example align-
ing the gas industry and appliance supply chain with the require-
ments of a new fuel. (Hanmer and Abram, 2017, p. 10)

This notion of translation hubs or indeed individuals, aligns 
closely with ideas visible in the transdisciplinary research literature. 
Both refer to individuals or groups who cross knowledge boundaries, 
including across technical and social knowledge boundaries. The 
‘translation hubs’ concept emphasises the importance of co-ordination 
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activities across different domains and actors and is arguably a form 
of systems approach. This recognises the importance of dynamic 
behaviour between elements in the ‘actor network’ or system, since the 
coordination happens over time, and by definition is responsive to 
changes around it as well as changes in the technical installation 
details which affect the uptake of the new appliances.

3.4 Identifying and understanding feedback: 
natural gas and central heating

Hanmer and Abram relate how the switch to natural gas also 
facilitated a much faster shift to central heating, aided by fixed price 
‘packs’ including boilers, radiators and installation, with performance 
guarantees and with prices standardised on house size, which reduced 
uncertainty in the minds of households and provided easier pitches 
for salespeople. The change thus provided households with tangible 
benefits. This in a sense recognised the role of (positive) feedback 
loops in the system, since the fixed price pack reduced friction to 
installation, and likely made it simpler for salespeople to reach more 
people quickly, especially if the experience of the quick installation 
supported positive word-of-mouth feedback effects.

Similarly, they highlight how the natural gas transition and its 
dependent rise in gas central heating for the majority of UK homes 
has created a high level of ‘path dependency’. Homes are effectively 
locked into existing systems of natural gas boilers with wet radiators, 
which have become the default choice and create deep structural chal-
lenges for any future changes. This links to the next contemporary case 
we explore below, but in a negative feedback, slowing down the poten-
tial for change on account of the path dependency on a fixed type of 
technology and social systems around it.

3.5 Transdisciplinary and systems 
approaches and principles visible in the 
analyses of the historic case study

While coming from different perspectives, both the analyses high-
light the importance of planning, collaboration and communication 
across different stakeholders and perspectives, which is underpinned 
by a holistic understanding of the system. In particular they show the 
importance of an integration between technological solutions and 
policies, as illustrated by ensuring that conversion kits were created 
for multiple existing appliances and offered free of charge. The plan-
ners of the transition programmes thought through all aspects of the 
transition such as technical standardisation, costs concerns, orches-
trated public information campaigns, emphasis on customer service, 
installer skills development, and so forth; to remove barriers and 
maintain progress. While the analyses by non-engineers were not 
framed in those terms they still highlighted the importance of trans-
disciplinary collaboration.

The exploration of this historic case supports two conclusions. The 
first is the importance of transdisciplinarity and (plausibly) transdis-
ciplinary engineering in particular, given the emphasis on technical 
research on devices and installation approaches, as well as taking care 
of how people interacted and received these, and the governance of 
the system as a whole. The second is the relevance and validity of a 
systems approach. Both identified elements that aligned—some more 
obviously than others—with the key elements of a systems approach 
as set out by Arnold and Wade (2015). This strongly supports our 
hypothesis—alongside the other evidence concerning the rise of 

systems approaches in the UK government—that systems approaches 
have a general value in these areas.

At the same time, we recognise that a ‘systems approach’ is not the 
only useful perspective. For example, it could be seen as design prob-
lem, where the processes were designed to meet the needs of different 
stakeholders and foresaw multiple failure modes. However, the suc-
cessful transition predates the development of design approaches such 
as design thinking (e.g., Brown, 2008). This transition problem has 
characteristics of wicked problems in the sense of Rittel and Webber 
(1973). Rittel, who was an urban planner, argued that ‘nearly all public 
policy issues’ (1973, p. 160), are wicked problems, that are ‘ill-defined’ 
and ‘malignant’. They cannot be ‘solved’ but require ‘elusive political 
judgement for resolution…over and over again’ (p. 160). However, 
unlike other wicked problems, in the case of town gas transition, the 
goal and the end state were clear, even though the details of the imple-
mentation required a multitude of flexible judgements.

This fostered a debate on the difference between scientific prob-
lems with clear descriptions and unambiguous solutions and complex 
social issues that need to be addressed by urban planners (see Crowley 
and Head, 2017). Later researchers drew the important distinction 
between problems that are wicked by nature and those that are wicked 
by design, while other argue that all design problems are a priory 
wicked (e.g., Coyne, 2005). These debates are beyond the scope of this 
paper, but the interplay of scientific ways and policy ways of thinking 
permeate into issues of engineering policy design. We suggest design 
approaches may also merit further consideration in these settings, but 
we leave that for other scholars or a future paper.

Having provided some validation to our hypothesis that transdis-
ciplinary systems approaches naturally appear in other analyses we 
will now explore whether they can plausibly add value or insight to a 
current challenge.

