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ABSTRACT
Policy makers in a number of nations are currently developing carbon capture and
storage (CCS) as an industrial decarbonisation solution, linking capture potential in
industry clusters to domestic or overseas offshore storage capacity. However, the
design, focus and timeframe for policy support are proving challenging in
countries like the UK, where industry actors are concerned about the
competitiveness implications of additional operational capital costs, while
government aims to offer only transitory policy support. Policy-facing research is
required to understand the drivers, nature and extent of potential competitiveness
loss from adopting carbon capture in specific industry and country contexts, along
with the impacts of policy decisions in other countries and of possible future
technology improvements. We consider the case of the UK chemicals industry,
using an economy-wide computable general equilibrium (CGE) model. This
highlights how macroeconomic and sectoral impacts of concern under regional,
industry and climate policy agendas depend on domestic and export demand
responses to changing industry prices. A crucial question is whether capture costs
are similarly reflected in international prices. We identify a risk of policy
commitment to ‘polluter pays’ having sustained negative outcomes for capture
firms, along with offshoring/leakage of jobs and GDP, and associated emissions, as
demand shifts to lower cost overseas production. However, such costs could be
reduced, and some capture industry gains realised, if competitors in other nations
ultimately follow in bearing similar costs and particularly if ‘early mover’ action
enables firms to make efficiency gains and build comparative advantage in
operational carbon capture.

Key policy insights:
. A ‘polluter pays’ approach to industrial carbon capture risks triggering potential

‘offshoring’ of manufacturing activity in all timeframes where increased
operational costs reduce the relative competitiveness of capture firms.

. A border tax risks worse industry and wider economy outcomes, where domestic
production is intensive in imports of the commodity in question.

. Transitory policy support should focus on enabling capture firms to build
efficiency in using carbon capture equipment while sustaining competitiveness
and jobs within regional industry clusters.

. Opportunities should be explored to develop comparative advantage where
policy activity involves ‘early mover’ action on carbon capture.
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1. Introduction

In 2019, the UK was the first G7 nation to legislate for a 2050 ‘net zero carbon’ target for territorial greenhouse
gas (GHG) emissions (UK Legislation, 2019).1 The Climate Change Committee (CCC, 2019, 2020) has advised on a
range of areas where deep emissions reductions are required. This includes the particularly challenging area of
industrial decarbonisation, where the UK is currently deploying carbon capture and storage (CCS), linking
capture potential in regional manufacturing clusters with off-shore storage capacity (BEIS, 2018, 2021a,
2021b). CCS is an interesting case with potential wider lessons for other decarbonisation approaches that
may involve substantial new capital/equipment requirements in both investment and operational stages,
including where carbon capture may be involved in switching to low carbon fuels (e.g. ‘blue’ hydrogen).

However, as in most nations, the UK policy context is not solely a climate one. ‘Green growth’ – i.e. combin-
ing decarbonisation with continued economic growth – is a central element in the government’s Industrial
Strategy with a key role for CCS in reducing emissions while sustaining activity in regional manufacturing clus-
ters (BEIS, 2017, 2018; HM Government, 2020; HM Treasury, 2021). Here, UK Government plans involve deliver-
ing one net zero and four low carbon regional clusters by 2030/2040 (BEIS, 2019), with significant policy action
to date centred on supporting the deployment of CCS (BEIS, 2021b).

The challenge is complicated by the UK Government’s apparent commitment to a new regional policy
agenda, referred to politically as ‘levelling up’ (PMO, 2021), and linked commitments to the 2021 Just Transition
Declaration signed at COP 26 in Glasgow, which focusses on the need for ‘green growth’ involving decent work
and continued/growing economic prosperity with emphasis on sustainable work for people in local areas.2 Here,
concern lies in sustaining industries that support substantial employment and income generation through
complex regional and interregional supply chains, while introducing carbon capture costs that generate risks
for industry competitiveness. Risks are exacerbated where the UK is an ‘early mover’ in CCS; the UK Government
(HM Treasury, 2021, p. 85) stated its intention to become ‘a world-leader in technology to capture and store
harmful emissions away from the atmosphere’ prior to the launch of CCS policy action, mainly focussed on devel-
oping transport and storage capacity, later the same year (BEIS, 2021b). Reducing these risks will involve industry
being able to exploit ’early mover’ status to build comparative advantage in operational capture.

In short, the UK has become an early and vigorous promoter and adopter of CCS. In developing UK business
models for CCS, the UK Government (BEIS, 2020) recognises the challenges to industry competitiveness from
engaging in capture activity which, at the very least, will require firms to install and operate additional
capital equipment to produce the same level of output, thereby affecting capital efficiency.3 A time-limited
subsidy regime has been proposed in the form of an ‘Industrial Capture Contract’ (ICC) (BEIS, 2020, p. 58),
aiming to offset capture-driven price increases until it becomes a ‘competitive solution’. However, the con-
ditions for subsidy implementation, evolution and ultimate withdrawal are not yet clear.

