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Abstract Rapid cuts in greenhouse gas emissions require an almost complete transformation
of the energy system to low carbon energy sources. Little consideration has been given to the
potential adverse carbon consequences associated with the technology transition. This paper
considers the embodied emissions that will occur to replace the UK’s fossil fuel-reliant energy
supply with low carbon sources. The analysis generates a number of representative
scenarios where emissions embodied in energy systems are integrated within current
national climate and energy policy objectives. The embodied emissions associated with
a new low carbon energy system are lower than the emissions reduction associated with
the low carbon energy sources, confirming that there is a carbon return on investment.
However, even if the UK reaches its 2050 territorial climate target, it is estimated that by
2050 an additional 200 Mt CO, emissions are generated overseas (compared to 128 Mt
generated within the UK) in the production of imported fuels and infrastructure compo-
nents. The cost-optimal model results suggest that more electrification would need to
occur, supported by nuclear energy, mainly in replacement of natural gas to mitigate these
emissions. However, due to a number of deployment barriers, other policy interventions
along the energy supply chain are likely needed, which are discussed alongside the model
results. There could be more emphasis on an absolute reduction in energy demand to
reduce the scale of change needed in supplying energy; new business models oriented
towards performance and not sales; and existing trade schemes and international effort-sharing
frameworks could be extended.
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1 Introduction

The fifth assessment report of the IPCC (Bruckner et al. 2014) outlines the requirements for a
fundamental transformation to a low carbon energy system, without delay (Luderer et al.
2013). Despite reducing operational combustion emissions, the building of a new and capital
intensive low carbon energy infrastructure will release GHG emissions associated with its
material requirements (and the mining of), construction, distribution, maintenance and
decommissioning (Giesekam et al. 2014, Miiller et al. 2013), hereinafter referred to as
embodied or indirect emissions.' Increasingly material requirements are being imported from
emerging and less developed countries (Kanemoto et al. 2014, Peters et al. 2011, Peters and
Hertwich 2008). For example, China’s surge in manufacturing since the 1990s has seen its
exports dominate global trade flows, becoming the world’s largest exporter of emissions
(Kanemoto et al. 2014). Within an energy context, trends in exported emissions from China
to the developed world are likely to continue as China now dominates the global low carbon
technologies market (Liu and Goldstein 2013).

Little research has been conducted on the additional emissions generated by the infrastruc-
ture requirements of a global low carbon transition. Beyond theoretical (Suh 2004, Suh and
Huppes 2005, Suh et al. 2004) and applied (Wiedmann et al. 2011, Acquaye et al. 2011,
Crawford 2009) developments in life cycle impact assessments of energy technologies in the
2000s, there have been methodological contributions to improve our understanding of the
environmental impacts of in-use and fixed capital stocks (e.g. buildings, infrastructure and
products in which people derive a service) (Pauliuk and Miiller 2014, Pauliuk et al. 2015), and
more specifically in terms of energy pathways (Hertwich et al. 2014, Hammond et al. 2013,
Igos et al. 2015). These have not however been applied to understanding implications for
revising and setting national and international climate policies when emissions transfers are
accounted for in the energy system. These studies have assessed the life cycle environmental
consequences of low carbon energy policies, but have not internalised embodied emissions in
the calculation of low carbon energy pathways. Such results can be compared with reduction
targets but do not suggest how the energy pathways would change when including the
embodied energy system emissions in mitigation targets.

The uncertainties, risks and barriers to a low carbon technology transition are quite widely
documented, with the diffusion of technologies limited by institutional, behavioural and social
constraints (Iyer et al. 2015, Bruckner et al. 2014). Industrialising countries look like they are
emerging along the same fossil fuel path as those before them (Unruh and Carrillo-Hermosilla
2006), and governments that protect vested interests of powerful energy suppliers are likely to
remain locked into carbon-intensive energy forms (Moe 2010). The current economics-driven
policy approach has been shown to be incapable of delivering the type of low carbon
investment required over the necessary timescales (Bolton and Foxon 2015).