4 Case study two: a current challenge 
to decarbonise heating

In the UK, following the Climate Change Act in 2008 and subse-
quent revisions, successive governments have committed to legally 
binding targets to achieve net zero emissions by 2050 and an interim 
68% reduction in carbon emissions from 1990 levels by 2030 (Hutton 
et al., 2025). Space heating and domestic hot water (DHW) leads to 
around 60% of emissions from residential buildings as currently 80% 
of UK dwellings are heated with fossil fuels (73% with gas and 7% with 
oil), and thus contributes 18% of total UK emissions (National Audit 
Office, 2024). The transition to low carbon heating technologies 
(LCH) is widely regarded as missing the target (National Audit Office, 
2024)—not quite failing, but far from successful—and the gap between 
decarbonisation pathways and actual emissions is widening rather 
than narrowing.

In this section we focus specifically on heat pumps which are 
widely considered the key technology to replace mains gas in the 
majority of UK homes (Department for Business, Energy and 
Industrial Strategy (BEIS), 2021; Watson et al., 2023). To achieve 
decarbonation of 26 million homes about 1 million homes per year 
would need to be converted. This was achieved in the previous 
transition, discussed in case study one, when a single structural 
system was in place. Now a set of smaller disconnected systems 
operate across generation, supply, manufacturing and installation 
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of different technologies. There are several consequences of the 
shift from the previous heavily integrated public-owned energy 
system to the current disintegrated market-oriented energy 
system. We will examine throughout the rest of the paper how the 
consequences of the current approach and environment are con-
tributing to the slow pace of the current shift from fossil heating 
to low carbon heating, and how the application of a transdisci-
plinary systems approach could be used to help address 
these issues.

4.1 Moves towards low carbon heating

Mains gas has been the fuel of choice in most dwellings since the 
1980s. These systems principally operate via the national gas grid, sup-
plying gas to an in-home boiler which burns the gas to heat mains 
water on demand. This water then circulates through pipework and 
radiators, providing space heating to the home. The majority of these 
units also provide domestic hot water either on-demand (a ‘combi 
boiler’) or via a separate hot water tank in a small number of older 
systems.

The formal starting point at which the UK government began to 
take action to incentivise homes to move from fossil-fuels to low 
carbon heating can be placed with the introduction of the Domestic 
Renewable Heat Incentive (RHI) in April 2014. This was an operating 
subsidy over 7 years for specific low carbon heating technologies such 
as biomass boilers, solar water heating and some heat pumps 
(Department of Energy Security and Net Zero, 2023). This means that 
the UK is already over 10 years into the transition. This is therefore a 
much slower and more gradual transition than the orchestrated shift 
from town to natural gas discussed in the previous case study.

Comparing UK census data on central heating fuels from the 2011 
and 2019/2021 census indicates that the RHI did not lead to a substan-
tial step-change in LCH uptake during the period (Figure 1). Gas heat-
ing decreased by 2.7% (if tanked or bottled gas is included in 2021 
figures) and oil by 0.6%. Electric heating did not change, while two or 
more heating types, which is likely to include renewables such as solar 

thermal heating, increased by 4%, suggesting a small but only limited 
amount of progress.

Government policy shifted in 2021 with the publication of their 
Heat and Buildings Strategy (Department for Business, Energy and 
Industrial Strategy (BEIS), 2021), which emphasised the importance 
of heat pumps and particularly air-to-water heat pumps as a key tran-
sition technology for the majority of UK homes. In 2022, the RHI was 
closed and replaced in England and Wales with the Boiler Upgrade 
Scheme (BUS)—with a similar scheme in Scotland. This shifted sub-
sidies to installation costs rather operational incentives and prioritised 
air-to-water and ground-to-water source heat pumps with a current 
grant of £7,500 towards their installation cost, with lower grants of 
£5,000 available for biomass boilers (UK Government, 2024).

The advisory Climate Change Committee (CCC) model a ‘bal-
anced pathway scenario’ of decarbonisation, with mass deployment of 
air-to-water heat pumps in the UK’s 7th Carbon Budget (Climate 
Change Committee, 2025) and calculate that an annual installation 
rate of 1.5 million heat pumps per year by 2035 is required. In response 
to similar modelling in previous carbon budgets the Government set 
a target of 600,000 heat pump installations per year by 2028 
(Department for Business, Energy and Industrial Strategy 
(BEIS), 2021).