We aim to inform the policy discourse through a better understanding of differences in how the position of
UK production sectors in domestic and international markets can influence the potential economy-wide
impacts of introducing carbon capture as a decarbonisation solution. Our analysis focusses not only on
whether carbon capture can become a competitive solution, but also the importance of industry having the
ability to exploit ’early mover’ status to develop comparative advantage. We explore the outcomes of the
UK unilaterally introducing carbon capture and how said outcomes are affected by capture costs being
reflected in international prices, with and without the presence of first mover advantages for UK industries,
or if the UK Government employs mechanisms to bridge the prices of domestic and imported goods of
specific industries. We build on an economy-wide computable general equilibrium (CGE) approach developed
Turner et al. (2021), focussing on the UK chemicals industry as an example of a heavily traded industry servicing
both domestic and complex international supply chains, where the capital efficiency implications of operating
additional carbon capture equipment trigger competitiveness challenges.

Beyond the specific case of the UK, the type of questions and issues we address here contribute to the
broader literature focussing on investigating and understanding the economy-wide implications of carbon pol-
icies and overlapping regulations (see for example Böhringer et al., 2016; Corradini et al., 2018; Delarue & Van
den Bergh, 2016; Wu et al., 2020). We address a key gap around the limited discussion and evidence on cases
like carbon capture that involve operational capital/equipment requirements, and where this is the source of
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international competitiveness challenges that generate tensions between domestic and international climate
policy ambitions, priorities, and regulations.

2. Model

We employ UKENVI, a multi-sector economy-wide computable general equilibrium (CGE) model of the UK, cali-
brated on a social accounting matrix (SAM) incorporating the 2016 UK input-output, IO tables (the most recent
analytical IO data published by the Office for National Statistics, ONS).4 We treat these data as reflecting the real
economy in the effective policy base year of 2021. We aggregate to 34 broader industries producing 34 com-
modity outputs (see our SAM database for details – Figure 1 in Section 4 elucidates sector types5). This includes
the single ‘chemical’ industry identified in the UK IO. Here we provide a brief overview of the most relevant
characteristics and assumptions of the UKENVI model (detailed in Katris & Turner, 2021).

2.1. Production

Each sector produces output at minimum costs using a nested production function (of a constant elasticity of
substitution, CES, form). Each industry combines imported and domestically produced commodities (governed
by an Armington, 1969, function). Energy commodities combine through various levels of an energy nest, then
with non-energy intermediate commodities. The composite (produced) intermediate good then combines with
a value-added combination of labour and capital to produce total output (Alabi et al., 2020, illustrate). Within
the value-added nest, an efficiency parameter on the use of capital is the key element within the UK chemicals
industry in introducing the capital efficiency shock associated with carbon capture (where more capital is
required to produce a given level of output).

2.2. Labour market

The labour force (sum of employed and unemployed workers) is fixed over time.6 We do not model skills or
sector-specific competencies, so we assume perfect mobility between sectors. The real take-home wage is
determined by an econometrically parameterized bargaining function, with power shifting between firms
and workers depending on changes in the unemployment rate (Blanchflower and Oswald, 2009). Long-run con-
ditions do not require that labour demand matches labour supply, with a pool of unemployed labour from the
outset. Thus, there can be long-run overall job gains or losses.

2.3. Savings and investment

Domestic savings rates are given as an exogenous share of household income. Investment is forward-looking,
depending on exogenous depreciation and interest rates, set in extra-regional markets, and quadratic adjustment
costs. Thus, in each sector, the actual capital stock gradually adjusts to its desired level, which is a function of sectoral
output and relative input prices. Specifically, we followHayashi’s (1982) treatment of investment, meaning that pro-
ducers anticipate demands and prices across all timeframes, determining the optimal investment pattern to maxi-
mize the value of the firms. In the long-run, equilibrium gross investment in each sector just covers depreciation.

2.4. Trade

UK exports to an exogenous rest of the world (ROW) region are sensitive to changes in relative domestic and
foreign prices. Domestically produced commodities and foreign imports are also assumed to be imperfect sub-
stitutes. In both production and consumption, this is specified through an Armington (1969) assumption gov-
erning substitution between domestic production and imports for each commodity identified. The initial price
of foreign commodities effectively gives the model numeraire, and this price is fixed in all timeframes in our
central case scenarios. Our scenarios focus on introducing exogenous shocks to the price of foreign chemicals
in imports and exports, but we also provide sensitivity analyses around trade elasticity values.

CLIMATE POLICY 3



2.5. Household consumption

Household expenditure is determined after deducting taxes and savings from household income (assuming a fixed
savings rate). In our scenarios, the key drivers of changes in household real incomes and purchasing power are earn-
ings fromemployment and taxes paid to government. Note that household incomealso includes income fromcapital
from firms, linked to the other value-added generated and transfers from government, which are fixed in real terms
with nominal values adjusted for changes in the consumer price index (CPI). Households consumegoods and services
from each of the sectors in the model using a nested consumption function (i.e. in a similar manner to that in pro-
duction) and are, therefore, sensitive to relative price changes between domestic outputs and imports.

