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Abstract

This paper discusses the potential contribution of CCS as a means to drastically reduce carbon dioxide emissions
from carbon-intensive industries in the EU up to 2050. We assess how capital stock turnover influences the
penetration rate of CCS and estimate the increases in the energy demand of the industries under different scenarios
for the deployment of CO, capture. The analysis covers petroleum refining, iron and steel production and cement
manufacturing in the EU-27 and Norway. A previous study by the authors suggests that total emissions from the
assessed sectors will exceed the targeted levels by more than twofold unless a major breakthrough in low-carbon
process technologies materializes within the period up to 2050. The results of the present study demonstrate that
deployment of CCS, from the year 2030, can substantially contribute to reducing CO, emissions deriving from
carbon-intensive industries. We show how an ambitious deployment of CO, capture in carbon-intensive industries, in
combination with extensive implementation of abatement measures currently available, could result in a 80%
reduction in CO, emissions by 2050, as compared to levels in 2010. However, the results also highlight how a large-
scale introduction would come at a high price in terms of energy use.
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1. Introduction

In February 2011 the European Council reconfirmed the EU objective of reducing greenhouse gas
emissions by 80-95% by 2050 compared to the 1990 emission levels. Meeting this challenge will require
commitment across all sectors of society. Carbon-intensive industries contribute to a significant share of
the anthropogenic CO, emissions in the EU. A relatively small number (~300) of large refineries, iron and
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steel plants and cement industries together account for approximately 8% of EU’s total GHG emissions.
However, measures to drastically reduce the CO, emissions associated with the production of refined
petroleum products, iron and steel and cement are limited if restricted to proven best available technology.
Yet, CCS is recognized as a promising option for CO, mitigation from centralized emission sources such
as the industrial processes assessed here. Our previous work indicates that, despite optimistic assumptions
regarding the potential for, and implementation of, available abatement strategies within current
production processes, EU carbon-intensive industries will fail to comply with more stringent emission
reduction targets in the medium- and long term [1], as shown in Figure 1. Thus, to realize the goals of
further, extensive, emission reductions, efforts to develop and deploy low carbon production processes
must be intensified. A first estimate by the authors of the potential for CO, capture in European industry
shows that considerable emission reductions (60 — 75%) can be achieved if large point sources in the most
emission intensive branches (i.e. mineral oil refineries, integrated steel plants and cement plants) are
targeted [2].

Building on our previous studies, the work presented in this paper has the aim to assess the
implications of the timing and scope of a large-scale implementation of CCS in industrial sources in the
EU. Based on the age structure of the existing capital stock in the EU refining-, steel- and cement-
industries we assess: (a) how capital stock turnover influence the penetration rate of CCS in industrial
applications, and (b) the effects on industry energy use of different scenarios for the scope of the
deployment of CO, capture.
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Fig. 1. Estimated ‘best-case’ emissions trajectory (solid line) for EU carbon-intensive industries, if restricted to proven best
available technology, relative to the baseline case (dashed line) in which technology and fuel mixes are frozen at 2010 levels [1].
The light-grey and grey wedges indicate deviation from an indicative emissions cap.

2. Methodology

The analysis covers petroleum refining, iron and steel production, and cement manufacturing in the
EU-27 and Norway. The most distinctive feature of the analysis is the treatment of capital stock turnover.
By simulating capital stock turnover, scenarios that incorporate changes in technology stock, energy
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intensities, fuel and production mixes, and the resulting development of CO, emissions have been
assessed for each industry branch. Capital stock turnover is simulated up to the year 2050 for each branch
based on the age structure of the existing capital stock and assumptions regarding the average technical
lifetime of key process technologies.

2.1. Basic assumptions

The scenarios, one for each branch, which form the basis for the assessment of the role of CO, capture,
describe the development of key characteristics and trends governing future energy use and CO,
emissions. The individual scenarios have been generated based on branch- and technology-specific
parameters and boundary conditions. Key inputs include assumptions on future development of, activity
levels, structures of production, fuel mixes and technology characteristics.