This focus on air-to-water heat pumps and price subsidy interven-
tions without any mandatory phase-out reflects a commitment in UK 
Government policy analysis to prioritise techno-economic efficiency 
as the driving priority. This is also visible in the CCC’s analysis (2025) 
and in academic and NGO policy analysis in this area (e.g., Hannon, 
2015; Kokoni and Leach, 2021; Lowes et al., 2022). Fundamentally, it 
is fair to say that the UK approach to decarbonising home heating is 
dominated by one particular disciplinary perspective—that of eco-
nomics. This is evident in the focus on financial subsidies for installa-
tions and installer training and regulatory changes around planning, 
recently announced. In a direct sense, this contrasts quite strongly 
with the systemic and transdisciplinary approach characterised earlier 
for the successful town gas case. We turn now to see how the differ-
ence in approach is affecting policy success.

FIGURE 1

Central heating fuel types in the UK in 2011 and in 2019 (Scotland) and 2021 (England, Wales, and Northern Ireland) (compiled from: Office for National 
Statistics, 2011, 2022, 2023; Scottish Government, 2021).
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4.2 Current heat pump uptake

So how is the UK performing in comparison to other European 
countries and against its own targets? From international investi-
gations, the most recent comparable data covers up to 2021 in 
terms of heat pump installations as a percentage of population. 
The UK’s progress lags well behind that of 11 other Northern 
European countries—with a range of similar and different policy 
and technical contexts—for which data was available (Figure 2). 
Note that countries in southern Europe have been excluded from 
the analysis as they have a much higher proportion of air-to-air 
heat pumps, which are often used for both cooling and heating and 
which are very rarely used in the UK. The CCC also notes in the 
latest carbon budget that UK heat pump uptake is lagging behind 
comparable European Countries (Climate Change 
Committee, 2025).

National UK data from the Microgeneration Certification Scheme 
(MCS), the body that ensures installation standards and therefore eli-
gibility for government support (e.g., RHI, BUS), shows that since 
2009 255,316 air source heat pumps have been installed across the 
UK. The monthly and yearly installation numbers for air source heat 
pumps are shown for 2019 until the end of March 2025 (Figure 3). 
This is an average of 17,000 heat pumps a year over 15 years although 
with a slow but steady increase to around 55,000 heat pumps in 2024. 
This can be compared with the average 1.3million switches per year in 
the previous gas transition and is well below current targets. So why 
is uptake so low?

In a sense, the final part of the previous subsection hinted at the 
diagnosis for why the UK’s policy on domestic heat decarbonisation 
appears to be at best stalling if not outright failing. The clear focus on 
a mainly economic approach—perhaps underpinned by a technical 
one (focused on a certain sub-class of heat pumps technology)—is 
implicated here, in contrast with the successful transition to town gas 
explored earlier. We now look in more detail at the signs of a lack of 
transdisciplinarity in the area of UK domestic heat decarbonisation 
and with it a lack of supporting systems approaches.

5 The absence of transdisciplinary 
systems approaches in decarbonising 
domestic heating

This section examines whether analysis around and for effective 
low carbon heating policy shows signs of a lack of transdisciplinarity. 
Table 1 shows a comparison between the transition to town gas and 
the decarbonisation of domestic heating where we classify whether the 
seven system elements from Wade & Arnold above are fully present, 
partial (including if the element is only visible in a silo or part of the 
case) or absent—based on an appraisal of the case material and our 
understanding of the current domestic heat decarbonisation context. 
This starkly illustrates the comparative lack of a systems approach in 
the contemporary case.

FIGURE 2

Cumulative heat pump installations per year as a percentage of total number of households in a country, excluding air-to-air heat pumps (compiled 
from: Sarsentis and Orso, 2023).
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A key indicator of this would be that the published analysis and 
research in this area is easily divided into the major categories or dis-
ciplines that transdisciplinarity is meant to integrate. That includes 
policy versus academic research, and across disciplinary perspectives. 
Rather than offering a detailed literature review, we aim to explore 
whether a range of policy-relevant research and analysis can be readily 
mapped into different categories. The key categories here are academic 
versus policy and the disciplinary categories or perspectives of ‘social’, 
‘technical’ and ‘economic’, noted by Arapostathis et al. (2019). Our 
wider stance is that it is problematic to separate these issues too much 
because of their interdependencies—a point to which we return at the 
end of this section. Unlike the effective integration of lessons from the 
more structured organisational system during the town gas to natural 
gas case, we argue that knowledge today is often dispersed and discon-
nected. This is in line with Morgan et al.’s (2025) proposal that we need 
“to embrace interepistemic strategies for working across different 
knowledge systems” in order to create “the novelty and innovation 
needed to effectively respond to pressing societal needs.” We have 
summarised policy and research analysis on this topic in Tables 2, 3.