2.6. Government

Government demand for goods and services is fixed in nominal terms, with real expenditures adjusting to
economy-wide price changes. The public budget is determined by a range of endogenous revenue sources
and does not need to balance in the scenarios modelled here, allowing accumulation of public surpluses or
deficits to inform wider fiscal modelling of decarbonisation actions.

3. Simulation strategy

UK CCS policy prioritises decarbonising the nation’s regional industrial clusters. We study the collective UK chemi-
cals industry as a dominant presence in several of these clusters: Grangemouth in Scotland; and Runcorn, Teeside
and Humberside in North England, where these English sites are the focus of the current ‘Phase 1’ CCS roll-out,
focussed on transport and storage capacity – see BEIS (2021b). Crucially, there are significant downstream links
between the UK chemicals industry and other UK sectors, such as ‘Rubber/plastic’ and ‘Construction’, meaning
that any impacts on the price of chemicals will spill across the entire economy, given that approximately 68%
of the intermediate use of chemicals is covered by the UK chemicals industry (and 32% is imported). Here, we
focus specifically on the capture element of CCS, where UK policy is still being formulated (see also BEIS, 2020).

We assume a single ‘end-of-pipe’ technology treatment of CCS as adopted in studies such as Li et al. (2017)
and Thepkun et al. (2013), so that carbon capture introduces increased equipment requirements to produce a
given level of output. Building on Turner et al.’s (2021) Scottish CGE work, and informed by engagement with
UK chemical industry actors, we impose a 30% capital efficiency reduction in the chemicals sector, introduced
evenly over a 10-year period.7 We compare all results to the 2016 SAM database values, which are taken to rep-
resent the real economy if nothing else changes. This allows us to isolate and understand the impacts of intro-
ducing carbon capture without the additional complexity of how any other potential changes – such as
projected economic growth, changes in technology or other policy interventions – may impact outcomes.
Moreover, we do not consider any other CCS costs here, such as any fees associated with using transport
and storage services, the provision and use of which raise separate policy issues (BEIS, 2020). Assuming that
the introduction of CCS removes all of the sector’s emissions (10,956 kilotonnes in the base year), then the
direct impact on total UK CO2 emissions will be a reduction of 4.1%.

While the UK plans to encourage the initial adoption of CCS via a (as yet loosely defined) subsidy known as
an ‘Industrial Capture Contract’ (BEIS, 2020, p. 58), the clear intention is to move to a ‘polluter pays’ scenario
over the mid-to-long term. However, competitiveness impacts and risks of offshoring both production and
associated carbon will remain a central concern if the timeframes for any policy support provided do not
focus on ensuring capture firms can compete on a level international playing field. This could involve tailoring
support to enable efficiency and/or expertise to build in operational capture. This may be a key route to explor-
ing ’early mover’ status in developing comparative advantage. Thus, we build out a ‘polluter pays’ case under
different assumptions regarding the relative international situation and report sectoral and economy-wide out-
comes with focus on key mid-century (2050) timeframes.

In our central case, we assume the UK chemicals industry is a sole adopter to investigate the nature of
impacts driven by competitiveness loss triggered by reduced capital efficiency in the domestic chemicals indus-
try. Here, we follow Turner et al. (2021) in assuming that all Armington import and export price elasticities both

4 K. TURNER ET AL.



equal to 2 in all sectors (consistent with previous UK CGE studies – e.g. Turner, 2009; Lecca et al., 2014). Given
the importance of trade responses in governing the extent of competitiveness loss associated with any given
price increase – where the UK chemicals industry exports 41% of its output in the base year – we draw on sys-
tematic sensitivity analysis varying the trade elasticities that directly govern the international competitiveness
loss of the UK chemicals industry.

We then develop three basic scenarios considering how long-run outcomes may change if the relative inter-
national situation were to shift. First, we consider how industry and macroeconomic outcomes may change if
competing overseas chemicals prices change in line with the long-run price increase that we observe for the UK
chemicals industry in our central case. We then consider a case that represents a price adjustment regime, such
as a ‘border tax adjustment’ that involves exogenously imposing a price increase on imports of foreign chemi-
cals that matches the cumulative, or price multiplier, impact of efficiency loss in the UK sector (6.9%). Finally, we
consider the impacts of the UK chemicals industry potentially gaining a first mover advantage in global chemi-
cals production with capture through technological leadership (Lieberman & Montgomery, 1998). This mani-
fests in the form of a smaller, yet illustrative, capital efficiency reduction (15% rather than 30%, where later
movers experience the latter) where (as in other scenarios), UK chemicals reach the 15% capital efficiency
reduction, in equal increments, over a 10-year period.

4. Results

4.1. Central/default case

The second and third data columns of Table 1 report the key macroeconomic and chemicals industry impacts of
the 30% reduction in capital efficiency in the chemicals sector using the central case/default values for all par-
ameters. We report results for 2030 and 2050 as significant timeframes for UK policy: the government’s aim is to
have operationalised four main regional CCS clusters by 2030 and to have reached net zero by 2050 (HM

Table 1. Percentage changes (relative to 2016 baseline) in key macroeconomic and industry indicators following the introduction of carbon
capture – central and alternative cases regarding how associated capital effiency losses are reflected in international prices (all with default
trade elasticities).