Scenario inputs related to abatement measures other than CCS are described in detail in [1] where
inputs have been chosen to reflect a development in which ambitious measures are taken to exploit the
abatement strategies currently available in each sector (excluding CO, capture).

2.1.1. Future activity levels and production mix

Transformation of the transport sector (penetration of alternative fuels and powertrains) and reduced
demand for petroleum products in other end-use sectors are assumed to lead to an overall reduction in
refinery throughput from 670 Mt in 2010 to 283 Mt in 2050 [3, 4]. It is assumed that there will be no
major changes in the overall demand for crude steel and cement. Total steel production is assumed to
increase from 170 Mt steel/year in 2010 to 200 Mt steel/year (comparable to the production levels prior to
the current economic crisis) and thereafter remain constant throughout the period studied. Secondary
steelmaking (i.e.in Electrical Arc Furnaces) is assumed to continue to gain market shares while the share
of the integrated steel plants in the EU steel production is assumed to continue to decrease in line with the
historical trend, from 58% in 2010 to 38% in 2050. Cement production is assumed to increase from 190
Mt/year in 2010 to 240 Mt/year in 2020 and to remain constant thereafter.

A common feature of all of the branches assessed herein is an ageing capital stock. Thus, a large share
of the existing capital stock will need to undergo major refurbishment or replacement over the coming
decades.

For the primary steel- and cement industries the pace of capital stock turnover is assessed based on the
industries age structure and the assumed average technical lifetime of key process equipment is set to 50
years. In the refining industry, new investments are assumed to be in desulfurization units or advanced
conversion units; no new investments in primary refining capacity take place. While all petroleum
refineries undertake crude oil distillation, the specific configuration of further processing varies among
individual refineries. For simple refineries, involving fewer processing steps, the output mix is almost
entirely fixed by the type of crude being processed. More complex refineries, involving several processing
steps, have a higher conversion capacity and a higher flexibility with regards to crude intake. Here EU
refineries have been divided into four categories depending on their configuration (Configurations 1-4 [5,
6]). Complex refineries (Configurations 3 and 4) share of the total transformation output increase at the
expense of simpler refineries with less flexibility and conversion capacity (Configurations 1 and 2).
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Table 1. Scenario summary - activity levels and production mix.
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2010 2020 2050 Specific energy use
(GJ/t output)
Petroleum refining®
Total transformation throughput (M#/year); of which 670 612 280
- Configurations 1 and 2 63 55 0 1.7-2.8
- Configurations 3 and 4 37 45 100 2.8-3.7
Iron and steel industry”
Primary steel (BF/BOF) (Mt steel/vear); of which 100 108 77
- Existing capacity (%) 100 61 5 17-23
- New capacity (%) 0 39 95 16.5
Cement manufacturing®
Total cement production (M¢ cement/year); of which 190 240 240
- Existing capacity (%) 100 64 6 3.6-57
- New capacity (%) 0 36 94 3.1

 Total transformation output in 2010 from [7]. Estimated share of annual throughput, by refinery configuration type, based on
[5]. Specific energy use by refinery configuration type, estimated based on [5, 8].
® Data on crude steel production in 2010 are taken from [9]. Age structure of current capital stock estimated based on [10].

Specific energy use by vintage class, estimated based on [11-14].

¢ Cement production data for 2010 obtained from [15]. Age structure of current capital stock estimated based on [16, 17].

Specific energy use by kiln type, estimated based on [18, 19].

2.1.2. CO; capture options

To date, most work on CCS for applications in the carbon-intensive industry sectors has been focused

on two technical options for CO, capture [e.g. 20-22]:

e Post-combustion capture (PC), were CO, is separated from the flue gases through chemical or physical

absorption or carbon selective membranes.

e Oxyfuel combustion (OF), were fuel is combusted in oxygen (mixed with recirculated flue gas) instead
of air, creating a more or less pure CO, stream in the off gases.