The research organised in Table 2 presents a non-systematic listing 
of policy research organised into broad disciplinary perspectives of 
social, technical and economic. Table 3 presents a similar non-system-
atic listing of academic research organised in the same way. The point 
here is to illustrate how easy it is to find research that sits within these 
categories and how little cross-talk there is between them. In some 
senses the distinctions of social/technical/economic are not a clear cut 
as the distinction between policy and academic, but the key point 
remains that the research landscape is characterised by being piece-
meal—non-systemic and not transdisciplinary. Some papers poten-
tially lie closer to interdisciplinary boundaries (such as Parrish et al., 
2021) and the distinction between social and economic is often 
blurry—are the barriers manufacturers observe to heat pump adop-
tion an economic or social perspective?—but neither of these under-
mine the fundamental point of the fragmented landscape.

To further illustrate, a simple search in online indexing database 
Scopus under title, abstract and keywords for “low carbon heating” 

returns 233 entries. Adding AND {“systems thinking” OR “systems 
approaches”} reduces that to 5—one of which is the conference paper 
that this paper is based on. Three are either purely engineering or 
economic in nature (so not transdisciplinary: Zhang et al., 2018; 
Aunedi et al., 2023; Hoseinpoori et al., 2023). The final paper (Nilsson 
et al., 2020) does fit the conceptual perspective argued for here: that 
transdisciplinary systems approaches are needed for understanding 
how to effectively navigate the challenge of decarbonising home heat-
ing. However, their focus is on integrating across academic perspec-
tives to inform policy using systems approaches rather than exploring 
the deployment of systems approaches to support policy action in 
this area.

This section provided evidence that the use of transdisciplinary 
engineering and systems approaches are likely important—if not 
vital—to improve sustainability decision making for the low carbon 
heating transition in the UK and that the landscape shows how frag-
mented the research and analysis landscape is across two key dimen-
sions—policy vs. academic and across disciplinary perspectives. This 
is the kind of fragmentation that transdisciplinarity aims to address. 
In section 6 we thus explore what it might mean for the contemporary 
case outlined in section 4 to apply transdisciplinary systems 
approaches and to illustrate the potential benefits they could bring.

6 Towards applying a transdisciplinary 
systems approach

To illustrate the benefits of the transdisciplinary systems approach 
we have developed two visualisations to highlight the interconnected 
nature of different factors which could aid the integration of engineering 
and social sciences knowledge for policy makers. While neither com-
pletely capture low carbon heating transitions both can serve as concep-
tual and decision making aids (Eckert and Hillerbrand, 2022). These 
figures are based on an initial, desk-based analysis of domestic heat 
decarbonisation in the UK and the available evidence supporting the 

FIGURE 3

Domestic air source heat pump installations per month 2019–end of March 2025 (data from the The MCS Service Company, 2025).
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likely role and impact of each of the elements identified—but can be 
extensively developed via empirical research to reveal features of the 
system hidden from even an experienced analyst—and with it, new 
avenues for effective intervention, and risks to avoid. Systemic diagrams 
can be drawn from different viewpoints and other interpretations of the 
same system are equally legitimate. It’s also true that the wider toolkit of 
‘systems approaches’ goes far beyond what we cover here. We are simply 
highlighting the potential of just two approaches—causal loop and life 
cycle diagrams—as illustrative examples within the systems family in 
order to prompt wider development and deployment of these 
approaches in national policy practice. Drawing on established analyti-
cal tools such as the causal loop diagrams can be a powerful aid to 
thinking through systematic connections in a transdisciplinary way.

6.1 Causal loop diagram analysis

A transdisciplinary systems approach emphasises the fundamen-
tal role of non-linearity, ‘feedback loops’, and the identification of dif-
ferent ‘levers’ to influence the system. The potential of this approach 
is illustrated by Figure 4, which shows a causal loop diagram (CLD). 

The elements of this CLD are coded into the three disciplinary areas 
used to sub-classify academic and non-academic research in this area. 
This illustrates how the different viewpoints can begin to be inte-
grated. The point here is to illustrate how transdisciplinarity and sys-
tems approaches can manifest practically, in a way that is 
implementable in a policy setting. Of course, more detailed work is 
needed in validating first, the nature of the elements of this diagram—
they are broadly in line with the elements identified in Tables 2, 3 but 
also contain insights from the authors, such as ‘technical complexity’. 
The use of CLDs also forces the user to think in terms of directionality 
as well as the nature of relationships between elements. This applies a 
discipline to the approach but is potentially constraining in an artifi-
cial sense, which is where a broader awareness of different methods—
such as rich pictures—can be beneficial (Checkland and Poulter, 2020).

The CLD in Figure 4 has two reinforcing loops—key features of 
causal loop diagrams that help explain outcomes of system 
behaviour:

	•	 The risk of poor installations arises out of the technical complexity 
of the systems to be installed, coupled with the supply of trained 

TABLE 1  Presence/absence of system elements in the historic and contemporary case.