Base (2016) values/
Year

1. Central case
(sole adopter)

2. Inter-national
adoption

3. Border
tax

4. First mover
advantage

2030 2050 2050 2050 2050

GDP (£million) 17,51,690 −0.11 −0.12 −0.10 −0.15 −0.03
CPI (indexed to 1) 1 0.03 0.05 0.14 0.08 0.11
Nominal wage pre-tax (indexed to 1) 1 −0.06 −0.06 0.05 −0.08 0.08
Real wage pre-tax (indexed to 1) 1 −0.10 −0.10 −0.09 −0.16 −0.03
Total imports (£million) 5,15,335 0.00 0.01 0.09 −0.12 0.09
Total exports (£million) 4,77,563 −0.30 −0.29 −0.24 −0.45 −0.05
Total employment (FTE) 2,93,00,731 −0.05 −0.05 −0.04 −0.07 −0.01
Unemployment rate 5% 0.86 0.92 0.84 1.42 0.27
Investment (£million) 3,10,036 0.07 0.07 0.10 0.02 0.06
Real household expenditure (£million) 11,85,745 −0.05 −0.05 −0.02 −0.10 0.01
Chemical industry exports (£million) 12,907 −9.33 −8.21 −0.02 −12.42 5.17
Imports of chemicals (£million) 6532 6.31 5.47 −1.52 −3.08 −4.54
Chemical industry value-added
(£million)

11,361 −10.93 −9.64 −4.04 −9.45 1.69

Chemical industry capital stock
(£million)

27,247 19.60 22.16 29.74 22.42 16.57

Chemical industry employment (FTE) 90,445 −5.45 −4.79 1.11 −4.58 4.05
Chemical industry investment
(£million)

2047 26.35 22.16 29.74 22.42 16.57

Price of Chemical industry output
(indexed to 1)

1 5.02 4.38 6.91 6.86 4.24

Chemical industry output (£million) 31,785 −6.85 −6.03 −0.88 −6.48 2.79

Notes: Scenario 1 is the default case with a 30% capital efficiency loss corresponding chemical industry output price change in the UK only; in
Sc2 both UK and imported chemical prices rise by 6.9%; in Sc 3 only the import price rises; Sc4 is as Sc2 but with UK industry capital efficiency
loss reduced to 15%
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Treasury, 2021; UK Legislation, 2019). In modelling terms, during the first 10 periods (taken to be years) to 2030
the constantly falling chemical industry capital efficiency replicates the gradual introduction of CCS. By 2050 (30
periods) the model is very close to its new long-run equilibrium.

In both timeframes, there is a negative impact on aggregate economic activity as measured by GDP, total
employment and household expenditure. This is unsurprising given that carbon capture increases the cost
requirements of the chemicals sector. This triggers a substantial reduction in the competitiveness of the chemi-
cals sector as its output price increases, by 5.02% in 2030 (completion of industry-wide capture uptake). Over
time, as its capital stock increases, the industry price adjusts. By 2050 it reaches a sustained 4.38% increase,
which causes chemicals exports to fall and imports to rise, by 8.21% and 5.47% respectively. This is
accompanied by chemical sector output and employment reductions of 6.03% and 4.79%. Using the base
year figures in the first data column, the employment change equates to a reduction of 4,337 full time equiv-
alent (FTE) jobs. Chemical industry investment rises by 22.16%, but this is set against the 30% gross increase in
investment required to fully offset the efficiency loss at constant output.

Negative upstream supply chain impacts interact with the overall CPI effects of increased production costs in
chemicals and its downstream supply chain to trigger an economy-wide contraction. The consequence is a final
0.12% GDP reduction or just over £2 billion of which over £1 billion is in the chemicals industry. Emissions will
fall in all sectors that contract, including the chemicals industry, so that less than the initial 10,956 kilotonnes
will be captured. However, imports of chemicals and other goods and services rise, and this offshoring involves
carbon leakage that will increase emissions overseas. The economic contraction also reduces UK Government
revenue from taxation, while increasing the total government spending: government spending is fixed in real
terms so must adjust for the CPI increase. The net outcome is to increase the government budget deficit by
£0.59 billion per annum by 2050.

Moreover, the GDP reduction is associated with a 0.05% contraction in total employment (14,248 UK jobs,
4,337 in the chemical industry). The first case (bar) in Figure 1 shows the distribution of employment losses
across all sectors in this central case. Here, our assumption that real wage adjustment takes place in an imper-
fectly competitive labour market means that, in the absence of any driver of expansion/increased labour

Figure 1. 2050 changes (relative to 2016 base year) in sectoral employment – comparing across cases as to how capital efficiency losses associ-
ated with carbon capture uptake are reflected in international prices.
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demand elsewhere in the economy, those who lose their jobs become unemployed (with the unemployment
rate rising by 0.86% by 2030 and 0.92% by 2050). That is, despite some downward adjustment in the real wage,
this is not sufficient to maintain the pre-shock employment rate.

