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In recent years, global studies have attempted to understand the contribution that energy demand reduction could make to
climate mitigation efforts. Here we develop a bottom-up, whole-system framework that comprehensively estimates the poten-
tial for energy demand reduction at a country level. Replicable for other countries, our framework is applied to the case of the
United Kingdom where we find that reductions in energy demand of 52% by 2050 compared with 2020 levels are possible
without compromising on citizens' quality of life. This translates to annual energy demands of 40 GJ per person, compared with
the current Organisation for Economic Co-operation and Development average of 116 GJ and the global average of 55 GJ. Our
findings show that energy demand reduction can reduce reliance on high-risk carbon dioxide removal technologies, has mod-
erate investment requirements and allows space for ratcheting up climate ambition. We conclude that national climate policy

should increasingly develop and integrate energy demand reduction measures.

shown the important role that reducing final energy demand

can play in meeting international climate targets by easing
pressure on the decarbonization of energy supply and reducing the
need for carbon dioxide removal (CDR)'~". Yet, global final energy
demand continues to grow; since 2000, it has increased at an average
annual rate of 1.9% (ref. *). This growth continues to be met, in part,
by fossil fuels. New low carbon energy, particularly renewable gen-
eration, is not keeping pace with increasing demand®°. While the
carbon intensity of the global energy system is falling, at its current
rate, it would take 150 years to fully decarbonize’. This highlights
the importance of actions that reduce energy demand for meeting
stringent targets.

The bottom-up framing of the Paris Agreement means that
the responsibility for reducing greenhouse gas (GHG) emissions
and delivering climate action is at the country level. Many coun-
tries have revisited their initial nationally determined contribution
(NDC) assessments and have developed long-term low emissions
development strategies’, including net-zero emission targets.
Despite this, current pledges by countries continue to fall short of
the 1.5°C target’. A stronger focus on energy demand reduction in
national mitigation plans could reduce this shortfall by realizing the
potential identified in global assessments, particularly in nations
with disproportionately high energy use.

Recognizing this gap, we develop a framework to comprehen-
sively estimate the potential for final energy demand reduction
at a country level. This framework, replicable for other countries,

f ince the Paris Agreement was signed, global assessments have

is applied here to a case study of the United Kingdom, providing
the most comprehensive assessment to date of the potential for
energy demand reduction at the national level. We show that for
a country in the global North, such as the United Kingdom, it is
possible to halve energy demand by 2050 without negatively affect-
ing citizens’ quality of life. This results in a per capita energy use
in the United Kingdom in 2050 of around 40 GJ compared with
a present global average of 55GJ per capita. We also find that the
role of CDR technologies, which have yet to be proven at scale, is
substantially reduced or eliminated, reducing the risk of failing to
achieve climate objectives should such technologies not material-
ize in a timely manner. Further, the required annual investment to
expand the electricity generation system is reduced by up to 40% by
2050. Finally, the option for additional ratcheting of climate ambi-
tion becomes possible due to the smaller energy system, its associ-
ated lower emissions and the potential for faster implementation of
demand-side measures. Crucially, such a strategy does not compro-
mise quality of life but rather realizes strong co-benefits of climate
action, such as healthier active lifestyles, lower urban airborne pol-
lution and improved work-life balance. With policy implemented at
the national level, a stronger focus on the potential for final energy
demand reduction at this level is critical to the delivery of GHG
emission reductions and the many associated benefits.

The potential role for energy demand reduction
Global energy demand increases are being driven by economic
growth and the rising demand for energy services. Between
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Fig. 1| Assessment framework for low energy demand scenarios. Each numbered panel represents a step in the methodology used to derive the low
energy demand scenarios for the United Kingdom. These steps are elaborated in the Methods section. Credit: Centre for Research into Energy

Demand Solutions.