System element 
present, partial or 
absent

Transition to town gas Decarbonising domestic heating

Recognising interconnections Present

Highly connected approach across system elements

Absent

Multiple private actors operating in isolation

Identifying and understanding 

feedback loops

Present

Well understood, in particular around complaints procedures

Absent

No actor with true system overview

Understanding system structure Present

Great attention to enabling details, e.g., adaptations to tools, 

cooking classes

Partial

Owner is responsible for maintaining many connections, e.g., 

between heating and insulation

Differentiating types of stocks, 

flows and variables

Present

Different actors and their roles are well understood 

organisationally

Partial

System is highly fragmented

Understanding dynamic 

behaviour:

Present

Understood the importance of transition going well, quality 

assurance and enforcement of standards

Partial

The system is very fragmented, limited quality controls

Retain but navigate complexity 

by grouping systems 

conceptually

Partial

Holistic planning across multiple levels, centralisation, 

agreements with manufacturers, training schemes, etc.

Partial

Little joined up thinking between the different actors, e.g., training 

and facilitation of installation disconnected

Understanding systems at 

different scales

Present

Addressed at the level of nation, region, city, household and 

individual appliance

Partial

Little systematic focus on the needs of individual stakeholders

TABLE 2  An illustrative array of policy research and analysis in relation to low carbon domestic heat decarbonisation.

Perspective Key topics and references

Economic 	•	 Relative installation costs: Heat pump vs gas boiler (Nesta, 2022)

	•	 Impact of ‘spark gap’ (ratio of gas to electricity prices) for operating cost savings and the need to rebalance energy taxation (Climate Change 

Committee, 2023, 2025; Rosenow et al., 2025; National Audit Office, 2024)

	•	 Co-ordinating the regulatory incentives environment (European Academies Science Advisory Council (EASAC), 2021)

Technical 	•	 Technical performance that impacts economic value (Lowe et al., 2017; Nesta, 2022)

Social 	•	 Public perceptions of the heat decarbonisation (National Audit Office, 2024)

	•	 Structuring the supply chain for retrofit (Sustainable Development Foundation, 2024)
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installers. As the risk of poor installation goes down, the financial 
cost of operation goes down (as better installed technology per-
forms more cost-efficiently). This increases the demand for that 
technology, which increases the number of potential installers 
interested in training to be an installer, which increases the supply 
of trained installers, reducing the risk of poor installation. As soon 
as this loop is reversed, due to, e.g., the lack of tradespeople inter-
ested in installing, the whole system goes into reverse. This may 
be one reason why installations are not increasing rapidly.

	•	 The financial cost of installation has been the central focus of 
policy intervention in the UK with the £7,500 BUS subsidy. If this 
cost goes down, so the demand for the technology goes up, this 
then leads to more tradespeople being interested installing, and 
the supply of trained installers goes up. When this goes up, the 
cost of installation goes down. However, this seems not to have 
happened in a consistent way, with the general pattern being 
rising installation costs, and a limited supply of installers (Nesta, 
2022). One explanation becomes visible in the diagram—the role 

TABLE 3  An illustrative array of academic research and analysis in relation to low carbon domestic heat decarbonisation.

Perspective Key topics and references

Economic 	•	 Impact of ‘spark gap’ (ratio of gas to electricity prices) for operating cost savings (Barnes and Bhagavathy, 2020)

	•	 Experience rates of low carbon technologies (Renaldi et al., 2021)

	•	 Manufacturers identification of barriers to adoption (Stieß and Friedrich, 2022)

	•	 Relative installation costs: Heat pump vs gas boiler (Zwickl-Bernhard et al., 2022)

	•	 Retrofit capabilities of installers (Simpson et al., 2021; Nesta, 2022)

Technical 	•	 Technical performance of heat pumps and other technology (Rashidi et al., 2020; Lingard, 2021; Gaur et al., 2021; Aunedi et al., 2023).

	•	 Effects on electricity grid infrastructure of electrification of heat (Watson et al., 2023).

	•	 Negative impact on Energy Performance Certificate (EPC) ratings: gas boiler vs heat pump (Wise, 2022)

	•	 Reliance on fabric measures/house efficiency for positive heat pump impacts (Zanetti, 2021; Harris and Walker, 2023)

Social 	•	 Household perspectives on changing domestic heating systems (Calver et al., 2022; Becker et al., 2023)

	•	 Installer perspectives (Wade, 2020; Murtagh et al., 2023)

	•	 Public perceptions of the goal of policy (Becker et al., 2023)

	•	 Impartial and partial advice sources (Wade et al., 2017; de Wil and Spaargaren, 2019; Hafner et al., 2019; Bobrova et al., 2021; Wise et al., 2022, 2025)

	•	 Householder interactions with technology (Parrish et al., 2021)

FIGURE 4

Causal loop system diagram aimed at explaining patterns of UK domestic space heating installations.
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of the technical complexity of the system—as this goes up, so does 
the installation cost.

