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Reducing Carbon Dioxide Emissions from the EU Power and Industry Sectors
An assessment of key technologies and measures

JOHAN ROOTZEN
Energy Technology
Department of Energy and Environment
Chalmers University of Technology

ABSTRACT
In February 2011, the European Council reconfirmed the goal of reducing EU greenhouse gas
emissions by at least 80% by 2050, as compared to the levels in 1990. The power and
industrial sectors currently account for almost half of the total GHG emissions in the EU. The
overall objective of the work presented in this thesis is to provide a technology-based
perspective on the feasibility of significant reductions in CO, emissions in the EU power and
industrial sectors, with the emphasis on expected turnover in the capital stock of the existing
infrastructure. Three sectors of industry are included: petroleum refining; iron and steel
production; and cement manufacturing. The analysis is based on a thorough description and
characterization of the current industry infrastructure and of the key mitigation technologies
and measures in each sector. The analysis comprises investigations of how specific factors,
such as the age structure of the capital stock, technology and fuel mix, and spatial distribution
of the plant stock, contribute to facilitating or hindering the shift towards less-emission-
intensive production processes.

The results presented here are the synthesis of the results described in the following three
papers: Paper I investigates the potential for CCS in industrial applications in the EU by
considering branch- and plant-specific conditions; Paper II assesses strategies for CO,
abatement in the European petroleum refining industry; and Paper III explores in a scenario
analysis the limits for CO, emission abatement within current production processes in the
power and industrial sectors. Together, the three papers provide a comprehensive assessment
of the roles of technologies and measures that are commercially available today, as well as
those of emerging technologies that are still in their early phases of development.

The results presented in Paper III show that the EU goal for emissions reductions in the
sectors covered by the EU ETS, i.e., 21% reduction by 2020 (as compared to Year 2005
levels), is attainable with the abatement measures that are already available. However, despite
assumptions regarding moderate (steel and cement) or negative (petroleum products) output
growth, an almost complete renewal of the capital stock (with the exception of petroleum
refining) and extensive implementation of available abatement measures, the conclusion
drawn is 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 Papers I and II illustrate how large-scale
implementation of CCS in industrial settings might contribute to significantly reducing CO,
emissions from heavy industries in the EU.

Taken together, these studies highlight the importance of, in parallel with the implementation
of measures to meet the short-term (2020) reduction targets, accelerating efforts to develop
new zero- or low-carbon technologies and processes that would enable significant reductions
in emissions in the long term (2050).

Key words: carbon dioxide; CO,,emission reductions; power; industry; refining; cement; steel,;
mitigation technologies; CCS; European Union
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1 Introduction

1.1 Background

There is little doubt that most of the societal advancements in the twentieth century would
have been impossible without abundant, inexpensive and precisely controlled flows of energy.
The enormous expansion of the global energy system during the twentieth century was
characterized by: rapid exploitation of fossil fuels as sources of primary energy; substantial
improvements in energy conversion technologies; increased importance of electricity as an
energy carrier; and an ever-growing supply of, and demand for, new and improved energy
services (Smil, 2005). This unprecedented rise in the extraction, transformation,
transportation, and use of energy has, however, also had its costs. Fossil fuel combustion is
the single largest source of anthropogenic greenhouse gas (GHG) emissions, and energy-
related CO, emissions continue to increase in most parts of the world. This trend, which is the
dominant driver of global climate change, threatens to impose enormous costs on society,
costs which are estimated to be much greater than the costs associated with reducing emission
levels (Stern, 2007).

The Intergovernmental Panel on Climate Change’s Fourth Assessment Report (IPCC, 2007)
concluded that to limit the long-term global average temperature increase to 2°C or less,
relative to pre-industrialization levels, GHG emissions would need to peak by 2020 and be
reduced by at least 50% by 2050, as compared to the levels in 1990. To achieve this target,
developed countries as a group would need to reduce GHG emissions by 80%—-95% by 2050,
as compared to levels in 1990.