1971 and 2018, on average, every 1% of additional global gross
domestic product (GDP) has increased energy demand by 0.68%
(ref. ). This growth in demand has occurred despite a period of
substantial energy efficiency improvement across all sectors''.
Notwithstanding, modelling assessments have highlighted the con-
tribution energy demand reduction could make to meeting climate
goals. Grubler et al. construct a scenario that reduces global energy
demand by 40%, negating the need for CDR, with different path-
ways for global North and South regions’. The International Energy
Agency’s Sustainable Development Scenario'? and Net Zero by 2050!
roadmap focus on the potential of energy efficiency improvements
from investment in new technologies, arguing that these mea-
sures are crucial to the decarbonization of energy systems. Kikstra
et al. highlight that an energy efficiency-focused recovery from the
COVID-19 pandemic would reduce the cost of meeting the Paris
Agreement”. The literature also includes scenarios on how energy
demand could be reduced through changes to how society con-
sumes energy services. There are various terms used to describe this
mechanism, such as ‘lifestyle change’*'°, ‘behaviour change™'>"”
or ‘social change’®".

To date, comprehensive energy demand reduction scenarios
have focused at a multi-national or global level. While global analy-
sis provides useful framing, mitigation targets and climate policies
are necessarily devised at the national level. This presents a gap in
the national scenarios literature that has direct policy relevance,
namely the potential for energy demand reduction to help deliver
stringent mitigation targets” (Supplementary Note 2). We use the
United Kingdom as a case study to explore this potential, given its
legally binding targets for short- and long-term GHG emissions*"*
(Supplementary Note 1) and extensive development and use of
scenario analysis of decarbonization pathways”. This case study
develops a modelling framework that brings together sector-level
energy demand modelling with a whole-systems energy model to
determine the role of energy demand reduction in achieving ambi-
tious climate targets®.
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A national modelling framework for energy demand
reduction

As argued in Pye et al.”*, most energy-modelling approaches focus
on representing the energy supply system to meet a set of exoge-
nous energy service-demand projections. Energy services refer to
the utility we derive from energy, such as lighting, thermal comfort,
leisure, mobility and food. While energy efficiency gains are often
represented to some extent, solutions that help avoid energy service
demand altogether, or that shift to cleaner forms of demand provi-
sion are often missing®.

We propose a modelling framework for national analysis which
identifies and integrates essential steps to better understand and quan-
tify the contribution of energy demand reduction to climate targets
(Fig. 1). First, it allows for assessment of how energy demand reduc-
tions can contribute to achieving net-zero emissions through near-
and medium-term emission reductions. These changes are developed
in step with a corresponding supply-side system and its necessary
technology change. Second, it goes beyond options to ‘improve’
energy efficiency and considers solutions for energy demand reduc-
tion that ‘avoid’ energy use and ‘shift’ to more efficient energy demand
provision”. This recognizes the need for a stronger focus on the
socio-technical dimension of transitions. It identifies that reducing
energy demand is not just a matter for energy policy but extends to
other policy areas and stakeholders. Thirdly, it provides simultane-
ous and consistent whole economy and sector-level perspectives. This
captures the detail required at the sector level and reflects the diverse
strategies that are applied across different sectors. The whole-system
perspective is crucial to capture the linkages and trade-offs between
sectors, helping ensure consistency based on the chosen scenario
narrative. This also facilitates dialogue between sector experts and a
shared understanding of different aspects of the narrative.

Our modelling framework builds on and extends past advances
in energy demand modelling outlined by Grubler et al.” and dem-
onstrates how these can be transferred into a national modelling
framework to assess the potential for energy demand reduction
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Table 1| Descriptions of the future final energy demand
scenarios considered

Scenario name Description

|dentifies levels of energy demand up to 2050
assuming only existing UK government climate
policy instruments are implemented (as of 2018).
This includes existing policy for delivery of emission
reductions but not climate targets or ambition.

Ignore

Steer Adopts the more ambitious legislated target of net-zero
GHG emissions by 2050 but falls just short of meeting
it. Uses the same energy service-demand projections
as the Ignore scenario but implements a wide range of

energy efficiency options.

Shift Similarly to Steer, adopts the net-zero GHG emissions
target. Significant shift in the attention given to energy
demand strategies, providing an ambitious programme
of interventions across the whole economy describing
what could possibly be achieved with currently
available technologies under current social and political

framings.

Similarly to Shift, this scenario adopts the net-zero GHG
emissions target. Considers transformative change

in technologies, social practices, infrastructure and
institutions to deliver both reductions in energy but

also numerous co-benefits such as health, improved
local environments, improved work practices, reduced
investment needs and lower cumulative GHG emissions.