In principle, both of these technical options are applicable to the industrial processes examined in this
study. Post combustion capture through chemical absorption could be applied to almost all industrial
processes. Process specific capture technologies could, however, provide more cost effective options.
Table 2 summarizes the key characteristics of the CO, capture options considered in the analysis.
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Table 2. Key characteristics of the CO, capture options considered in the analysis. CO, emissions avoided gives — the emission
reductions achieved relative to a reference plant without CCS. Thermal energy — gives the specific thermal energy use, including the
energy penalty related to CO, capture, per tonne of output. Correspondingly, Electricity — provide the specific electricity use,
including the additional electricity use associated with CO, capture, per tonne of output.

Targeted emission source CO, emissions  Thermal energy Electricity
avoided (GJ/toutput)  (kWh/t output)
(%)
Petroleum refining’
Post combustion (PC) Combined stack + 60 6.1-7.1 107 — 145
FCC/Hydrogen plant

Oxyfuel combustion (OF) Furnaces and boilers 60 28-3.7 440 - 478
Iron and steel industry”
Top Gas Recycling Blast Blast furnace 60 16.5 333
Furnaces (TGR-BF).
Cement manufacturing®
C1: Post combustion (PC) Kiln + Precalciner 92 6.1 180
C2: Partial oxyfuel (POF) Precalciner 65 3.5 200
C3: Full oxyfuel (FOF Kiln + Precalciner 92 32 224

* The authors own estimations based on [20-22].
® The authors own estimations based on [22-25].
¢ The authors own estimations based on [22, 26-28].

In all industries CO, capture is assumed to be available at a commercial scale from 2030. While an
carlier introduction seems unlikely at the current rate of development introduction at a later point would
limit the prospects for CCS to contribute to substantially reducing CO, emissions up to 2050.

2.1.3. Costs

Since practical experiences of CCS in industrial applications, with a few exceptions, are still largely
lacking, cost estimates are associated with significant uncertainties. Some general insight can however be

drawn from the existing literature [20—34]:

e With the exception of a few high-purity CO, sources (e.g. natural gas processing, hydrogen production
and ammonia production) abatement costs associated with capture in industrial applications are
generally in the high-cost end of the portfolio of abatement measures available to industry.

e Cost estimates tend to have been adjusted upwards in more recent studies (see e.g. [22, 23, 33]).

e Costs associated with transportation and storage will be significantly higher if CCS were to be
introduced in the industry sector without coordination with the power sector (see e.g. [30]).
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e While policy support plays an important role in the development and deployment of many low-carbon
technologies, it is especially crucial for CCS. This is because, in contrast to for example renewable
energy and energy efficiency measures, CCS generates no income, nor provides any other market
incentives, as long as the cost of emitting CO, remains low [34].

The current analysis is restricted to the technical potentials of possible capture options and thus, it largely
ignores possible economical and institutional constraints.

2.2. Branch-specific assumptions

2.2.1. Petroleum refineries

Data on the age distribution of equipment stocks in the refinery industry is rarely disclosed and the
specific configuration varies across individual refineries. As described above, simpler refineries are
assumed to be gradually phased out over the period studied. Thus, CCS deployment in EU refinery
industry is assumed be limited to more complex refineries and to consist entirely of retrofits. Three cases
for the deployment of CO, capture in the petroleum refining industry have been analyzed:

e RO: Represents the base case where CCS is not included as an alternative, thus, measures to reduce
CO, emissions are restricted to proven best available technology.

e R1: Post-combustion is assumed to be applied to a combination of sources within the refinery complex
with flue gas CO, concentrations suitable for chemical absorption, e.g. applying capture to combined
stack (collecting flue gases from several furnaces and/or boilers), catalytic cracker and/or hydrogen
plant (together the sources targeted for CO, capture are assumed to represent approximately 60% of
the total CO, emissions from the refining process).

e R2: Heaters and boilers are converted to oxyfuel operation with CO, capture.

To distinguish the effects of the respective CO, capture option, the set-up is assumed to be similar
across all EU refineries remaining in 2050, and in each of the two cases the dominant capture technology
(post-combustion capture in R1 and oxyfuel combustion in R2) is assumed to cover the whole market.