The only sectors that grow/gain employment are those where government spending is concentrated, where
real expenditure has to rise to maintain per capital spending as nominal prices increase (reflected in the CPI,
which rises by 0.05% by 2050). The decrease in employment is a key driver (alongside other factors, such as
the increase in the cost of living given by the CPI) with a 0.05% drop in total UK (real) household consumption
(£651million), which drives losses particularly in service sectors. The only component of GDP that rises is invest-
ment, where this is focussed on replacing less productive capital stock.

The central case results reflect the findings of Turner et al. (2021); the ‘polluter pays’ outcomes suggest that,
in the case of carbon capture, the UK Government should not expect to deliver decarbonisation without policy
design involving a wider perspective on mitigating industry and wider economy costs. Here, the jobs and GDP
losses reported in Table 1 and Figure 1 are in fact directly or indirectly associated with offshoring of production
to meet continued consumption demands both at home and abroad. This is clearly not consistent with UK
regional and economic policy objectives, the sustainability of local employment opportunities emphasised
in the UK’s commitment to the 2021 Just Transition Declaration, or the spirit of global climate change
agreements.

Specifically, emissions reduction through carbon capture in UK chemicals is accompanied by offshoring of
some of the nation’s consumption/use of chemicals, together with associated jobs and incomes, which triggers
further losses across the economy. Similarly, an industrial strategy based on sustaining growth in currently
emissions intensive industries is ill-served by a sector that declines with the introduction of carbon capture.

4.2. Sensitivity of central case results to varying parameters governing the trade response

However, the size of these negative sectoral impacts of the ‘polluter pays’ simulations depends on key par-
ameters of the model and what we assume about the price of foreign chemicals. Taking the former first,
there is currently a real paucity of appropriate data to inform specification of trade elasticities in CGE
models (though key insights are provided in studies such as Bajzik et al., 2020; Clements et al., 2021; Feenstra
et al., 2018). Thus, we consider how results are impacted across a range of values for import and export elasti-
cities, with focus on those applying to the chemical industry, specifically imports of chemicals and UK chemicals
industry exports, value-added and employment. Discussion of full sensitivity results is provided in the Sup-
plementary Materials. Here, several key observations can be made.

First, no combination of trade parameters totally mitigates the fall in UK chemical exports driven by adoption
of carbon capture as modelled here, though these would be reduced from more than 8% in Table 1 to around
2% or less if the export price response were inelastic (i.e. demand falling less than proportionately relative to the
price rise). However, (as discussed in Section 5) current evidence (e.g. European Commission, 2018) suggests
that the UK chemical industry is more vulnerable to relatively price-sensitive export demand.

Second, greater export price elasticities magnify the negative impact of the associated competitiveness loss
in domestic production, with the 8.21% loss in chemical industry exports growing by 50% to around 12% if we
increase the assumed export elasticity proportionately. On the other hand, if the import elasticity on chemicals
were higher, export losses may be reduced to some extent (up to 1% under our central assumption regarding
export elasticities). This is simply because the UK chemicals sector is itself a heavy user of chemicals as inter-
mediate inputs, some of which are supplied from abroad. Thus, while it does constitute some extent of offshor-
ing, the impact of increase in the price of UK chemicals on industry competitiveness, reflected in the reduction
in export demand, would be moderated to some (albeit limited) extent if (lower cost) imports from overseas
competitors were regarded as more acceptable substitutes.

Third, while the negative impact on the sector’s value-added under the default parameters (−9.64% in Table
1) is proportionately larger than the corresponding trade figures, this figure is less responsive to changes in the
trade elasticities but remains negative in all cases.

Fourth, employment outcomes, which are perhaps of greatest political concern (or, at least, public visibility),
particularly in the context of regional policy and ‘just transition’ agendas, are determined by what happens to

CLIMATE POLICY 7



chemical industry value-added (which drives the derived demand for labour) and increased labour intensity in
response to capital efficiency loss. Our sensitivity analysis reflects this, with the reduction in chemical industry
employment tracking but always being smaller than changes in value-added outcomes as trade responses
increase or decrease.

4.3. Reflecting capture costs in international prices

To this point, we have simulated the impact of the introduction of carbon capture in the chemicals sector
assuming that the UK is, at least initially, the sole adopter. However, if other countries are committed to
deep decarbonisation in chemicals production, they may follow in introducing carbon capture with the
same sort of cost implications. Referring again to Table 1, the final three columns report results for the 2050
timeframe for three additional scenarios where alternative assumptions are made about the behaviour of
other countries, the UK Government and future technology.

The reference results are the standard long-run ‘polluter pays’ figures for 2050 in the third data column of
Table 1 (Scenario 1). In the fourth data column we increase the foreign price of chemicals by 6.9% (Scenario 2).
This matches the price increase in the UK. Implicitly we are assuming that the rest of the world has adopted CCS.
In data column five we report the result of the UK imposing a border tax on chemicals that solely increases the
cost of chemical imports by 6.9% (Scenario 3). Then, in the final column, we present the outcome of other
countries introducing CCS, with a price penalty of 6.9% (as in Scenario 2) but with the UK having a lower,
15%, capital efficiency reduction as a result of learning by doing and an early adopter status (Scenario 4).