The authors were the first to examine the emissions embodied in supplying energy by
developing indirect emission factors for energy technologies and fuels with an input-output
model and including them in an energy system model for the UK (Daly et al. 2015). In the
analysis, indirect emissions in the generation of energy infrastructure and fuel processing are

' We define embodied emissions as the emissions generated along the energy supply chain up to the point of
operation. This includes mining activities, fuel processing, electricity generation, emissions capture and fuel
imports such as emissions from manufacturing mining drills, farming biomass, constructing power stations and
manufacturing wind turbines
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reallocated from the source industry to the component of the UK energy system in which they
are embodied, to be considered in a model of cost-optimal technology and fuel selection, and
included in an emissions constraint aligned with the UK’s 2050 emission target. The UK has a
legally-binding target to reduce 1990 emissions by 80 % by 2050, and a series of interim
carbon budgets aligned with this end-point. The study found that modelling only territorial
emissions in the cost-optimal energy pathway lead to substantial international emissions
transfers, and when required to mitigate embodied emissions generated abroad, the marginal
cost of abatement more than doubled. Such outcomes are not just relevant for the UK, but
contribute to the ongoing debate of accounting for traded emissions in international climate
change negotiations. This paper builds upon that analysis and looks at the broader implications
of accounting for emissions transfers in the UK energy system, both in terms of potential
changes to the energy supply pathways and the UK’s national energy and climate policy. This
paper covers the following research questions:

1. How sizeable are the embodied emissions associated with the energy system in the UK
required to deliver the 2050 emissions target?

2. What changes to energy sources and demand technologies are observed in a least-cost
scenario, when emissions embodied in energy systems are considered in 2050 decarbonisation
targets, and at what additional cost?

3. Is there evidence of alternative policy opportunities to reduce emissions embodied in an
energy system beyond the technology solutions modelled, given the barriers and risks
associated with low carbon energy technology solutions?

2 Method

Energy system optimisation models (ESOMs) are widely-used planning tools for regional,
national and global energy systems, and are very highly detailed at the fuel and technology
level. Well known examples include TIMES (Loulou et al. 2009), MESSAGE (Klaassen and
Riahi 2007) and OSEMOSYS (Howells et al. 2011). This paper uses the UK TIMES model
(UKTM) (built in the TIMES framework (Loulou et al. 2004)), which has had a strong
underpinning role in UK energy and climate policy development (Ekins et al. 2011). It portrays
the UK energy system from fuel extraction and trading, through energy conversion, such as the
production of electricity, hydrogen and biofuels, to final energy demand (Daly et al. 2015).
Emissions from industry, transport and services are added to the energy sector emissions to add
up to UK territorial emissions. UKTM generates cost optimal scenarios of the future compo-
sition of the UK energy system, which meets energy service demands, taking into account
assumptions regarding the evolution of final demands, technology costs and attributes and
resource availability. Infrastructure requirements are defined as a cost to the system, represen-
tative of the physical flow of materials.

ESOMs have historically had a critical shortcoming: by counting emissions only at the point of
combustion, they do not take into account the embodied impacts of energy pathways. By adding a
value for indirect emissions, calculated using input-output analysis (Miller and Blair 2009), to
each component of the energy system, supply chain emissions become a criterion for technology
selection. We use our novel methodology described in Daly et al. (2015) to integrate embodied
emissions to all activities upstream of energy supply. Embodied emissions are generated using a
top-down global trade model (the input-output model employed in Wiedmann et al. (2011)),
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which traces the interactions between the UK energy sector and all other sectors within and
outside UK territory. Indirect emissions are added to the supply-side energy sources and
technologies, and not to demand-side technologies such as household boilers and cars. This
is aligned with current climate policy which largely influences supply-side technologies, the
focus of this paper.