The European Union (EU) has committed itself to take a leading role in the challenge of
mitigating global climate change. Over the past decade, the EU has implemented a range of
policies aimed at facilitating the transition towards a low-carbon society. The EU Emissions
Trading System (EU ETS) established in 2005 is the backbone of EU climate policy. The
scheme, which is the first large-scale attempt to place a price on CO, emissions, was
introduced to assist the EU Member States in achieving compliance with their commitments
under the Kyoto Protocol in as cost-effective a manner as possible. The details of the third,
post-Kyoto, period (Phase III, 2013-2020) are currently being negotiated. In February 2011,
the European Council reconfirmed the EU objective of reducing GHG emissions by 80%-—
95% by 2050, as compared to 1990 levels, in line with the IPCC recommendations (European
Commission, 201 1a).

To design the optimal policies to achieve the required reductions in emissions, decision-
makers need information about the various options to reduce GHG emissions. In recent years,
many low-carbon scenarios, roadmaps, and pathways have been developed with the goal of
exploring how the transition to a low-carbon economy could be achieved (e.g., ECF, 2011;
Pathways, 2011a; European Commission, 2011b). While the relative importance assigned to
specific mitigation technologies and practices vary, most of these studies have emphasized the
significance of technical change in the transformation process, involving a shift away from
fossil fuels towards low-carbon production processes



With respect to the challenges associated with decarbonizing the EU stationary sectors,
emphasis is typically placed on the transformation of the power sector. This thesis adds to the
previous body of work by exploring further the potentials and limitations for reductions in
CO, emissions in three industrial sectors: petroleum refining, iron and steel production, and
cement manufacturing. In these sectors, the options to reduce CO, emissions tend to be fewer
and are less-developed than those in the power sector. The thesis has a focus on
transformation of the capital stock, based on a description of the current stock, rather than
modeling. Compared to the power sector, the economics of the industrial sectors are more
complex. Thus, comparing abatement options across the different sectors in terms of
economics is difficult and is outside the scope of the present work.

The work of this thesis has been carried out within the framework of the Pathways to
Sustainable European Energy Systems project (Pathways, 2011a), which is aimed at
evaluating pathways to a sustainable European energy system, focusing on the stationary
energy system and the time period up to the year 2050.

1.2 Aim and scope

The overall objective of the thesis is to provide a technology perspective on the challenges
associated with reducing CO, emissions from the EU power and industrial sectors. The three
appended papers assess the status and future prospects of key mitigation technologies and
measures in the four major CO;-emitting industries in the EU stationary sector, i.e., power
generation, petroleum refining, iron and steel production, and cement manufacturing.

Paper I provides a first estimate of the potential for CO, Capture and Storage (CCS) in
industrial applications in the EU, and explores the spatial distribution of large industrial point
sources, as well as potential capture clusters and their locations in relation to suitable storage
sites.

Paper II outlines the main characteristics of the EU petroleum refining industry and provides a
descriptions and an assessment of the options for reducing CO, emissions from refineries.
This paper also includes a survey of access to infrastructural components, such as district
heating networks, natural gas grids, chemical industries, and possible CO, storage sites, which
could facilitate cost-efficient CO, abatement.

Paper III explores the limitations of CO, emission abatement within existing production
processes in the EU power and industrial sectors. By simulating capital stock turnover,
scenarios that track changes in the technology stock, energy intensities, and fuel and
production mixes, and the resulting CO, emissions have been generated for each of the four
major CO,-emitting industries in the EU stationary sector (power generation, petroleum
refining, iron and steel production, and cement manufacturing).

1.3 Outline of the thesis

The thesis consists of an introductory essay and three appended papers. This introductory
section is intended to give a general introduction to the background of the work and to place
the appended papers in a broader context.



Section 2 outlines the challenge to be met by exploring the historical trends in CO, emissions
within the EU and by comparing these trends with the emission reductions that need to be
achieved by 2050. Section 3 presents the key characteristics and trends relevant to future CO,
emissions in each of the assessed sectors. Section 4 discusses the choice of methodology and
related research, while Section 5 summarizes and discusses some of the key findings of the
thesis work. Finally, in Section 6, ideas for future work are presented.