Where all countries adopt carbon capture, so that the foreign price of chemicals also increases by 6.9%
(Scenario 2) we see that the adverse effects on UK chemicals exports are removed. Now the reduction in indus-
try exports is marginal (−0.02%), reflecting domestic price pressures.8 There is still a small reduction in output
(0.88%), but this now comes from reduced domestic demand given the price increase (which, in our single
national model, captures domestic drivers not reflected in external prices). However, despite the 0.05% rise
in the nominal wage, substitution in favour of labour as the effective cost of capital increases is sufficient to
bring about a marginal (1.11%, 1,008 jobs) increase in sectoral employment. The impact on aggregate econ-
omic activity is only to mitigate macroeconomic losses very slightly, with GDP still falling by −0.10% and
total UK employment by −0.04%/13,018 jobs.

However, note (from Figure 1) that there is a mixed picture as to whether employment losses increase or
decrease, given the greater increase in the CPI set against a smaller reduction in real household spending
(given the more limited total employment loss) and total export demand. Nonetheless, the pure supply-side
efficiency aspects of capture clearly still dominate in the aggregate impacts.

Where industries in other countries fail to adopt CCS, a border tax could be introduced, levelling the playing
field for domestic producers in the UKmarket (Scenario 3). In this case, the chemical import price is increased by
6.9% but the price of foreign chemicals in UK export markets is held constant. This has a counterintuitive impact
on the output of UK chemicals when compared to the reference simulation (Scenario 1). In Scenario 1 chemical
output falls by −6.03%; with the imposition of a border tax, the corresponding reduction is even higher at
−6.48%.

This shows the key role that imported chemicals play as intermediate inputs in the UK domestic production
of chemicals, reflecting the importance of international supply chain activity in this industry. Raising chemical
import prices means that Scenario 1 change in domestic chemicals price increases from 4.38% in Scenario 1 to
6.86% in Scenario 3. This makes UK chemicals even more uncompetitive in foreign markets, with chemical
exports now 12.42% lower than the base year value. This further loss of competitiveness in export markets
more than outweighs any advantage in the domestic market. However, impacts on chemicals employment
and value-added (decreasing by −4.58% and −9.45% respectively in Scenario 3) are less negative than the cor-
responding Scenario 1 values (−4.79% and −9.64%). This is for two reasons: first, because of some substitution
away from intermediates towards value-added; and second, due to a greater decrease in the nominal wage
(−0.08% compared to −0.06%).

However, the impact of the border tax on most other sectors (see Figure 1 for employment) is negative so
that the 0.15% decline in GDP is over 30% greater than in Scenario 1 (−0.12%), with total UK exports falling by
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0.45%. This has a further negative impact on all measures of aggregate activity: investment, employment, real
wages and household expenditure, while it exacerbates the budget deficit, which is now almost £1 billion.

Finally, we report results from a simulation in which other countries adopt carbon capture, but the UK, as an
early adopter, has an advantage. In this case, we assume that the price of foreign chemicals reflects the 30%
increase in capital requirements for CCS but that the UK has benefitted from a learning curve and has
reduced the capital efficiency loss to 15%. In this case, there is a positive stimulus to the chemicals sector
whose output and employment increase by 2.79% and 4.05% respectively, driven by a 5.17% increase in
exports as UK chemicals are now price competitive in foreign markets with the 4.24% price increase for UK
chemicals below the 6.9% increase in the price of foreign chemicals.

Although the chemicals sector expands, with a gain of 3,665 FTE jobs, the rest of the economy still shows a
slight overall contraction, with a total net loss of 4,216 jobs, albeit with the ‘comparative advantage’ being the
‘least worst’ outcome for employment in most sectors (see final bar in Figure 1). Basically, increased domestic
and imported chemical prices drive the CPI up by 0.11%, reducing the competitiveness in the whole economy.
While there is a 0.01% increase in household consumption generated by increased capital incomes, the 0.05%
drop in exports leads to small contractions in GDP (−0.03%/£488 million), employment (0.01%/4,216 jobs) and
real earnings, whereas the government budget deficit is restricted to approximately £0.30 billion (from £0.59
billion in our central case).

Moving early in carbon capture to secure comparative advantage, thus, acts to mitigate sustained losses in
clustered chemical industry activity. This potentially reduces the tension between adopting a ‘polluter pays’
model and regional ‘levelling up’ concerns and improves ‘just transition’ outcomes in terms of the sustainability
of work for people in local areas/regional economies. It also provides perhaps the most useful and effective
focus and motivation for time-limited public policy support of industry capture. While the outcome is still
one characterised by the absence of any wider expansionary driver, and net economy job losses do exceed
regional industry gains, regional industry outcomes are more likely to bring alignment across regional, industry
and climate policy concerns.