Transform

(Fig. 1). We start by developing narratives based on known driv-
ers of future energy demand (Step 1). These included similar trends
to those considered by Grubler et al.? covering digitalization, shar-
ing and circular economy, energy efficiency, healthy society, envi-
ronmental awareness, globalization and work and automation
(Supplementary Note 3).

These narratives are then implemented in sector models to
derive detailed energy service demands and their evolution over
time (Step 2), highlighting differences in the role for energy demand
reduction. In parallel with step 2, an iterative process is undertaken
to map the dependencies to ensure consistency among sectors
(Step 3). The resulting energy service demands and other
demand-sector assumptions are then fed into a whole-systems
modelling framework in which scenarios are assessed (Step 4).
This allows us to assess supply-side implications that reflect
demand-side changes across all sectors. Finally, the outputs from
the whole-systems model are used to describe a set of coherent sce-
narios (Step 5). This approach is further elaborated in the Methods,
with additional detail in Supplementary Notes 3 and 4.

The potential for energy demand reduction in the United
Kingdom

To demonstrate the application of our framework to the UK
context of getting to net-zero GHG emissions by 2050, we con-
sider four scenarios as listed in Table 1, each with differing levels of
energy demand reduction.

The key insights from these energy demand scenarios highlight
the benefits of the proposed framework when analysing stringent
emission targets. First, energy demand reduction options that
stretch beyond energy efficiency measures can lead to considerably
higher levels of energy demand reduction in all energy service sec-
tors. Second, these reductions can significantly curb the need for
deploying large-scale engineered CDR options such as bioenergy
with carbon capture and storage (BECCS) or direct air capture.
Third, a reduction in energy demand can substantially reduce the
investment requirements across the energy system. Finally, energy
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demand reductions offer earlier mitigation opportunities and a
greater reduction in cumulative emissions, allowing for ratcheting
of climate ambition.

As indicated in Fig. 2, the most ambitious energy demand sce-
nario, Transform, represents a 52% reduction in final energy con-
sumption by 2050 compared with 2020. In comparison, energy
efficiency measures alone deliver savings of 31% under the Steer
scenario. The difference highlights the important role that shifting
and avoiding demand can play in reducing energy use. It is the use
of this additional potential that means that both low energy demand
scenarios, Transform and Shift, meet the United Kingdom’s net-zero
target, while Steer comes up short by 27 MtCO,e.

The reductions observed in our scenarios imply that substantial
changes are required across all sectors. For example, Transform sees
reductions of over 50% in energy demand across all sectors, except
industry, which the transport sector compensates for with reduc-
tions of over 60%.

For the Transform scenario, this is equivalent to per capita
energy use of 40GJ, compared with the current global average of
55G]J while the average Organisation for Economic Co-operation
and Development is 116 GJ (ref. *). The analysis in Grubler et al.?
suggests the global North could reduce energy demand to 49 GJ
per capita by 2050 (Supplementary Note 6 provides a comparison
with Grubler et al**). However, it is worth noting that the United
Kingdom’s energy demand is currently below the average of the
global North (Supplementary Note 1), one reason being the reliance
of the United Kingdom on overseas industrial production and the
net imports of embodied energy to satisfy its consumption?’.

Reductions in energy demand in the Shift and Transform sce-
narios, relative to the Ignore scenario, are split into the contributions
from avoid/shift measures and changes in efficiency in Fig. 3. Avoid/
shift measures indicate changes in energy service demands linked
to broader societal changes in consumption, which are especially
important in the Transform scenario. Considerable variation exists
among sectors, with buildings relying more on efficiency measures
that maintain energy service demand (further information on the
decomposition can be found in Supplementary Note 6).