2.2.2. Primary steel production

The Top gas recycling blast furnace (TGR-BF) is assumed to offer the most promising prospects of
applying CO, capture without disrupting the core production processes in the primary steel industry [Q1,
Q3]. Three cases for the deployment of CO, capture in the primary steel industry have been analyzed:

e S0: Represents the base case where CCS is not included as an alternative, thus, measures to reduce
CO, emissions are restricted to proven best available technology.

e S1: Retrofit is not included as an option, thus, the rate of deployment of CCS depends on the rate of
turnover of existing blast furnaces. Here TGR-BF fitted for CO, capture is assumed to be the standard
for blast furnaces commissioned from the year 2030.

e S2: The possibility to retrofit existing blast furnaces is included as an option. As in case S1, TGR-BF
with CO, capture is the standard for new blast furnaces, in addition, all remaining blast furnaces
commissioned before 2030 are retrofitted to meet the same standard.
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2.2.3. Cement industry

Two options for CO, capture in the European cement industry have been considered. Post-combustion
capture can be applied utilizing the same basic principles that are being developed for coal-fired power
plants. Oxy-combustion with CO, capture can be applied both in the precalciner and in the cement kiln
(full oxyfuel); by targeting the precalciner only (partial oxyfuel), the impacts on the clinkerization process
can be minimized. Five cases for the introduction of CO, capture in the EU cement industry have been
analyzed:

e CO0: Represents the base case where CCS is not included as an alternative, thus, measures to reduce
CO, emissions are restricted to proven best available technology.

e Cl1: Cement kilns fitted with post-combustion capture are assumed to be the standard for new capacity
commissioned from the year 2030.

e (C2: Cement kilns fitted for partial oxy-combustion are assumed to be the standard for new capacity
commissioned from the year 2030.

e (C3: Cement kilns fitted for full oxy-combustion are assumed to be the standard for new capacity
commissioned from the year 2030.

e (C4: Cement kilns fitted for full oxy-combustion are assumed to be the standard for new capacity
commissioned from the year 2030, in addition, all remaining cement plants commissioned before 2030
are retrofitted with post-combustion capture.

It should be noted that in C1-C3 retrofit is not included as an option, thus, the rate of CCS deployment
will depend on the rate of turnover of existing cement plants.

3. Results

As described above, the scenarios that form the basis for the assessment of deployment of CCS in
industrial applications postulate a development in which ambitious measures are taken to exploit the
abatement strategies currently available in each sector. This includes assuming moderate (cement) or
negative (petroleum products and secondary steel) output growth, an almost complete renewal of the
capital stock (with the exception of the petroleum refining industry) and extensive implementation of
proven best available technology. This section presents the results of the analysis of the effects of
different options for the deployment of CCS in industrial application, to reduce further industry CO,
emissions.

3.1. Petroleum refineries

Figure 2 shows the estimated annual CO, emissions from EU refineries over the period studied, for the
cases without (RO) and with (Rl and R2) introduction of CCS together with the total thermal and
electrical energy use. In the base case (R0) where CCS is not implemented CO, emissions are reduced
from 130 MtCO,/year in 2010 to 65 MtCO,/year in 2050. Similarly, total thermal and electric energy use
is reduced, from 1890 to 970 PJ/year and from 72 to 38 TWh/year, respectively. In the base case,
reductions of CO, emissions and energy use are primarily a result of the envisaged drop in total output
from EU refineries, from 670 Mt/year in 2010 to 280 Mt/year in 2050. In the two cases where CO,
capture is included as alternative (R1 and R2) CO, emissions are reduced further from 130 MtCO,/year in
2010 to approximately 25 MtCO,/year in 2050. However, the additional CO, abatement would come at
the price of increased energy use. In case R1, where post-combustion capture is assumed to be the
technology of choice, total annual thermal energy use in 2050 is in level with thermal energy use in 2010,
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approximately 1900 PJ/year. In case R2 where oxyfuel combustion is assumed to be the preferred capture
technology, total electric energy use in 2050 is 132 TWh/year in 2050 compared to 73 TWh/year in 2010.
This despite the assumed decline in total output of petroleum products from EU refineries in the same
period.