5. Discussion

Our applied example is the UK chemicals industry, a currently emissions-intensive activity with heavy presence
across the UK’s regional industry clusters, where there is clearly policy focus on sustaining industry and supply
chain jobs via CCS (BEIS, 2018). The additional operational capital costs involved in adopting carbon capture
under ‘polluter pays’ causes increased output prices in capture firms. Our results suggest that this drives nega-
tive impacts on activity and employment for the chemicals industry, primarily driven by offshoring, triggering a
process of contraction across the wider economy associated with reduced demands and higher consumption
prices and consequent impacts on real income generation.

Our sensitivity analysis demonstrates that the extent of industry offshoring will be exacerbated by a more
price-sensitive domestic and overseas trade response to competitiveness loss in UK chemicals. Such outcomes
are problematic for a government wishing to take a leading role in pursuing mid-century ‘net zero’ goals, where
offshoring of emissions intensive activities may reduce territorial emissions, but not necessarily the global emis-
sions that drive climate change. Moreover, leakage of jobs, investment and emissions is not consistent with the
UK Industry Strategy or linked Industrial Decarbonisation Strategy (BEIS, 2017, 2021a), where the current UK
approach to regional policy focusses on the very regions where the currently emissions-intensive industry clus-
ters are located (PMO, 2021). Crucially, such competitiveness challenges are not limited to the UK: the success of
global net zero (and ‘just transition’) commitments depend on individual nations both decarbonising at home
and limiting emissions embedded in trade flows.

Going forward, our sensitivity analysis implies that determining the specific nature and magnitude of poten-
tial losses at industry and wider economy levels requires understanding of what the trade elasticities underpin-
ning import and export demand responses are actually likely to be, and how these may evolve over time. Such
knowledge will be crucial in determining appropriate levels of policy support, for example, through the pro-
posed UK Industrial Capture Contract (BEIS, 2020), and how this should adjust over time.
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However, while the UK Government, like many others around the world, utilises CGE methods in applied
policy analyses presented (e.g. see HMRC/HMT, 2014), there is a real paucity of econometric data to inform
the specification of trade elasticities.9 On the other hand, consideration of systematic sensitivity analysis out-
comes such as summarised here (and expanded in the Supplementary Materials) can usefully be set in the
context of discussion and consideration of those factors which drive higher trade elasticities – such as
whether firms sell ‘process outputs’ into complex global supply chains – together with policy intelligence on
sectors at most risk from carbon leakage (European Commission, 2018; Welsch, 2008). Chemicals is an
example identified in both cases. Generally, different price elasticities can be used to reflect varying inter-
national market conditions for chemicals. The question is whether final consumers would be prepared to
pay a premium price for ‘green products’, which would suggest a new product differentiation and lower elasti-
cities where more costly inputs are involved in supply chains. In the current context, this would imply that lower
elasticities may represent widespread international adoption of carbon capture and/or developed markets for
‘green products’. On the other hand, higher elasticities represent conditions where this is not the case and the
UK industry, as an early mover is, thus, more exposed to competitiveness loss in selling ‘process’ outputs into
global supply chains where competitors are not bearing similar costs.

We have also highlighted a crucial issue in terms of the extent to which the notion of ‘carbon markets’ fully
accounts for both explicit and implicit carbon prices. Ultimately, the former will largely be determined by the
UK’s post-Brexit approach to carbon pricing (HMT, 2021). The latter is likely to depend on issues such as the
geographic and temporal adoption of zero carbon legislation. This will be reflected in the increasing cost of
production in nations where competing industry/supply chain activities are located, due to their internalisation
of carbon cost and/or the deployment and uptake of carbon capture (even as a transitory solution). Moreover,
the challenge is made more complex where competitors in currently emissions-intensive sectors such as chemi-
cals production are located not only in close trading blocks such as the EU, but increasingly on the Asian con-
tinent in particular.

Here we have focussed, in the context of our single nation CGE model, on some initial treatments of how
carbon capture with homogenous costs impacts may be reflected across international chemical industry
markets. While simplistic (with quantitative outcomes dependent on the applied scenarios for the current pro-
duction and output structure of the UK chemicals industry), our analysis provides some useful initial insights.
For example, there is extensive discussion in the literature regarding the potential role of ‘border carbon adjust-
ment’mechanisms – such as that now agreed by the Council of the EuropeanUnion10 – aimed at reducing carbon
embedded in trade flows and enabling individual nations to internalise carbon costs (see, for example, Branger &
Quirion, 2014; Dissou & Eyland, 2011; Droege, 2011; Evans et al., 2021; Monjon & Quirion, 2011). However, our
scenario involving the introduction of a tax on imports of chemicals to the UK to offset the price impacts of dom-
estic capture costs leads to the worst outcomes for the home industry and economy due to the complex direct
and indirect (supply chain) chemicals import intensity of UK production and consumption.