2 EU greenhouse gas emissions trends

Even though there are significant differences between countries, Europe definitely is one of
the regions of the world that have benefitted the most from the “energy revolution™ of the
twentieth century. Fossil fuels have played a vital role in the post-war rebuilding of the
European economy. Coal has been the backbone of European economies and energy
landscapes throughout the twentieth century. Rapid economic growth, an abundant supply of
inexpensive oil, and the discovery of domestic oil and gas deposits have led to increased
consumption of petroleum products and natural gas. A considerable share of the capital stock
of the existing European energy system is a heritage of this post-war expansion. Many
industries and power plants, which are still in operation, were commissioned in the period
from 1960 to 1980 when most externalities associated with the use of fossil fuels were
ignored. As a result, with the exception of a slight decline during the 1973 oil crisis, the levels
of CO, emissions increased almost continuously in the period 1945-1980.

The 1979 oil crisis marked the beginning of a new era in European energy policy. Growing
concern about the security of supply combined with increasing oil prices led to a leveling out
of the growth in energy demand and marked the end of the dominant role of oil in the primary
energy mix in Europe. The diversification of the energy mix also contributed to a change in
CO, emissions. Since 1980, the general trend in European CO, emissions has been slightly
downwards. However, this trend varies widely across EU Member States and between sectors,
and the emission trajectory is far from smooth.

In 1990, total GHG emissions amounted to approximately 5590 MtCO,-eq/yr, of which CO,
accounted for a little less than 80%. By Year 2000, the GHG emissions were 5090 MtCO,-
eq/yr. A large share of the emission reductions achieved in the period 1990-2000 was a
consequence of the following three major factors (EEA, 2011b; Gummer and Moreland,
2002):

= structural changes in the economies of the new Member States in central and
eastern Europe (EU12);

= the rehabilitation process in the former East Germany; and

= an extensive switch from coal to natural gas usage in the power sector of the
United Kingdom.

After Year 2000, the downward trend leveled out somewhat and annual emission levels
remained relatively constant until the onset of the global financial crisis. The subsequent
economic recession meant that emissions slumped by almost 7% between 2008 and 2009.
Figure 1 shows the total annual CO, emissions in the European Union Member States (EU-
27) and Norway between 1750 and 2010, as well as the reductions in emissions required to
meet the aforementioned Year 2050 target. Emissions of CO, from stationary sources in the
power and heat and industrial sectors account for 60% of the CO, emissions and 50% of the
total GHG emissions. The European Commission has estimated the magnitude of reductions
required in each sector of the economy to achieve an 80% reduction of GHG emissions by
2050, as compared to the respective levels in 1990 (European Commission, 2011a). The
Commission estimates that CO, emissions from the power sector will need to be reduced by
40%—-44% by 2030 and by 93%-97% by 2050, and that emissions from the industrial sectors
will need to be reduced by 34% —40% by 2030 and by 83%—-87% by 2050, as compared to the
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1990 levels. From Figure 1 it is clear that the required dramatic decline in emissions
represents a tremendous challenge from both the technical and political points of view.
Meeting this challenge will require commitment across all sectors of society. The CO,
emission reductions achieved to date are far less than those required to follow the emission
trajectories linked to the 2°C temperature change target.
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Figure 1.Total CO, emission in the European Union Member Countries (EU-27) and Norway in (a)
17502010, as well as the emissions reductions required in the period 2010-2050 to achieve an 80%
reduction by 2050, as compared to 1990 levels (European Commission, 2011a). The data for the years
between 1750 and 1990 are extrapolated based on Boden et al. (2010) and EC-JRC/PBL (2009).
Annual CO, emissions by source category for 1990-2010 are from EEA (2011), and target emission
reduction trajectories by source category for 2010-2050 are from European Commission (2011a). b)
The relative contributions to CO, emissions of each source category in 1990 and 2009.



3 Description of key characteristics of the industries

3.1 Power sector

The structure of the electricity generation sector varies considerably across the EU Member
States. Climatic conditions, resource availability, strategies for handling security of supply,
and other national priorities have influenced the evolution of energy mixes in the Member
States. Fossil fuels have, together with nuclear and hydro power, served as the backbone of
European power production for more than half a century, and fossil-fueled power plants still
account for more than half of the electricity supply in the EU-27 (coal, ~30%; gas, ~20%; and
oil, ~3%). Energy-related CO, emissions have been targeted by a number of policies, and the
energy mix has gradually become diversified. Two notable trends over the last two decades
have been the sharp increase in natural gas usage in power production and the rapid expansion
of wind power capacity. The share of EU electricity production capacity covered by natural
gas has more than doubled since 1995. At the same time, wind power has gone from
contributing only marginally to the electricity production capacity in most Member States to
account for more than 10% of the installed capacity in the EU-27 in 2011 (EWEA, 2012).
According to the European Wind Energy Association’s estimations, wind power contributed
approximately 6% of the EU’s gross final electricity consumption in 2011. The total share of
renewable energy sources for electricity generation rose from 13% in 1990 to 17% in 2008
(EEA, 2009). While hydropower remains the largest source for renewable electricity
generation, expansions of the wind and biomass resources have made the greatest
contributions to the growth in electricity generated from renewable energy sources since
1990.