What both these reinforcing loops have in common is, on the one 
hand a relationship with the technical complexity of the technology, 
and on the other, an interaction of factors that cuts across social, eco-
nomic and technical domains. A focus on the technical complexity of 
heating systems might give rise to wider strategies of decarbonisation 
in the UK that rely less on one specific type of heat pump and more 
on a wider array of technologies. This could include air-to-air heat 
pumps, various forms of heat and energy storage, local generation, 
district heating and direct electric where useful. The capacity for a 
nation to generate a wider array of diverse technical approaches can 
be understood as part of the engineering policy of a nation. This is 
something that has recently been raised as an important blind spot in 
policy communities (Cooper et al., 2023) and is generally overlooked 
in debates because air-to-water heat pumps have been identified as the 
most economically efficient heating decarbonisation strategy for the 
majority of UK homes (Climate Change Committee, 2025). However, 
this does not mean that it is the only or best option in all cases.

6.2 Lifecycle systems

Looking at the technology ecosystem is also important for a trans-
disciplinary systems approach and by examining the lifecycle of a heat 
pump a different perspective on the process and its systemic interac-
tions can be gained (see Figure 5). Current policy focusses on the 
installation stage of heat pumps and neglects the other lifecycle stages 
such as in-situ performance, interaction with other building systems, 
maintenance and user experience. However heat pumps and other low 
carbon heating systems can only make substantial contributions to 
carbon reduction if they perform effectively in the buildings in which 

they are installed and if they are well maintained. The lifecycle dia-
gram therefore highlights a need for an increased focus on in-use 
performance through monitoring and guarantees, more engagement 
with households in using new systems and better awareness of main-
tenance needs and their effect on other parts of the system. This in 
turn could reduce the cost of ownership for homeowners.

Lifecycle approaches more broadly can also help identify key 
intervention points such as the importance of manufacturers, which 
are often overlooked in policy. They also show how causal loop dia-
grams (such as in Figure 4) might fit into or touch upon different 
systems across its life cycle, for example the effectiveness of heat 
pumps is greatly improved by other decarbonisation methods, which 
could also be insentivised by policy. This approach can allow deci-
sions makers to navigate—and potentially organise pathways 
through—complexity in a system, without reducing it in ways that 
lead to suboptimal policy outcomes, such as the UK is currently expe-
riencing—thus allowing them, in the framework of systems 
approaches set out above, to ‘retain but navigate complexity’.

While these two systems examples are only illustrative in 
nature—not expressly rooted in specific empiric research—the poten-
tial of adopting a systems approach in each of these areas is immedi-
ately apparent. As emphasised earlier, part of the insight from the 
systems approach proposed here rests on the transdisciplinary nature. 
Systems approaches and methods naturally allow for transdisciplinar-
ity, but equally they can be applied in non-transdisciplinary ways 
(National Engineering Policy Centre, 2020) and doing so will limit 
the quality and range of insights.

We summarise our analysis by showing how key principles, intro-
duced in section 2.3, of integrating transdisciplinary with a system 
approach could apply in the context of low carbon heating. These 
principles can help policy makers to predict the behaviour of the sys-
tems they are engaging in and thus recruit the relevant expertise.

FIGURE 5

Lifecycle system diagram of a LCH installation.
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6.2.1 Recognising interconnections

Analysts of policy need to understand the interaction of global 
and national factors with specific local variations and implementa-
tions—this means going beyond small scale interconnections such as 
the heating system installer and home owner, or product and manu-
facturer and looking at longer range interconnections.

6.2.2 Identifying and understanding feedback 
loops

Policymakers needs to be able see how either virtuous or vicious 
circles are caused by policy and either hold back progress or present 
opportunities to accelerate. Actively seeking to identify feedback loops 
when a policy is ‘stuck’ or otherwise progressing in ways that mean it 
will not meet its goals should trigger this kind of reflection.

6.2.3 Understanding system structure

A structured variety of experts and actors, such as policy officials, 
the general public, engineers, and manufacturers, as well as academics 
across disciplines must be acknowledged. This helps reveal different 
elements of a system and where many actors and experts intersect, 
showing core parts of the system structure, rather than emphasising 
detail from a single element. In addition, each of these perspectives 
may highlight different structures (such as trade bodies, standards 
bodies etc.) as important structural features, as well as the institutional 
structures of installers, manufacturers and so on.

6.2.4 Differentiating types of stocks, flows and 
variables

Understanding stocks (how much of X there is) and flows (how 
much X changes over time). Combined with point 3, these stocks can 
be physical, social or economic concepts and it can help to think of the 
stocks of ‘low carbon heating systems’ as well as flows—across the life 
cycle to get a richer understanding of how a policy might progress. 
This is also a useful principle under which to think of the availability 
of installers.