Effects on the energy system and climate targets

There are significant risks around decarbonization strategies that
rely heavily on the scale-up of CDR***. Figure 4a,b shows that strong
demand-side action can significantly reduce the reliance on such
engineering solutions by reducing energy demand across the econ-
omy and lowering associated emissions. Removal through BECCS
and direct air capture, shown in Fig. 4a, total 49 MtCO,e in 2050
for the Steer scenario, which increases to 76 MtCO,e if we infer that
the identified emissions gap to net zero also requires removal. For
context, residual emissions of 76 MtCO,e represents around 17% of
2019 territorial emissions in the United Kingdom®. This level can
be more than halved to 37 MtCO,e in Shift or removed completely
under Transform where no engineered removal is required. The
Transform scenario deploys more nature-based removal options
(Fig. 4b), reaching up to 60 MtCO,e by 2050. However, the system
could still achieve net zero with less than 30 MtCO,e of nature-based
removal and no engineered solutions, highlighting lower depen-
dency on removal more broadly.

Under a net-zero target, the energy supply system needs to be
transformed to decarbonize the wider economy. This challenge is
significant, given the need for high levels of societal acceptance
of new technologies and overcoming the sizable challenge around
building out a new infrastructure in a short period of time. The
smaller energy system in the lower energy demand scenarios helps
to moderate this challenge. For instance, while in all three scenar-
ios, electricity needs to be both decarbonized and scaled up, this
scaling of generation is lower under Shift and Transform at a 94%
and 44% increase, respectively, relative to 2020, compared with
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Fig. 3 | Relative contribution of efficiency measures versus those that avoid or shift energy service demand. For each of the energy service

sectors, this figure highlights the contribution of categories of interventions to reductions in energy demand in 2050, compared with the Ignore scenario.
a,b, The categorization includes interventions that avoid or shift energy service demands compared with efficiency measures under Shift (a) and Transform
(b), compared with Ignore. Credit: Centre for Research into Energy Demand Solutions.

150% under Steer (Fig. 4c). When considering the implications for
specific technologies, this means that significant capacity expan-
sion in complex nuclear or BECCS for power technologies is
either reduced or not required. This is also the case for other sec-
tors, reflected in overall system costs being 20-40% lower in 2050
under the Shift and Transform cases, respectively, relative to Steer.
Overall investment requirements in low carbon infrastructure and
technologies are reduced, making raising capital more manageable
(Supplementary Note 6).

Finally, on emissions-reduction targets, there have been calls
to further strengthen climate ambition in the United Kingdom to
reflect a more equitable allocation of global efforts to reduce emis-
sions’>*'. Anderson et al.’® have called for the adoption of more
stringent targets, translating to lower cumulative CO, emissions
(of around 21%) that better reflect an equitable apportionment of
the remaining global carbon budget in a way that is consistent with
the Paris Agreement. To understand whether demand reduction
enables ratcheting up the United Kingdom’s climate ambition, we
modelled our transform scenario using a tighter cumulative car-
bon budget derived by Anderson et al.”® (Supplementary Note 5).
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Our analysis finds that many energy demand reduction options can
occur in the short term, allowing for stronger near-term emissions
reductions and an overall lower level of cumulative emissions of
3.87 GtCO,, compared with 4.82 GtCO, in Transform. This allows
time for time-intensive infrastructure to be built while still reducing
emissions in the short term. By 2030, the Transform scenario under
the tighter carbon budget sees a 47% emissions reduction relative
to 2020, compared with a 41% reduction under Transform and 37%
under Steer. Crucially, this earlier action keeps the window open for
further strengthening the climate ambition and reducing cumula-
tive emissions further. This ability of demand-side action to sup-
port near-term emissions reductions is important for countries that
might be considering options to strengthen their nationally deter-
mined contributions.

Discussion and conclusion

This research shows substantial unexplored potential to reduce
energy demand in global North countries that can make a signifi-
cant contribution to near-term emission reductions and long-term
national and international climate goals. Our analysis demonstrates
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that it is possible to operationalize the scale of reduction identi-
fied by Grubler et al.* that suggested a 56% reduction in energy
demand in global North countries. We have independently repli-
cated the extent of this reduction in our study (Supplementary Note
6 provides comparison between studies), strengthening the case for
energy demand reduction in climate change mitigation. However,
variation in the level of reduction across sectors indicates the need
to tailor scenarios to the national context. Many of the interven-
tions identified will be relevant to other countries; however, we
recognize their level of implementation will vary by country. Our
framework provides a template that can assess the relative contribu-
tion of these interventions on energy demand reductions to meet
emission targets. It is the use of detailed sectorial models with a
systems-integration model, tied together by a rich scenario narra-
tive recognizing sectoral inter-linkage that is replicable.
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Without energy demand reduction, short-term climate tar-
gets are unlikely to be reached and long-term net-zero ambitions
will need to rely on expensive and unproven CDR technologies,
increasing the risk of failing to achieve the global goals of the
Paris Agreement. The UK case study presented here suggests that
there is significant potential for global North countries to reduce
energy demand, reducing pressure on the decarbonization of
supply and deployment of CDR. At a national level, this poten-
tial is currently under-explored and is often limited to a range of
energy demand technologies as opposed to taking a broader
approach that encompasses societal change to shift and avoid
energy service demand. With the rapid cuts in global carbon
emissions required over the next ten years, particularly where