Electricity and heat production represent the single largest source of CO, emissions in the EU.
Total CO, emissions from power and heat production amounted to 1220 MtCO; in 2009,
down from 1322 MtCO, in 2008. A small subgroup of large thermal power plants (~540) is
responsible for approximately 30% of the total CO, emissions in the EU. Hard coal- and
lignite-fired power plants (~180) account for almost 20% and natural gas-fired plants (~170)
are responsible for 6% of the CO, emissions. Power and heat producers in the five Member
States with the highest number of large fossil-fueled thermal plants (hard coal, lignite, and
natural gas), i.e., Germany, UK, Poland, Italy, and Spain, emitted approximately 855 MtCO,
in 2008.

3.2 Petroleum refineries

The European petroleum refining industry was limited in size up to World War II. After the
war, rapid economic growth, an abundant supply of inexpensive crude oil, and the discovery
of domestic oil and gas deposits caused a rapid increase in oil consumption and expansion of
the petroleum refining industry. In Western Europe, oil-refining capacity grew 40-fold in the
period 1950-1970 (Molle and Wever, 1984). A considerable share of the current capital stock
is a legacy of this post-war expansion. More than 90% of European refineries were built
before 1980 (European Commission, 2010). Most of the European refineries were originally
built to produce petrol for cars and fuel oil for power generation, although product demand
has gradually changed (UKPIA, 2006). Currently, there are 114 refineries in the EU-27, with



a combined capacity of approximately 770 Mt/yr. Refineries can be found in 22 of 27 EU
Member States, and they range in size from small topping and specialty refineries to high-
conversion cracking refineries (European Commission, 2009a). While there are differences in
the supply and demand equilibrium between Member States, the European petroleum refining
industry as a whole is struggling to meet the domestic demand mix. The demand for diesel
currently exceeds production capacity, while European refineries produce a surplus of
gasoline. The total demand for refined petroleum products is predicted to grow slowly over
the coming decades. The widening gap between the demands for gasoline and diesel and the
penetration of alternative fuels and powertrains are expected to continue to put pressure on
EU refineries. Portions of the demand changes are likely to be met through increased trade
(i.e., gasoline export and imports of gasoil/diesel and alternative fuels) and the emergence of
new actors in the fuel/powertrain markets (i.e., shifts towards alternative fuels and increased
penetration of electric vehicles).

Mineral oil refining involves several production steps, whereby crude oil is purified,
separated, and transformed into a wide array of petroleum products. A modern refinery
typically consists of an integrated network of separate processing units. Most of the flue gas
emissions result from the generation of heat and electricity. The furnaces and boilers that feed
the different sub-processes are fueled by a mixture of petroleum coke, still gas (refinery gas,
i.e., byproducts of the refining process), petroleum fuels, and natural gas. The levels of energy
use and CO; emissions vary depending on the type of crude oil being processed and on the
mix and quality of the final products. Therefore, the total level of CO, emissions from a
refinery is the sum of several emission sources of varying size. Process heaters and steam
boilers are responsible for the major share of the CO, emitted from a typical refinery.

While both overall GHG emissions and fossil fuel-related CO, emissions have declined in the
EU since 1990 (cf. Fig. 1), the emissions from European (EU-27) petroleum refineries
increased by approximately 18% between 1990 and 2008. This trend was largely driven by
increasing demand for fuel in the transport sector in general and by increasing demand for
lighter distillates in particular. However, in 2009, as a result of the economic crisis, the total
annual CO, emissions from petroleum refineries in the EU-27 and Norway were 147.4 MtCO,
in 2009, down 6.5% from Year 2008. Seven countries, Germany, UK, Italy, France, Spain,
Netherlands, and Belgium, account for 75% of the total crude capacity, as well as 75% of the
total CO, emissions from the oil refining industry in the EU.