6.2.5 Understanding dynamic behaviour

A key reminder to policy is that these systems are dynamic and 
understanding that dynamism is important in revealing otherwise 
hidden effects. Numerical system dynamic or agent-based modelling 
tools can help to identify the emergent dynamic behaviour of a system. 
They also allow analysis of whether certain assumptions are as central 
as first thought or if other parameters have a more significant role. For 
low carbon heating, this might include interactions with wider gas 
prices due to international conflict and their effects on progress.

6.2.6 Retain but navigate complexity by grouping 
systems conceptually

A system can be understood in a range of ways—all of which 
might be considered ‘complex’ and which can lead to a desire to sim-
plify in order to make progress in policy—however, such simplifica-
tion is fraught. Instead, grouping partial systems conceptually allows 
for a retention of the complexity which is key to ensuring 

error-inducing simplifications are avoided, while also enabling valid, 
transparent and constructive decision-making. This might be looking 
at the household or the supply chain interactions and so on, for LCH 
policy. In particular heat pump installation at present is not well 
linked to other forms of decarbonisation of domestic buildings.

6.2.7 Understanding the system at different scales

This is a variant of 6 but emphasising scale as a means of identify-
ing how the complexity is managed at individual, supply chain, 
national or international scales. Problems in systems can arise on 
different scales and affect each other, e.g., shortage of components can 
delay installation and thus funding targets. One outcome of this kind 
of scalar or component thinking is that it might have implications for 
team organisation in policy bodies that oversee understanding of 
these groups rather than via the more traditional sector or technol-
ogy focus.

7 Discussion and conclusion

In this paper we developed a hypothesis that: integrating transdis-
ciplinary engineering and a systems approach can enable better, more 
balanced decision making in national policymaking. We explored 
theories relating to transdisciplinary engineering and systems con-
cepts and then tested our hypothesis by drawing on previous research 
to consider two cases relating to UK energy ‘transitions’. Using the first 
case of the transition from town to natural gas in the 1960–1970s as 
analysed using different social science theories (Hanmer and Abram, 
2017; Arapostathis et al., 2019) we found evidence that system 
approaches were strongly implied in understanding how and why this 
wide-ranging, complicated socio-technical programme was success-
ful, even when analysed from different social science perspectives. 
This supported the initial claim that systems approaches are likely to 
be important for addressing contemporary cases, at least in similar 
settings.

In the second contemporary case we considered the stalled efforts 
to shift to low carbon heating in the UK mainly through the replace-
ment of gas boilers with heat pumps. We identified how current policy 
approaches tend to have an overdependence on simple economic 
levers and market mechanisms that fail to engage with, and overcome, 
the full range of socio-technical, informational and wider economic 
barriers identified. We suggest that research and policy efforts to 
address these barriers are often siloed and fragmented and therefore 
do not achieve the level of change required. Because of this narrow 
economic focus, we suggested that current low carbon heating policy 
misses important aspects of the wider system that would help to over-
come barriers and increase uptake.

The second case study provided further support to our hypothesis 
that transdisciplinary systems approaches could be beneficial in 
addressing policy issues such as the low carbon heat transition which 
involves complex and complicated interconnections of people, tech-
nology and policy across multiple scales and landscapes. In section 6 
we then considered two examples of visualisations that could support 
the application of a transdisciplinary system approach, namely Causal 
Loop Diagrams (CLDs) and lifecycle system mapping. However we 
acknowledge that these are just two examples in a wide range of tools 
which could be used. Finally we summarise our analysis by showing 
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how transdisciplinary systems approaches could be applied to 
improve policy responses to the need to transition to low carbon 
heating.

Using systems approaches is important for policy to see past the 
simple short run logic of economic analysis that results in subsidy 
policy rooted in a belief that if a consumer is not buying a technology 
which provides a wider set of benefits to society (i.e., it has positive 
externalities), then reducing the capital prices (subsidising) should 
fix this market failure—something that is clearly not working as 
planned in the UK. Systems approaches open up the problem in a 
way that allows for other kinds of issues and solutions or options to 
play a role in the analysis (e.g., they are technically challenging to fit 
etc.). However, systems approaches on their own are likely to fall foul 
of a similar kind of issue as current policy analysis—too narrow a 
perspective on the issue. This is because it is possible to create eco-
nomic, social or technical systems analysis for any policy topic—
hence the need to pair it with transdisciplinary working (and 
expressly transdisciplinary engineering, in particular) to avoid this.