energy use is high in the global North, energy demand reductions
are essential.
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Deep reductions in energy demand involve both rapid shifts
to more energy efficient technologies alongside broader societal
transformations that maintain quality of life while reducing energy
service demands. The first are truly global opportunities, while the
second currently have greater potential in the global North, where
they can be pursued across most sectors without compromis-
ing quality of life. While our scenario is transformative in that it
halves energy demand in the space of 30 years, it does not describe
a world that is entirely unrecognizable today. There are significant
conversion efficiency improvements, structural shifts and changes
in investment patterns and some societal practices; however, essen-
tial energy services demands are maintained or even enhanced.
These shifts naturally raise important questions about their
broader, economy-wide implications that, while far from trivial, are
likely to be manageable when addressed upfront. The example of
rebound effects applies here. While these are notoriously difficult
to estimate'’, they can be mitigated through the broader societal
trends towards sustainable production and consumption, through
the decarbonization of energy systems and through direct policy.
Historically, rebound effects have been studied in isolation and
therefore understanding the macro-level rebounds of demand-led
transitions, and their negation, is an important avenue for further
work and policy development.

We recognize there are significant broader economic, social and
political implications that require careful consideration, further
research and effective policy design to realize the scale of reductions
presented in our scenarios. In future work, a stronger linkage between
the scenario narrative and the granular measures included in the
sectoral modelling will assist in determining necessary policy pack-
ages. Further analysis is also needed to understand how to deliver the
scenarios while ensuring a just and equitable transition, the overall
economic effects of demand-led transitions and how to enact struc-
tural change, taking into account the complex issues of investment
and stranded assets. Many of these issues are not unique to energy
demand-focused scenarios but are relevant to all rapid transitions.

Methods

Assessment framework. The description of our methods are organized around the
steps outlined in our framework diagram in Fig. 1.

Step 1. Some modelling approaches are designed to provide a ‘prediction’ or
‘forecast’ of the future. That is not the case with our analysis; rather we are
creating ‘simulations’ of potential futures based on a well-developed narrative,
written by experts across a range of disciplines and fields. This narrative is used to
inform a bottom-up analysis of energy service demands in each sector, which are
subsequently used in an economy-wide model to construct ‘net-zero’ scenarios for
the United Kingdom. Overall, our scenario approach is designed to give insights
into the scale of change in energy demand and GHG emissions that is possible
under certain circumstances.

Step 1 of our approach is the development of a scenario narrative that is
underpinned by seven observable underlying trends that have impacted energy
demand and/or are likely to continue to do so throughout the scenario timescale.
Our list of underlying trends is not exhaustive as various other observable societal,
political, economic and scientific or philosophical trends may impact energy
demand, such as demographic changes. We also recognize that there is considerable
crossover between the various trends and that some could have the potential
to increase and further reduce energy demand™. Nevertheless, developing this
narrative gives the sectoral scenarios a consistent underpinning. The underlying
trends are listed below and described in further detail in Supplementary Note 4.
Supplementary Table 1 in Supplementary Note 3 provides a mapping between the
different energy services demands and the underlying trends provided below.

Digitalization. The integration of digital systems and information and
communications technology into the energy system is already driving significant
changes in the energy sector and is likely to accelerate change in the future from
promoting new energy business models through to changing how consumers
interact with energy services.

Sharing and circular economy. The ‘sharing economy’ is an approach that aims to
decrease the number of under-utilized ‘owned’ assets in an economy by creating
new business models that offer a service in its place’. The ‘circular economy’

is a concept that explores resource efficiency strategies to extend the time
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that resources are retained in the economy to reduce material throughput and
environmental impacts®~*°.