This paragraph summarises the novel methodology we developed in Daly et al. (2015)
(also see section S1 of the Supplementary Information), and the sections referenced here
refer to sections in that article. Energy system technologies and fuel inputs in UKTM
were aligned with an equivalent economic sector in the multi-region input-output model -
MRIO (section 2.3.). For each relevant MRIO sector, an indirect or embodied emissions
factor expressed in tCO, per £M was calculated for both the UK and a global average
rest of world region (section 2.4). The embodied emissions were attributed to energy
system technologies and traded fuels on the basis of installed capacity or fuel flow
(section 2.4). The range of indirect emissions values for energy vectors are presented in
Section 5 of Daly et al.’s supporting information. The volume of emissions reallocated
from UK industry to the UK energy system as embodied emissions were subtracted from
the UK industry emissions account (section 2.5.). Scenarios for future domestic and
international emissions intensities and the import dependency of the UK economy were
developed and run through UKTM (section 2.6.). Domestic embodied intensities were assumed
to follow the same trajectory as the industry sector in UKTM. International embodied emissions
intensities were assumed to decarbonise at the global average rate of 1 % per year. Trade
patterns are projected based on recent short-term trends. The paper also discussed some of
the limitations and uncertainties of the approach which need further sensitivity analysis
(section 4.2.), including country and sector aggregation, projection of global efficiency
improvements and trade patterns, and the inclusion of emissions embodied in end-use
technologies such as private vehicles household appliances.

2.1 Emissions boundary allocation

Our study focuses on energy supply as this dominates climate policy. Emissions in UKTM are
constrained by UK cumulative carbon budgets which have been set to 2027 (HM Government
2011) and then a cumulative carbon budget which is equivalent to the same total amount of
emissions as a linear emission reduction meeting the 80 % target by 2050, defined by the UK
Committee on Climate Change as the most ‘cost effective path’ (CCC 2015a). To remain
aligned with our previous scenarios in Daly et al. (2015) we describe the same 4 scenarios,
however in the results comparisons are mainly drawn between S2 and S4. This is to understand
how energy pathways would change when embodied emissions were included compared to the
current approach where only combustion emissions are considered. The 4 scenarios are:

e S1. No target: the UK energy system is optimised on the basis of cost, with no emissions
constraint. This represents a baseline scenario with no mitigation activities (however
results focus on changes between S2-S4).

* S2. Target — direct only: combustion emissions in the UK energy system are optimised on
the basis of cost, with total territorial CO, emissions between 2010 and 2050 constrained to
meet an 80 % reduction target on 1990 levels by 2050, representative of current UK policy.

* S3. Target — Direct & UK emissions: embodied energy system emissions from domestic
industry are re-allocated to the energy system from the industry sector and included in the
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optimisation. As above, total territorial CO, emissions between 2010 and 2050 are
constrained to meet an 80 % reduction target.

* S4. Target — All emissions: international emissions are allocated to the UK energy system
component in which they are embodied and included in the optimisation process. Terri-
torial and imported CO, emissions minus emissions embodied in exports, between 2010
and 2050, are constrained to meet the carbon budget imposed by the 80 % territorial target.

Each scenario generates the cost optimal technology mix to meet a specified demand for
around 50 energy services (e.g. car kilometres, lighting and industrial heating) in the UK with
increasing emissions to be mitigated. Energy service demands over the period will grow at
different rates according to official government projections, with most increasing (e.g. inter-
national aviation doubles in the period) and some decreasing (some industrial demands, bus
and domestic navigation). The scenarios are indicative of the changes to conventional energy
pathways that consider territorial emissions only. We do not consider a comprehensive set of
possible future pathways, and instead isolate the impact of including traded emissions. Hence,
all other variables are held constant in the model. UKTM includes all greenhouse gases in the
reduction targets; however the model only considers CO, in terms of energy sources and
technology selection therefore the focus of the paper is CO, only. This analysis focuses on
emissions pathways from 2010 (the latest year modelled which is used to represent current
levels) to 2050.

3 Results

UKTM produces cost-optimal adjustments to energy supply vectors and technologies when
embodied emissions are included in the UK’s carbon budgets. Whilst we analyse one
modelling exercise, a model run in isolation does not provide a complete policy assessment.
Cost-optimisation alone cannot guarantee the desired emissions target due to governance,
societal and technology barriers and future uncertainties. Therefore, in the discussion we
consider the evidence for alternative policy options to those modelled here.

3.1 Embodied energy system emissions 2010-2050

Figure 1 shows the change in UK territorial combustion emissions and the additional indirect
emissions embodied in the UK energy system under the three scenarios from 2010 to 2050. In
2010 UK territorial emissions were 527 Mt. CO, and an additional 115 Mt. CO, was
embodied in the energy system. 85 % of the embodied emissions were emitted outside the UK.