We acknowledge that a systems approach on its own—even a 
transdisciplinary one—is no panacea. There are no ready menus or 
recipes for how to divide up a complex system into sub-systems to 
better navigate the complexity. Indeed, the inevitable simplifications 
that accompany systems diagrams such as CLDs or lifecycle diagrams 
are themselves potential traps—leading to the conviction that the 
complexity has been captured or at least tamed, when in fact it has 
just been mis-represented in some way. As such, the hard work of 
understanding how best to intervene in a system to generate effective 
and positive outcomes is only partially achieved with the application 
of a systems approach. The authors’ wider experience and work in 
this area points to the need for an engagement in research and prac-
tice spaces—guided by systems approaches—that shape both novel 
data collection and new research into ways of reshaping practice. In 
this, it is vital that different accounts and perspectives are seen as 
equally valid and no single narrative on how to increase the uptake 
of low carbon heating is privileged. Only if all the elements in the 
system align and work together can transformative improvements 
be made.

We argue that the integration of these analytic tools into policy 
practice—combined with a deeper understanding of the engineering 
involved in these systems—will lead to improved policy outcomes. 
We acknowledge that a transition within policy might be needed for 
this to happen, and that in so doing this may present hidden hurdles 
to adoption, which we do not go into here. However, we think the 
general case for investigating how to adopt these approaches is strong.

As noted earlier, there may be an important role here for novel or 
emerging approaches that enable engineering to play a deeper role at 
the community level. The notion of ‘transition engineering’ 
(Krumdieck, 2020; Ahrens et al., 2025) potentially provides a frame-
work for this level of action complementing the national policy level 
focused here. Transition engineering projects provide a novel kind of 
workflow and skillset for engineers to work with organisations or 
communities (which by definition, enables transdisciplinary work-
ing), in a way that systems approaches provides a platform for trans-
disciplinary working in national policy. This is clearly an area future 
work could develop to see how alignments between approaches 
developed in transition engineering and the systems approach in 
transdisciplinary engineering explored here can be effectively inte-
grated into both community and policy spaces simultaneously, for 

possibly even better outcomes. For instance, a recent study by 
Oikonomou et al. (2022) used causal loop diagrams to understand 
domestic heat decarbonisation in the UK, enabling them to com-
bined technical features with psychological features to understand 
how technical design interacts with consumer behaviour. However, 
the paper itself is limited to occupants and their heat pump system—a 
level of detail which, while useful, is not directly relevant to national 
policy systems understanding. In some senses, however, the transdis-
ciplinary systems approach does enable a ‘system of systems’ mental-
ity in policy, especially when combined with the lifecycle approach 
noted above.

While the paper has outlined the potential benefits of a transdis-
ciplinary systems approach, future work needs to strengthen key 
aspects of this approach, including documenting the specific chal-
lenges and opportunities from a simultaneous and conscious use of 
transdisciplinarity and systems approaches in the same project. This 
is particularly true for transdisciplinary engineering which is com-
monly applied to business or industry rather than public policy set-
tings (Cooper, 2023). In addition it will be important to explore other 
systems approaches than those covered here, such as ‘participatory 
systems mapping’ (e.g., Pomeroy–Stevens et al., 2022). This can pro-
vide a related systems method to support the exchange of knowledge 
across diverse stakeholder groups, while building towards methods 
(CLD, life cycle).

The historic case highlighted the important role of ‘translation 
hubs’ as a mechanism for transdisciplinary practice. Therefore further 
research could also delve into what a contemporary translation hub 
might look like, which organisation/institution might fit this role and 
how it could work in the current much more globalised and priva-
tised market of today. The MCS for example might be well placed to 
act as a translation hub as they already have a role in installer quality 
assurance standards required to receive funding and consumer out-
reach such as their ‘find an installer’ service. However at present they 
are not fulfilling this role convincingly with limited reach, enforce-
ment abilities and influence as a private company and further inves-
tigation would be needed to examine this potential more fully and 
consider how their role could be usefully developed. For example by 
having a stronger relationship and role in managing the heat pump 
supply, strengthening standards and working more closely with other 
installer training bodies.

Finally, the business case for investing resources to develop the 
skills of officials and to spend time undertaking this kind of analysis 
is likely necessary. For instance, it is clear that systems approaches can 
add value to decision-makers use of information to make decisions, 
though evidence suggests this needs to be in conjunction with stan-
dard written document formats as well (Veldhuis et al., 2025) but 
we do not know how much better decisions are and whether the 
time invested to get there makes it overall more efficient or effective.

This paper has formulated and commenced initial testing of a 
hypothesis that transdisciplinary engineering and systems approaches 
can help to improve the effectiveness of policy decision making for 
sustainability. We conclude that this approach could be a promising 
way to bring engineering expertise into policy and improve policy 
outcomes. It could also help to identify the most effective way to utilise 
strained state resources to achieve desired policy outcomes Further 
research could expand and develop this concept with empirical work 
and consider whether it can be extended to other national policy 
challenges.
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