Energy efficiency. Energy efficiency has steadily improved by 1% annually over the
past 30 years, with no indication that the potential for further energy efficiency
improvements is saturated™.

Healthy society. The context of the COVID-19 pandemic has increased global focus
on health, well-being and quality of life at the policy level and by individuals.

Environmental awareness. As climate and ecological breakdown accelerate and
significant climate impacts of events, such as wildfires and flooding, gain global
attention, public concern for the environment grows across the globe.

Globalization. Increasing globalization in the form of international production
networks and global value chains has a wide range of impacts on national final
energy demand in different countries.

Work and automation. This trend considers the distinct impact that automation
may have on working patterns in the United Kingdom and how this may change
the demand for energy services.

Step 2. The options for delivering energy demand reduction vary considerably
across different sectors. The technologies and embedded social practices are
entirely different for different energy service demands. We therefore employ
specific sector models to determine the energy demand for each sector before
combining this information into a central whole-system energy-modelling
framework. A brief description of each model is included below, while more details
of each model and the underlying sectoral modelling assumptions can be found in
Supplementary Note 4.

For Mobility, the TEAM-UK (Transport Energy Air pollution Model for the
UK)”" is used. TEAM-UK is a transport-energy-environment system-modelling
framework that simulates passenger demand as a function of key travel indicators,
built around detailed travel demand data from the UK National Travel Survey.
The nutrition (including agriculture) and materials and products sector modelling
utilized hybrid UK MRIO (multi-regional input output) models. The hybrid UK
MRIO utilized for nutrition modelling is a Leontief physical input-output food
system model, constructed from observed economic data of intermediate and
final demand™. For the materials and products modelling, a hybrid UK MRIO
model was used to determine the supply chain impacts and the ultimate impact
on production requirements from UK industry. The construction sector energy
service demands (included within the materials and products sector) are modelled
separately using a bespoke model that considers 36 specific applications of key
materials across 17 different built-asset categories. The UK National Housing
Model (NHM)™ is a micro-simulation model that utilizes national housing survey
data to explore the future of energy service demand in the domestic building stock.
Finally, a bespoke sectoral model for non-domestic buildings was developed for
this analysis and built around the UK Building Energy Efficiency Survey (BEES)
dataset™ to explore different rates of energy efficiency uptake.

Step 3. A critical part of the sectoral modelling process is to map the dependencies
between sectors to ensure consistency so that key aspects of the narrative
represented in one sector are also reflected in others. This is an important part of
the approach to ensure that the scenarios are internally consistent.

Many linkages relate to the shelter analysis, highlighting dependencies where
shifts in working patterns fundamentally change the types and patterns of mobility
demand and the use of non-domestic buildings. In the case of non-domestic
buildings, repurposing floor space in offices and retail spaces links back to
impacts upon shelter demand. Other important cross-sectoral linkages include
differences in house-building assumptions, and choices about necessary transport
infrastructure are reflected in the demands for construction materials. Further,
changes in vehicle sales impact manufacturing. Changes to diet impact the level of
land take, which feeds into land availability for forestry and the level of output in
specific food and drink subsectors, impacting energy demand in that sector.

Step 4. The next step of the approach is to combine the sector analyses into an
integrating framework, primarily to explore the system-wide implications of lower
energy demand requirements on energy supply and the role of CDR. For this, we
use UKTM, a technology-explicit, whole-system, partial-equilibrium model that
relies on the TIMES model-generator framework"'. The model optimizes future
energy system evolution using linear programming, optimizing future investment
choices to meet energy service demands at least cost (based on minimizing the
discounted net present value for the whole system). The model has been used
across a wide range of energy scenario studies”~"°. In recent years, it has been
co-developed with the United Kingdom’s energy ministry (BEIS), which has used it
extensively to inform energy strategies*’~*.