Constraining territorial combustion emissions only in the 2050 emissions reduction target
of 80 % (S2 in Fig. 1), the current policy, reduces combustion emissions by 77 % from 2010 to
2050. However overseas emissions more than double over the same time period, meaning that
total emissions (including embodied emissions) are only reduced by around 50 %. Energy
service demand over this time period has increased across most categories, trade is on an
upward trend and production efficiencies in the rest of the world progress at the global
average of 1 % per year. As embodied energy system emissions originating in other UK
industries (e.g. from the manufacture of renewable energy technologies) represent less than
a 3 % share of energy system emissions in 2010, declining even further by 2050, their
inclusion in targets makes little difference to the results (S3). Only when embodied emissions
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Fig. 1 Combustion and embodied emissions when increasing mitigation from UK energy system emissions to
include embodied emissions in the UK 2050 climate target (black solid line =80 % target)

generated in industry overseas (to produce technology components imported to the UK) are
considered in the cost-optimal energy pathway, and hence mitigated in the UK’s carbon
budgets, are we able to influence the 98 Mt. CO, (18 % share) currently generated outside
the UK. Results in the following sub-section therefore concentrate on the differences between
S2 and S4. When mitigating for embodied emissions in the 80 % reduction target (S4) by
avoiding burden shifting abroad, UK combustion emissions need to reduce by almost 90 %
from 2010 to 2050 (in S2 they reduce 77 %).

Cumulatively,” in meeting the domestic 80 % emissions reduction (S2), 14Gt and 6Gt
cumulative CO, emissions are released in the UK and abroad respectively. 5 Gt are prevented
from entering the atmosphere if imported emissions are mitigated in the UK’s end-point target,
emitting nearly 15Gt CO,. To put this into perspective, the latest figures from the IPCC
suggest less than 1000 GtCO, can be emitted globally up to 2100 to have a 66 % probability of
limiting global warming to 2 degrees (Stocker et al. 2013). If national carbon budgets were
apportioned based on current population the UK would have a 9Gt allowance, 40 % under our
best case scenario (S4). This is within the range suggested by Raupach et al. (2014), calculated
to be between 7 and 12Gt CO,.>

3.2 Energy system changes

This sub-section describes changes to the energy sources, demand technologies and cost to the
energy system when mitigating for embodied emissions. This is done by comparing two
scenarios: imported emissions are included in the target (S4) compared to the territorial target
(S2). The underlying dynamics of UKTM, such as technology and cost characteristics, remain

2 The model is run at five year intervals and the results are interpolated between years and summed to calculate
cumulative emissions.

3 Raupach et al. estimate Europe has a carbon budget of 90 to 159GT CO, under three burden sharing principles.
We estimate this to be in the region of 7 and 12 Gt for the UK given the UK’s 2015 share of Europe’s population
to be 7.6 %.
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a strong determining factor with the addition of embodied emissions. Figure 2 shows the
change in composition of UK primary energy consumption (PEC) in 2030 and 2050 between
the two scenarios. Fossil fuel sources contribute 88 % (8,565PJ) to PEC in 2010 reducing to
53 % (5,137PJ) and 36 % (3,315PJ) in 2050 in S2 and S4 respectively. To meet the territorial
target (S2) natural gas retains over a third of the share (3,543PJ), yet when embodied emissions
are included (S4) the share drops to a quarter (2,201PJ). The share of renewables increases to
6 % in both scenarios (475-478PJ) in the medium term (2030) and then reduces to 1 % in the
longer-term (2050) (122-133PJ). The share of biofuels steadily rises in both scenarios to make
up over a fifth of energy consumption. The most notable difference is the increase of nuclear
energy from 6 % (562PJ) in 2010 to 24 % (2,377PJ) and 39 % (3,610PJ) by 2050 in S2 and S4
respectively. In order to compensate for the stricter carbon budgets, the trends in technologies
selected tend to remain similar between S2 and S4, yet the deployment of lower carbon
technologies is greater in S4 when mitigating embodied emissions alongside operational ones.
Under the technology assumptions for this scenario set, UKTM generally projects the long-
term (levelised) costs of nuclear lower than (intermittent) renewables plus back up, with and
without embodied emissions. Sunk infrastructure costs are a relatively low share of the overall
costs of electricity technology options and allows interim (in this case renewable) technologies
to be invested in and then not replaced when first generation units reach the end of their
working life.