We note that it is important to stress that our simulations have been constructed on the assumption of a
given technology where carbon capture is judged to involve a 30% reduction in capital efficiency in production,
introduced to a production function that reflects current substitution possibilities between inputs. Off-line
experimentations have demonstrated that there may not be much impact on outcomes from production tech-
nologies becoming flexible (e.g. greater substitutability of labour for capital). On the other hand, our simu-
lations have taken a first step in demonstrating that any technical progress that increases the efficiency
(reduces the inefficiency) of capture equipment could give the UK a competitive advantage, potentially
enabling domestic capture industries to grow while limiting the wider economy costs of higher production
and consumption prices.

6. Conclusions

Our simulations involve introducing carbon capture in the UK chemicals industry, where this imposes capital
efficiency losses under a ‘polluter pays’ funding approach. The results show that the economic outcomes,
both for the whole economy and the chemicals sector itself, depend on interaction between price sensitivity
of trade in chemicals, the policy reaction of other countries and future technology possibilities.
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One fundamental insight is that the relative industry competitiveness impacts of carbon capture depend
crucially on the actual price sensitivity of domestic and export demands. On the one hand, the relevant elasti-
cities are highly contested in the literature, with the implication that scenario simulation analyses cannot pre-
cisely inform policy analysis such as those that will be required in designing the proposed UK Industrial Capture
Contract over different timeframes and under different conditions. On the other hand, the outcomes of sys-
tematic sensitivity analyses in future research could be very useful in considering the potential industry and
wider economy implications of successful policy actions to reduce trade sensitivities. This will be particularly
the case if future development of economy-wide scenario simulations can further extend to consider issues
such as supporting ‘green market’ development and/or ‘levelling playing fields’ through border carbon adjust-
ments and/or promoting international adoption of tested carbon capture approaches.

In this regard, an important contribution of this paper has been to establish what some of the key drivers of
industry and wider economy impacts may be, if international prices reflect policy interventions to offset
changes in relative prices associated with uptake of a costly decarbonisation approach such as carbon
capture, or if competitors in other nations follow suit in uptake. Moreover, in focussing on capital efficiency
challenges, insights drawn will be relevant in other industrial decarbonisation contexts, both in the UK and else-
where, such as fuel switching; this will potentially initially involve the decarbonisation of natural gas prior to fuel
use (which larger firms, for example in the chemicals industry, may do on site, thus similarly requiring carbon
capture in production processes).

Crucially, we identified that outcomes may be considerably improved if capture industries can be supported
in ‘learning by doing’ to increase efficiency in the operation of carbon capture equipment (or reduce wider
capital efficiency losses associated with increased equipment needs). Such focus may be the best one for
the type of transitory public support that policy decision makers, including those in the UK, are ideally
aiming for in designing competitive ‘polluter pays’ approaches going forward.

More generally, a key contribution of this paper is to establish several important research needs to support
policy development, within the UK and beyond, if climate policy actions involving additional costs in pro-
duction activities are to deliver outcomes that are consistent both with (domestic and international) climate
ambitions, and with national development goals (cutting across industrial strategies and internal ‘levelling
up’, which link to the UK’s commitment to international ‘just transition’ agendas, with focus on the sustainability
of local employment). These needs extend from further developing economy-wide simulation frameworks to
cope with more comprehensive scenarios (e.g. around evolving economic conditions and policy actions, evol-
ution of carbon prices, and fuller costs of CCS), to ensuring analytical tools are effectively informed by econo-
metric and other statistical evidence.

Notes

1. ‘Net zero’ is the central political response to the 1.5°C warming target of the 2015 COP21 Paris Agreement (UNFCCC, 2015),
recommitted via the COP26 Glasgow Pact (UNFCCC, 2021).

2. See the UNFCCC Just Transition Declaration and list of signatories at https://ukcop26.org/supporting-the-conditions-for-a-
just-transition-internationally/.

3. The challenge is not limited to simply investing in capture equipment, as studies that recommend investment subsidies as an
appropriate mechanism to incentivise participation in CCS systems often suggest, e.g. Groenenberg and Coninck (2008).

4. The UK analytical input-output tables can be accessed at https://www.ons.gov.uk/economy/nationalaccounts/
supplyandusetables/datasets/ukinputoutputanalyticaltablesindustrybyindustry.

5. The SAM database is available at https://doi.org/10.15129/ad64a94c-152d-4ec7-a3a5-4e4a13576a3a.
6. The base level of the unemployment rate is 5%, in line with ONS data.
7. Note that the Turner et al. (2021) analysis assumes a greater, 50%, reduction in capital efficiency associated with carbon

capture. This is associated with the generally older state of production capital in the Scottish element of the UK chemicals
industry, where new equipment needs rather than retrofits for carbon capture may be required.

8. This is an effect that reflects our national model setting, not the exogenously imposed import price.
9. Challenges relate to mapping/detail of industry sectors (Alexeeva-Talebi et al., 2012) and inconsistency of trade specifications

(Dixon et al., 2016) across econometric and CGE datasets.
10. See the May 2022 press release of the Council of the European Union (2022) at https://www.consilium.europa.eu/en/press/

press-releases/2022/03/15/carbon-border-adjustment-mechanism-cbam-council-agrees-its-negotiating-mandate/
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