The assumptions that simpler refineries are gradually phased out, and, that effects of energy efficiency
improvements are outweighed by expansions of the conversion and treatment capacities, result in an
increase in specific energy use (GJ/t throughput) in all cases (R0—R2). In the base case (C0) average
specific thermal energy use increases from 2.8 GJ/t throughput in 2010 to 3.4 GJ/t throughput in 2050. In
the case where post-combustion capture is assumed to be the technology of choice for CO, capture (R1)
energy penalties, associated primarily with capture solvent regeneration, lead to an increase in specific
thermal energy use from 2.8 GJ/t throughput in 2010 to 6.8 GJ/t throughput in 2050. Correspondingly in
case R2, energy used for air separation, is the main driver behind the increase in specific electricity use,
from 110 kWh/t throughput in 2010 to 465 kWh/t throughput in 2050.
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Fig. 2. Estimated CO, emissions and energy use from the EU petroleum refining industry in the period 2010-2050 as obtained from
this work. The base case (R0) assumes extensive implementation of abatement strategies currently available but no deployment of
CCS. Case R1 (post-combustion) and R2 (oxyfuel combustion), in addition to the abatement measures in the base case, assume
deployment of CO, capture. (a) The estimated CO, emissions from European refineries in the period 2010-2050, with (dashed line)
or without (solid line) introduction of CCS. (b) The estimated development of thermal (solid/dashed lines) and electrical (bars)
energy use with (light brown) or without (brown) introduction of CCS.
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3.2. Primary steel production

Figure 3 presents the projected CO, emissions trajectories together with aggregated thermal and
electrical energy use for EU integrated steel plants (2010-2050), for the case without introduction of CCS
(S0) and for the case with the most ambitious deployment of CCS (S2). When retrofit is excluded as an
option (S1) the contribution of CCS to total emissions reductions remains limited. Estimated emissions in
2050 are 79 MtCO,/year in case S1 compared to 87 MtCO,/year in case S0. In case S2, where TGR-BF’s
fitted for CO, capture are assumed to be gradually introduced in all integrated steel plants from the year
2030, CO, emissions are reduced from 180 MtCO,/year in 2010 to 36 MtCO,/year in 2050. The
ambitious deployment of CO, capture in S2 has limited effect on overall thermal energy use since the
TGR-BF consumes less coke than a conventional blast furnace. However the loss of blast furnace gas and
investments in CO, separation and compression result in a significantly higher electric energy use in S2
than in SO. Total electric energy use in S2 in 2050 is 25 TWh/year, which is more than twice the
electricity use in SO in the same year. In the base case (S0) specific electricity use is gradually reduced,
from an average level of 333 kWh/t steel in 2010 to 165 kWh/t steel in 2050, as existing technology stock
is replaced with state-of-the-art processes equipment. In case S2, the introduction of CO, capture from the
year 2030 result in an increase of specific electricity use back to the present (2010) levels.
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Fig. 3. Evolution of CO, emissions and energy use in the EU primary steel industry for the period 2010-2050 as obtained from this
work. Case S0 assumes extensive implementation of abatement opportunities currently available but no deployment of CCS. Case
S2 in addition to the emissions reduction measures implemented in SO, assume TGR-BF’s fitted for CO, capture to be deployed at
all remaining integrated steel plants in the EU throughout the period, 2030-2050. (a) The estimated cumulative CO, emissions from
EU primary steel production with (dashed line) or without deployment of CCS (solid line). (b) The estimated development of
thermal (solid/dashed lines) and electrical (bars) energy use with (light blue) or without (blue) introduction of CCS.
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3.3. Cement industry