Primary energy consumed (the composition of which is shown in Fig. 2) is sourced from
domestic energy production and imported fuels. The UK also exports fuels for consumption
overseas. Figure 3 shows the decadal change from 2010 to 2050 in territorial primary energy
production (PEP), the trade balance of fuels (i.e. imports minus exports), primary energy
consumption (PEC) and final energy consumption (FEC) between S4 and S2 by energy
source. This illustrates the change in energy production and trading in fuels that would cost
effectively meet the emissions reduction required should the UK decide to mitigate the indirect
energy system emissions. Pre-2025, the reduction in UK oil production outweighs the increase

100%
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80% B Non-biomass
70% renewables
60% O0il and oil products
>0% @ Natural Gas
40%
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20% . .
M Biomass and biofuels
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Fig. 2 Composition of UK primary energy consumption in 2030 and 2050 compared to 2010 for S2 and S4
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in gas produced. Despite achieving a cumulative reduction in PEP between 2010 and 2050,
post-2025, PEP starts on an upward trajectory as natural gas production becomes greater than
the reduction in oil being produced. By 2050, shale gas is responsible for the majority of
increases in PEP. UK fuel trading shows the opposite trend. Cumulatively, the UK imports
more fuels than it exports over the time period, but net imports are on a downward trend from
2025. Until 2030, the UK continues to import more oil than it exports, followed by an increase
in net imports of uranium in the 2030s. However, post-2030 net exports of UK natural gas
grow, and grow at a rate greater than the imports of uranium. Whilst production of gas in the
UK increases (almost an additional 18,000 PJ is produced between 2010 and 2050), it proves
cost-effective to export, and therefore primary consumption reduces. The reduction in natural
gas is compensated mainly by an increase in imports of uranium (nearly 23,000 PJ) and
biomass (nearly 5000 PJ), which have lower life cycle emissions. Embodied emissions results
in the overall emission budget under S4 being tighter, and hence, the intertemporal UKTM
reduces domestic oil in the near term and overall oil use in the aggregate. The reduced demand
for gas in the UK and the equivalent embodied emissions for domestic and international gas
combine to allow the UK to export more. UK oil and gas resource is generally not co-
productive whilst imports of these fuels occur via separate international markets.

Figure 3 also compares the impact of mitigating indirect emissions on final energy con-
sumption (FEC). FEC by intermediate (electricity and hydrogen) and end-use (residential,
transport, industry and services) sectors are presented in Fig. 4. The reduction in FEC is
marginal from 2010 to 2050, except between 2030 and 2040 where annual final energy
consumption reduces to around 600 PJ. This reduction is achieved in the residential and
transport sectors, with energy consumption of industry and services changing very little. With
the exception of transport, electrification happens across all sectors, and hydrogen displaces
fossil fuel consumption in transport. Electrification is supported by the increase in imported
nuclear fuels, which displaces final demand for natural gas, yet hydrogen production in turn
consumes natural gas.
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Fig. 3 Time series change in PEP, Net-trade, PEC and FEC between 2010 and 2050 when mitigating for
embodied emissions in the UK’s 2050 climate target (i.e. Scenario 4 — Scenario 2)
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Fig. 4 Changes to FEC by end-use sector and intermediate energy consumption by electricity and hydrogen
when mitigating for embodied emissions (i.e. Scenario 4 — Scenario 2)

As is clear from the results, UKTM favours particular technologies and fuel pathways.
Nuclear becomes a dominant fuel source by 2050 in both scenarios, mainly displacing natural
gas. The same climate outcome could be met by renewables or biofuels, but under the
assumptions of UKTM in this study surrounding the cost and technical features of different
technologies and fuel sources, nuclear is the lowest cost low-carbon option, with and without
accounting for embodied emissions. Similarly, less importing of natural gas is favoured over
less consumption and more domestic production (Fig. 3). A feature of technology selection in
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least-cost ESOM, like all linear optimisation models, is “penny switching behaviour”, where
a small change in costs can lead to sudden changes in results. Given the uncertain nature of
future costs and policy and social constraints, and given that investment behaviours do not
conform to this penny-switching, these results should not be interpreted as a forecast of the
future but rather a set of informed scenarios, sensitive to input assumptions.