EU petroleum refineries have experienced significant changes in market conditions over the
past decades. EU refineries are currently struggling to adapt to a situation in which diesel has
come to dominate the EU road fuel market and in which product specifications are being
gradually tightened. To maintain their role on the internal fuel markets, EU refineries will
have to invest so as to adapt output to the changing demand. Investments in new processing
capacity (e.g., hydro cracking and desulfurization) will likely lead to increased energy
intensity and off-set some of the potential for CO, abatement.

Key abatement options for the petroleum-refining industry include:

Abatement measures that could be taken in the near future include: continued improvements
in energy efficiency; fuel switching (e.g., using natural gas instead of residual fuels as energy
source); and increased use of biomass feedstock as fuel. CO, capture could be an option in the
longer term (Paper II). Providing excess heat for district heating or integrating process flows
with adjacent industries (e.g., petrochemical industries) are additional ways for refineries to



contribute to reducing CO, emissions off-site. It should be noted that few of these abatement
strategies are directly additive. Paper II and the references cited therein give a more thorough
review of strategies for reducing CO, emissions in the refining industry.

3.3 Iron and steel industry

Steel production has been a cornerstone of European industry and many European economies
for more than a century. Rising demand and technological breakthroughs (i.e., the
introduction of the oxygen steelmaking process) prompted the European steel industry to
increase considerably its capacity in the 1950’s and 1960’s. The predecessor to the EU, the
European Coal and Steel Community, was established in 1951 as an attempt to facilitate the
management of European coal and steel resources (Poelmans, 2009). Given its strategic
importance, much of the European steel industry remained either state-owned or under
stringent governmental regulation up until the 1990’s. Thereafter, the industry became largely
privatized, and it has undergone large-scale consolidation so that today the five largest steel
companies account for more than 60% of steel production in the EU.

Even though the European share of the global steel market has gradually declined, the EU
remains the second largest steel-producing region in the world. From 2005 to 2008, the total
output of crude steel in the EU-27 remained between195 Mt/yr and 210 Mt/yr. Similar to
most other manufacturing industries, the iron and steel industry was severely affected by the
financial crisis and economic crisis, which caused crude steel output to fall by 30% in 2009,
as compared to 2008. The four largest steel-producing countries, Germany, France, Italy, and
Spain, account for more than 55% of steel production (Eurofer, 2010).

The iron and steel industry is extremely energy-intensive and the production of primary steel
is associated with significant CO, emissions. Although the sector has a complex industrial
structure, the following two production routes dominate production (European Commission,
2009b):

= [ntegrated steel plants. This is the most common production route. It involves a series
of interconnected production units (coking ovens, sinter plants, palletizing plants, blast
furnaces, basic oxygen furnaces, and continuous casting units), which process iron ore
and scrap metal to crude steel. Coke, which is derived from coal, often functions as
both a fuel and reducing agent.

= Mini-mills. Scrap metal, direct reduced iron, and cast iron are processed in electrical
arc furnaces to produce crude steel.

Nearly 60% of the steel produced in the EU-27 is produced through the integrated route
(coking oven, blast furnace, basic oxygen furnace). The remainder is produced in electric arc
furnaces, while a very small fraction (~0.3%) is produced in open-hearth furnaces (WSA,
2010). Whereas primary steelmaking (integrated route) dominates EU production, the
secondary steelmaking route (electrical arc furnaces) is gradually gaining market shares.

Currently, there are 36 integrated steel plants (with 85 blast furnaces and 102 basic oxygen
furnaces) and 222 electrical arc furnaces operating in the EU-27 (Plantfacts, 2009). A large
proportion of the capital stock involved in primary steelmaking in the EU was commissioned
during the post-war expansion of the steel industry. More than 80% of the blast furnaces



(corresponding to approximately80% of the production capacity) were commissioned before
1980.