Figure 4 presents the projected CO, emissions trajectories together with aggregated thermal and
electrical energy use for EU cement plants over the period studied for the case without introduction of
CCS (CO0) and for the case with the most ambitious deployment of CCS (C4). In the cases where retrofit
of CO, capture to the kiln system (or a part of the kiln system) is not considered (C1-C3) the contribution
of CCS to total emissions reductions remains limited. In C4, where kiln systems fitted for full oxy-
combustion are assumed to be the standard for new capacity from the year 2030 and where cement plants
commissioned prior to that year are retrofitted with post-combustion capture, total CO, emissions are
reduced from 127 MtCO,/year in 2010 to 18 MtCO,/year in 2050. In this case, the energy penalty
associated with CO, capture results in a total thermal energy use of 1265 PJ/year and a total electricity
use of 44 TWh/year in 2050.

In the base case (C0) average thermal energy consumption of the cement kiln stock is reduced from 3.8
GJ/t to 3.1 GJ/t clinker over the period studied as old kilns are replaced with state-of-the-art kilns.
Similarly, gradual improvements and replacements of e.g. grinders and fans, lead to a decrease in specific
electricity use from an average level of 118 kWh/t clinker in 2010 to 97 kWh/t clinker in 2050. Large-
scale deployment of CO, capture (case C4) would result in a significant increase in specific energy use. In
this case specific thermal energy use amounts to 5270 GJ/t clinker and electricity use to 182 kWh/t
clinker in 2050.
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Fig. 4. Estimated CO, emissions and energy use from the EU cement industry, 2010-2050 as obtained from this work. Case CO
assumes ambitious implementation of available mitigation measures but excludes CCS as an abatement option. In case C4, from the
year 2030, cement kilns fitted for full oxycombustion are assumed to be the standard for new capacity, in addition, all remaining
cement plants commissioned before this year are retrofitted with post-combustion capture. (a) The estimated annual CO, emissions
from EU cement manufacturing, 2010 — 2050, with (dashed line) or without (solid line) introduction of CCS. In both cases total
emissions include both fuel-related and process-related emissions. (b) Gives the estimated development of thermal (solid/dashed
lines) and electrical (bars) energy use with (light orange) or without (orange) introduction of CCS.
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3.4. Summary

Given the assumptions in this study it can be concluded that combining the most ambitious
deployment trajectories in each of the industries investigated result in an 80% CO, emission reduction,
from 440 MtCO,/year in 2010 to 80 MtCO,/year in 2050. However this will also result in a continued
high energy use. Combining the cases R1 (refinery), S2 (steel) and C4 (cement) results in a total thermal
energy demand for the three industries of 4450 PJ year in 2050 compared with 4630 PJ/year in 2010
(roughly 40% of industry final energy use). This in spite of assuming moderate (cement) or negative
(petroleum products and primary steel) output growth over the period studied. Correspondingly,
combining deployment trajectories R2, S2 and C4 results in a total electricity use of 200 TWh/year in
2050 compared to 130 TWh/year in 2010.

The results also show the importance of overcoming barriers to retrofit of CO, capture to the assessed
industrial processes. The simulated stock turnover suggests that a majority of the existing EU primary
steel and cement production capacity will undergo major refurbishments or be replaced in the period up to
2030. As a consequence, in the cases (S1 and C1-C3) where retrofit is not included as an option the
contribution of CCS to total emissions reduction is limited.

4. Conclusions

From the results presented in this paper it can be concluded that achieving deep reductions in CO,
emissions (~85% reduction by 2050, as compared to levels in 1990) within the industry branches
investigated in less than four decades will be a significant challenge. Without CCS, total emission levels
in 2050 from the industries examined in this work will exceed by more than twofold the targeted levels.
An ambitious introduction of CO, capture is estimated to be able to reduce emissions to levels in line with
the targets for 2050. The results also highlight how an extensive ramp-up would come at a high price in
terms of energy use. The results indicate that a large-scale deployment of CCS largely offset the gains of
previous efforts to improve energy efficiency. This suggests that for these industries, unless other
alternative low-carbon production processes emerge, there may be a trade-off between CO, emission
reduction and reduced energy requirements in the longer-term.
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