The model represents the existing energy system in 2010, including the
existing infrastructure assets (power generation plants, vehicle stock and so on)
and flows of energy both between and across sectors. In UKTM, the whole system
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is represented, from resource extraction, through to primary and secondary

fuel production (electricity, hydrogen, biofuels) and finally consumption in

the residential, industrial, service, transport and agricultural sectors. This final
consumption is used to meet the wide range of final energy service demands
needed across the economy, such as mobility, heating and industrial production. In
addition to energy service demands, GDP and population growth are exogenous to
the model. These two variables have not been adjusted in the scenarios, and further
research is required to explore the potential effects on GDP in particular with
considerably lower energy demand.

For scenario exercises, projected energy service demands are exogenous inputs
into the model. Their changes over time are the main drivers for investment and
system development in the model which solves by exploring least-cost supply-side
solutions to meet these future service demands. ‘Supply-side’ refers to any part of
the system used to supply energy to meet energy service demands. This includes
transformation/conversion processes, for example, electricity generation, and all
of the technologies used in end-use sectors, for example, gas boilers, cars, cement
kilns and so on. It also includes some explicit energy-saving measures in the
buildings sector, such as fabric retrofit. The whole-system representation allows
for explicit trade-offs between sectors in respect of resource allocation. Demands
for energy vectors, such as electricity and hydrogen, are endogenous to the model
and sensitive to changing prices driven by the dynamics of balancing demand
and supply. The other benefit of the whole-system representation is that it allows
for comprehensive and internally consistent accounting of both energy- and key
non-energy related greenhouse gases, including, for example, agriculture and land
use. This means the model can be used for exploring energy systems that meet
climate and energy policy goals.

Under each scenario, the sectoral modelling (steps 2 and 3) provides estimates
of energy reduction through ‘improve, shift and avoid’ measures. Two types of
information relevant to energy demand are passed for use in UKTM:

Energy service-demand projections. These projections inform how energy services
will change over time, based on ‘avoid’ measures and some ‘shift’ measures

in transport. They are exogenous inputs to the whole-system model and are
based directly on projected energy service demands from the sector models
(Supplementary Tables 3 and 4 in Supplementary Data 1 provide projections).

Technology efficiency measures. The sectoral analyses take account of opportunities
for ‘improving’ the efficiency of energy use and shifting to cleaner energy
use. Such measures include improved efficiency of technologies, switching to
electricity-using appliances and building retrofits. Such measures are typically
considered endogenously by UKTM; therefore, we have not hardwired
efficiency-related energy demand reductions in to UKTM from the sectoral
modelling. Rather we have tried to align input assumptions on technology
efficiency and deployment rates, followed by an iterative process of checking model
outputs with sector teams. The approach to endogenize sectoral assumptions
in UKTM means that there are some differences between the sectoral and
UKTM outputs. Differences have been tolerated where these are not significant,
particularly as the key insights from UKTM relate to implications for energy
supply to end-use sectors. Appliances were included within domestic and
non-domestic sectors.

The linkages between sector models and UKTM are described in turn below.
Further information on specific UKTM assumptions across sectors can be found in
Supplementary Note 4.

Mobility. The sectoral modelling approach for mobility includes the development
of energy service demands based on in-depth assessment of a range of behavioural
levers that are then fed into the UK Transport Energy and Air Pollution Model
(TEAM)"" to explore journey distance by purpose, mode choices, vehicle choices
and rates of deployment. International aviation was restricted to an assessment of
energy service demands influenced mainly by socio-economic, demographic and
policy (for example, changes in the cost of air travel via pricing such as frequent
flier levy) drivers. Shipping was not included in the TEAM analysis and was
considered separately by the UKTM team.

UKTM received energy service-demand projections for all transport
subsectors, except shipping. On energy technology assumptions, the key alignment
was on vehicle efficiency factors to those in TEAM. The modelling teams also
iterated on UKTM constraints, including rates of technology deployment.

Shelter. This analysis uses the UK’s National Household Model (NHM), focusing
on heating requirements under different scenarios, which factor in varying levels of
new house building, retrofitting and other behavioural changes.