Total CO, emissions from installations involved in the production of iron and steel in the EU-
27 were approximately 160 Mt CO,/yr before the economic recession caused steel demand,
and CO; emissions, to fall drastically in 2009. Primary steelmaking in integrated steel plants
is responsible for more than 85% of the direct CO, emissions from the iron and steel industry.
The predominant steel-producing countries, Germany, France, and the UK account for more
than 50% of the CO, emissions. The blast furnaces utilized in the integrated route represent
the single largest source of CO, emissions in the steel industry. The direct CO, emissions
associated with the secondary route are relatively low, since the electrical arc furnace uses
electricity as its primary energy input (secondary CO, emissions associated with the electrical
arc furnace process are highly dependent upon the energy mix in the electricity supply
system).

Key emissions abatement options in the steel industry include:

Improved energy efficiency. The European steel industry has managed to improve
considerably the energy efficiency of the production process over the last decades. However,
a multitude of measures, both in primary and secondary steelmaking, could be implemented
that would reduce significantly energy use and associated CO, emissions (for a
comprehensive review, see e.g., European Commission, 2009b).

Fuel shift. The blast furnace is the single most energy-consuming process in the production of
steel. Coke, which is derived from coal, often functions as both a fuel and reducing agent.
Replacing coke with natural gas or bio-coke could potentially reduce CO, emissions from the
blast furnace process.

Carbon capture and storage. Opportunities for CO, capture in the steel production vary
depending on the process and the feedstock used (Paper I). The largest flow of CO, in a
conventional integrated steel mill is generated in the blast furnace. Recovery of CO, from
blast furnace gas is a feasible capture option for the steel industry (IPCC, 2005). Applying
current end-pipe technologies to existing blast furnaces, ~30% of the overall CO, emissions
from a conventional integrated steel plant could be captured. Capture could be applied to
other gas flows in the production process, although the costs are likely to be higher, since the
volumes and concentrations CO, are lower. One of the most promising opportunities for CO,
capture in the steel industry is to replace or retrofit conventional blast furnaces with Top Gas
Recycling Blast Furnaces (TGR-BF). In a TGR-BF, the CO, is separated from the BF gas and
the remaining CO-rich gas stream is recirculated back into the furnace. Simultaneously
replacing the preheated air with pure oxygen would ensure that the blast furnace gas stream
was free of Ny, thereby simplifying CO, capture. It has been estimated that 70% of the CO,
emitted from an integrated steel plant could be recovered if TGR-BF with CO, capture was
introduced (IPCC, 2005).

Structural change. Secondary steelmaking in electrical arc furnaces is expected to continue to
gain market share at the expense of primary steelmaking in integrated steel plants, thereby
lowering the carbon intensity of EU steel production.

New steelmaking processes. The Ultra-Low Carbon dioxide Steelmaking (ULCOS)
consortium is investigating innovative steelmaking processes that have the potential to reduce



considerably CO, emissions from the EU steel industry (for a review, see ULCOS, 2011). The
ULCOS consortium has identified a number of process technologies that could reduce CO,

emissions by at least 50% compared to the current best routes (often in combination with
CCS).

3.4 Cement industry

Reconstruction programs after World War II created a strong demand for cement and marked
the start of the expansion of the European cement industry. The development of industry and
infrastructure and increased urbanization stimulated cement demand until the oil crisis in the
1970’s. More than 70% of the cement kilns in the EU-27 were commissioned during this
period. Currently, there are 268 cement plants in the EU-27 (of which 250 are listed in the
Chalmers IN database), with a total of 377 kilns. Production capacities range from a couple of
hundred to several thousand metric tonnes of cement per day. Dry process kilns account for
approximately 90% of European cement production. The remaining 10% is produced in semi-
dry or semi-wet process kilns (7.5%) and in wet process kilns (2.5%).

The annual production of cement in the EU-27 has remained at 230-270 Mt cement/yr over
the last decade (Cembureau, 2011). 2009 marked an exception, as the cement industry was
seriously affected in that year by the downturn in the European economy; cement production
dropped by more than 20% between 2008 and 2009.

Imports to and exports from the EU have to date been relatively limited, although concerns
have been raised regarding competition from cement producers located in countries that lack
carbon constraints, i.e., countries of North Africa. The transport of cement is costly, especially
road transport, and cement markets have therefore traditionally clustered in regions that are
close to the eventual customers. Shipping allows for more cost-efficient transportation and
permits cement producers that are located near the sea (or inland waterways) to access a wider
market. The European cement industry is one of the most concentrated in the world. The five
largest European companies account for almost 60% of the total European cement output
(Ecofys, 2009).