Increasing the UK’s reduction effort to mitigate its indirect energy system emissions comes
at an additional cost. Table 1 describes the annual cost increase (at 5 year intervals) and
cumulative change in energy system cost from 2010 to 2050 (undiscounted*) when mitigating
for indirect emissions (S4), compared to S2 (achieving the territorial target). Overall this
increases the cost of S2 by 3.7 % - £682.5 billion from 2010 to 2050. Generally, higher costs
will be faced in the future and by 2050 it is estimated that mitigating the additional emissions
increases costs by around 5 % of what they are estimated to be if they were not included in the
target. However, these costs do not consider the reduced costs of adapting to climate change
and therefore offer a comparability of mitigation costs between scenarios, but not the overall
cost to the economy.

4 Policy discussion

While low-carbon technologies and fuels can deliver a substantial reduction in emissions, even
taking embodied emissions into account, there are adverse effects on global emissions. The
UK increasingly imports goods and services from countries outside the EU (Committee on
Climate Change 2013). When comparing the embodied emissions of energy infrastructure
from equivalent productive sectors in the UK and overseas, we found overseas technologies to
have been produced on average more carbon intensively than in the UK (see section 5 of the
supporting information in Daly et al. (2015)). This paper’s analysis shows that emissions
generated outside the UK to meet its energy infrastructure demands are set to increase through
to 2050 and could be in the region of 60 % higher than UK direct emissions. This poses a
policy problem as only a few countries, representing 15 % of global emissions, are currently
being held to legally-binding emissions reduction targets (Grubb 2013).

In modelling the UK’s mitigation of emissions embodied in its energy supply in the 80 %
end-point target, the overall cost of the low carbon transition increases by 3.7 %. The most
substantial change in the model is an increase in nuclear capacity, largely to support electrification
of final energy consumption. Uranium and biomass in the low carbon energy system pathway is
increased from 24 % and 21 % to 39 % and 24 % respectively. This increase is met by imports,
and the UK exports more gas to be consumed abroad, falling outside the UK’s emission boundary.
While under these modelling scenarios renewable energy does not play a major role, ESOMs are
not forecasting tools and have a limited capability for incorporating uncertainties in long-term
costs and constraints, and so should not be used as a single tool for planning future policies.

If the UK was to take responsibility for the additional emissions generated abroad,
adjustments to budgets would need to be made to ensure the same intended carbon outcome
(i.e. an 80 % reduction in emissions) if the accounting system was to remain as is. However,
recent reductions in the UK’s territorial emissions, reaching 8 % in 2014 despite strong
economic growth, have not been the result of planned climate policy. Many of the reductions

# We are comparing the costs between two scenarios therefore the difference would be the same whether costs
were discounted or not
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Table 1 Additional annual undiscounted energy system costs and percentage increase at 5 year intervals and
cumulatively when mitigating for embodied emissions (i.e. increased cost of S4 compared to S2)

Year 2015 2020 2025 2030 2035 2040 2045 2050  2010-2050

Absolute cost increase (€M) 2630 10,492 16,953 17,474 17,581 21,980 30,422 30,910 682,547
Percentage change (%) 08 27 4.0 3.7 35 4.1 54 52 3.7

from building, industry and power emissions reflect one off changes and uncertain
factors rather than replicable ongoing trends, e.g. a mild winter (CCC 2015b). The
CCC also perceives a gap between existing and foreseeable climate policies and future
UK carbon budgets. Given this and the widespread barriers and risks associated with
low carbon energy technology solutions (documented in Bruckner et al. 2014) there
are alternatives that would ease the dependency on unprecedented rapid deployment rates;
publicly debated technologies (particularly nuclear); and rising costs from greater reduction
requirements; whilst increasing the scope to reduce imported emissions. Taking a supply-chain
or embodied perspective of energy brings other policy opportunities into view. We identify the
evidence for these under four broad categories: demand, business models, trading schemes and
international effort-sharing:

*  Demand response — Emissions could be avoided by achieving an absolute reduction in energy
demand. Anderson et al. (2008) suggest that the neglect of energy demand reduction is
eroding the UK’s ability to play its part in maintaining a two degree future. Although demand
reduction initiatives have not been modelled in this paper they have been shown to be cost
effective and complementary to technology led decarbonisation (Strachan et al. 2008) and
have the scope to reduce both domestic and imported emissions through reducing demand for
materials, goods and services that embody energy (Barrett and Scott 2012). Emerging
evidence shows the potential for material and product consumption to contribute sizeable
reductions in emissions (Barrett and Scott 2012, Allwood et al. 2010, Allwood et al. 2011).

* Business response — Alternative business models whereby product sales are replaced with
a service or leasing contract can decouple resource needs from energy demand (Roelich et
al. 2015, Steinberger et al. 2009, Hannon et al. 2013). Energy Service Companies can shift
away from selling metered quantities of energy towards selling energy services such as
thermal comfort and illumination (Sorrell 2007). Profits are incentivised by improvements
in energy efficiency instead of selling more units. In addition energy using appliances can
be leased whereby the provider retains ownership and is responsible for its general
maintenance and the consumer has possession and use of the asset for a prefixed payment
period. In this situation energy efficiency is shown to play a bigger role in replacement
decisions, and remanufacturing is increased (Roelich et al. 2015).

* Trade response — Currently the EU Emissions Trading Scheme compensates or exempts
carbon-intensive industries perceived as being at risk of competition from cheaper energy
costs elsewhere (Martin et al. 2014). Extending the EU Emissions Trading Scheme (ETS)
to account for the emissions embodied in trade could increase the scope for reductions
whilst reducing competitive worries (Carbon Trust 2006, Carbon Trust 2008). For example
international agreements could be set up which incorporate the major competitors in a
particular sector whereby the carbon costs are reflected across all producers’ sales products.
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Alternatively border tax adjustments can be implemented on energy-intensive imports to
close the cost differentiation (Vivid Economics with Ecofys 2013).

* International response — Effort-sharing frameworks could help address distributional issues
between industrialised and developing countries (Edenhofer et al. 2014). Interregional
instruments such as the Clean Development Mechanism and Joint Implementation involve
the transfer of technologies, renewable energy implementation projects or the financing of
abatement projects overseas, for which the UK can receive carbon credits. These can
currently be used to offset excessive emissions generation in the EU ETS, and have been
shown to offer cheaper mitigation opportunities as they have less installed abatement
measures (Harris and Symons 2012).

These four policy options would require additional modelling work to assess their overall
impacts on the role of embodied emissions, but they do address the problem and present an
alternative from a purely technological driven solution.

5 Conclusions

This research has focused on novel linked modelling, using the UK as a case study, for
integrating embodied emissions (both domestic and international) within energy supply, given
its prominence in energy and climate policy. Even when the embodied emissions of a new low
carbon energy infrastructure are left unabated, low carbon technologies can deliver a substan-
tial reduction in emissions. However, changes in the UK energy system generate additional
emissions outside the UK and in many cases the EU and their emissions reductions targets.
This is problematic because globally legally-binding emissions reductions targets only capture
15 % of emissions. If imported emissions remain excluded from climate targets, this figure is
less likely to change. The UK could extend the scope of its own carbon budgets to ensure it
achieves the same intended outcome, a reduction in its emissions by 80 %, by increasing the
speed of low carbon technology roll-out or further exploration of other consumption-side/
energy demand factors.

In this paper, embodied emissions have been considered up to the point of supply and
future research could consider embodied emissions within the same framework for end-
use services such as boilers, electrical appliances and vehicles, all of which consume and
embody energy. These will both increase emissions allocated to the energy system
modelled, currently sitting in the industry sector and country in which they are produced,
and provide opportunities for emissions reductions through behavioural changes.
Exploiting more demand reduction, service delivery and international opportunities could
deliver energy and emissions reductions at a reduced cost, and need to be assessed in a
holistic framework.
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