For this sector, UKTM received the energy service demands for space and
water heating. Given that these energy service demands already include heat
demand savings from energy efficiency measures, building-retrofit options were
switched off in UKTM to avoid double counting. The NHM already underpins
energy technology assumptions in the UKTM residential sector, meaning that
further alignment was required only around elements adjusted for this analysis, for
example, heat pump deployment rate and coefficient of performance as they differ
between scenarios.
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Non-domestic. The sectoral modelling for non-domestic buildings was built
around the UK Building Energy Efficiency Survey (BEES) dataset™ and is used
to explore different rates of energy efficiency uptake across the three modelled
scenarios. By reviewing the current and future expected building stock for each
of the main subsectors, including main commercial, leisure and public service
building uses, this approach estimates the full technical savings potential across
the sector and translates different levels of ambition into varying growth rates for
corresponding energy efficiency options.

The results from this model provided direct input into UKTM by informing
the total energy efficiency gains from building-retrofit and management measures
that are not related to technology replacement. These include fabric, building
instrumentation and control and carbon and energy management systems. Their
roll-out was then limited in UKTM according to the levels of ambition relevant
to each scenario. Efficiency gains from technology switching (primarily through
electrification) are estimated endogenously in UKTM.

In parallel, different growth trajectories for future building stock number—
proxied through total floor space requirements—were developed for each scenario.
These were built specifically for this sector but were developed in consultation with
experts across the project to mirror changing pressures on, for example, storage
space requirements in line with changes in retail shopping and home delivery.
These floor space requirements then provided the main energy driver input into
UKTM as their change over time was used to inform future growth in energy
service demand in the model.

Materials and products. The input to the industry sector of UKTM was from

the sector analysis of resource efficiency gains as estimated in UK MRIO. The
approach was to first apply resource efficiency percentage gains to the UKTM
growth drivers; these growth drivers are largely taken from the UK government
econometric energy demand model, EDM"". In addition, further adjustment factors
to account for changes in infrastructure construction in other sectors, for example,
buildings and transport, were applied to key sectors producing construction
materials, for example, iron and steel and cement.

Nutrition. The integration into UKTM of the sector analysis of nutrition covers
the resulting on-farm agricultural changes in terms of emissions and land
availability, due to changes in the overall national diet and scenarios for the
reduction of food waste throughout the supply chain. Because of the low level of
detail in the UKTM agriculture sector, the link was made through the emissions
of CH, and N, 0 relating to crops and livestock which were updated to follow the
trends seen in the sectoral modelling for each scenario. The resulting land freed up
by a shift to a more plant-based diet was used to define new limiting constraints
on the planting of forests within UKTM (both for biodiversity and energy crops)
such that the more ambitious the nutrition scenario, the more land that becomes
available for forests out to 2050. Finally, the assessment of food waste generation
from the sector analysis for each scenario were used to adjust the trends shaping
the scale of food waste production in UKTM.

Step 5. We have developed four scenarios, Ignore, Steer, Shift and Transform. These
are described in more detail in Supplementary Table 2 (Supplementary Note 4).

Our Shift and Transform scenarios are our so-called low energy demand
scenarios. They assume a national attempt to rapidly reduce energy demand in the
United Kingdom to increase the likelihood of meeting ambitious climate outcomes
in the short and long term. Our scenarios provide an analysis of the total final
energy demand in the United Kingdom and are also broken down into the five
high-level categories of mobility, residential buildings, non-domestic buildings,
nutrition and materials and products.

In addition to the low energy demand scenarios, two additional scenarios were
considered at the system level in the UKTM analysis for comparative purposes.
These include a scenario called Ignore Demand, based on achieving reductions
as estimated in the Climate Change Committee 2018 progress report, including
medium risk policies™. The second scenario is called Steer demand, which aims
for net-zero GHG emissions by 2050, based on all the United Kingdom’s legislated
carbon budgets, including the sixth carbon budget (~78% GHG reduction in 2035
relative to 1990 levels). However, the scenario fails to achieve the 2050 target,
falling short by 27 MtCO, despite high levels of removal. It relies on improved
energy efficiency and supply-side options only, with no consideration of measures
for avoiding energy use or shifting to options that supply energy services with less
energy, for example, private cars to public transport. This implies that without
further demand-side efforts, the United Kingdom’s net-zero target will be very
difficult to meet.

Data availability

Data for all the figures and the energy service demands for each scenario are
available in the Supplementary Data 1 Excel sheet provided. Further graphs and
analysis can be found at https://public.tableau.com/app/profile/stevepye#!/.
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