In a cement plant, calcium carbonate (CaCOs) and different forms of additives are processed
to form cement. Significant amounts of electricity are used to power both raw material
preparation and cement clinker grinding, and large quantities of fuel are needed in the clinker
burning process. The levels of energy use and related CO, emissions vary depending on the
choice of production route and kiln technology. Depending on the efficiency of the process,
the mix of fuels used, and the specifications of the cement, the production of one tonne of
cement currently results in the release of 0.65-0.95 t CO,. Almost all of the direct CO,
emissions from cement production arise from the clinker burning process. Approximately
60% of the CO, emissions originate from the calcination process, with the remaining CO,
emissions being related to fuel combustion (European Commission, 2009b).

As cement production peaked in 2007, the total direct CO, emissions from the EU cement
industry were just over 170 MtCO,. The countries with the largest outputs, Italy, Spain,
Germany, France, Greece, and Poland, together account for approximately 65% of the total
CO; emissions. Cement production and the associated CO, emissions have decreased
considerably since the peak of production in 2007.
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Key emissions abatement options in the cement industry include:

Continued energy efficiency improvements. These improvements involve the retrofitting and
replacement of process equipment in existing plants and the deployment of best-available
technologies in new cement plants. The theoretical minimum thermal energy demand for the
production of cement clinker is 1.60-1.85 GJ per tonne clinker. In Europe, the specific
thermal energy demand currently varies from 3.0 GJ per tonne for dry-process manufacturing
with multistage preheating and precalcining to 6.5 GJ per tonne clinker for wet-process long
kilns and the production of special cements (European Commission, 2009b). Electricity
accounts for 10%—-20% of the energy consumed in cement manufacturing, and electricity
demand ranges from 90—150 kWh/t cement.

Alternative fuel use. The replacement of conventional fuels (typically coal and pet-coke) with
less-carbon-intensive fuels is an option. Alternative fuels include both fossil-based (e.g.,
industrial and municipal waste) and biomass-based fuels (animal meal, agricultural residues,
recycled wood and paper). The average substitution rate in the EU-27 is currently around
18%. The use of alternative fuels, however, varies widely between Member States; in some
countries the substitution rate is >50% (WBCSD, 2009).

Clinker substitution. Replacing the clinker in the cement with additives with similar properties
reduces energy usage and the CO, emissions per unit of mass of the finished cement product.
Substitutes include blast furnace slag (a byproduct of primary steelmaking) and fly ash (from
coal-fired power plants). In Europe, the average clinker content of cement is currently in the
range of 78%—85% (European Commission, 2010b). The clinker to cement ratio could
probably be lowered further without jeopardizing product quality or performance.

Carbon capture and storage. With large absolute CO, emissions and relatively high
concentrations of CO, in the flue gas streams (~20%), the cement industry is an early
candidate for the implementation of CCS. However, the European cement industry is still in
an early stage of CCS implementation in pilot or demonstration projects. Two options for CO,
capture in the European cement industry have been pointed out as being particularly
interesting (see Paper I and references therein). Post-combustion capture could be applied
utilizing the same basic principles that are being developed for coal-fired power plants. It has
been estimated that 95% of the CO, emissions from a cement plant could be avoided if post-
combustion capture was introduced. The regeneration of the CO, capture solvent would,
however, require additional generation of steam, thereby increasing slightly the overall level
of CO; emissions. Oxy-combustion with CO, capture could be applied both in the precalciner
and in the kiln; by targeting the precalciner only, the impacts on the clinkerization process
could be minimized. Approximately 50% of the CO, from a cement plant could be captured
using the oxy-combustion precalciner setup.

New cement-making processes. Several alternative materials, with mechanical properties
similar to those of Portland cement, are currently being developed (for a review, see WBCSD,
2009). Innovative low-carbon (and/or negative-carbon) cements could replace Portland
cement and offer opportunities for extensive reductions in CO, emissions. However, these
processes are still in the early stages of development and have yet to be proven either
technically or economically viable.
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4 Methodology

The three sub-studies that form the basis of this thesis are all aimed at assessing technologies
and measures that could facilitate CO, emission reductions in the EU power and industrial
sectors. The analysis is restricted to the technical potentials for CO, emissions reductions and
thus, largely neglects potential economic and institutional constraints.

All of the studies (Papers I-III) are based on a bottom-up approach with representation of the
current technology stock and of emerging technologies and processes. Bottom-up studies
related to industry energy use and GHG emissions include a wide variety of studies, ranging
from bottom-up modeling studies of entire sectors to detailed engineering studies of specific
processes (e.g., based on detailed process simulations). They have, however, a common basis
in focusing on the technological (or techno-economic) potential for improvements with
regards to energy use and or CO; emissions, and typically involve precise descriptions of the
capital equipment and technical options (Greening et al. 2007; Pathways, 2010).

To analyze the possibilities and limitations imposed by the present energy infrastructure, the
emphasis in this thesis is on descriptions of the current status of the assessed sectors. An
essential element of this approach is to consider how aspects such as the age structure of the
capital stock, technology and fuel mix, and spatial distribution of the plant stock contribute to
facilitating or hindering the shift towards less-emission-intensive production processes.
Therefore, an important part of the work has been the establishment of a detailed database
concerning the infrastructure of EU industry. This database, the Chalmers Industry database
(Chalmers IN db), is one of five sub-databases in the Chalmers Energy Infrastructure
database. The main features of the Chalmers IN db are described in detail in Section 4.4.

The studies reported in Papers I and II apply the same basic methodological approach,
whereby the description of the current industry structure forms the basis for assessing the
potential for key mitigation technologies and measures.

Paper I investigates the branch- and plant-specific conditions for the implementation of CCS.
The overall potential for CO, capture in industrial applications is estimated based on a
number of basic assumptions. Only large point sources are assumed to be suitable for CO,
capture; 0.5 MtCO,/yr is arbitrarily chosen as representing an emission level that would entail
CO, avoidance costs that would make capture economically viable. Furthermore, CO; capture
is assumed to be limited to the major flue gas streams of the respective processes. The
analysis also involves an evaluation of two alternative setups for capture technologies and an
assessment of the implications of the spatial distribution of large industrial emission sources
(i.e., their locations in relation to other large CO, emission sources and to storage sites).

Similarly, Paper II assesses the prospects for improved energy efficiency, fuel switching, and
CCS in a bottom-up analysis of the EU petroleum refining industry. In addition, the analysis
includes the mapping of access to infrastructures, such as district heating networks, natural
gas grids, chemical industries, and possible CCS storage sites, which could facilitate measures
to reduce CO; emissions in the refining industry.

Paper III applies a scenario analysis to explore the limits for CO, emission abatement within
current production processes in the power and industrial sectors. By generating scenarios that
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describe changes in the technology stock, energy intensities, and fuel and production mixes,
emission trajectories for the period 2010-2050 are derived. The analysis covers power
generation, 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. Based on the age structure of the existing capital stock and assumptions
regarding the average technical lifetime of key process technologies, capital stock turnover is
simulated up to Year 2050 for each sector.

4.1 Modeling of industrial energy use and CO, emissions

Studies of industrial energy use and CO, emissions involve application of a broad set of
analytical tools from several different disciplines. Greening et al. (2007) and Algehed et al.
(2009) distinguishes between six main categories of empirical tools aimed at understanding
and projecting changes in industrial energy consumption CO; emissions:

Energy trend decomposition methods. Apply decomposition techniques to identify key drivers
behind changes in the aggregate energy intensity for industry to assess the relative impacts
arising from structural change and energy efficiency or other factors.

Econometric methods. Involve a range of statistical approaches to measure economic relations
between key variables, e.g., fuel prices, energy demand, price elasticity and economic growth.
Parameter values, relating changes in one variable to changes in another, are typically
estimated on the basis of historical data.

‘Top-down’ models. Includes aggregate models of the whole economy aimed at studying
price-dependent interactions between the energy system and the rest of the economy.
Typically attempts to realistically portray microeconomic decision-making and to capture
macro-economic feedbacks. Each production sector is often represented as a single production
function which limits the level of technological detail.

‘Bottom-up’ or engineering models. This class of models includes detailed representation of
current and emerging technologies within the energy sector or subsector (i.e. an industry
branch). Include both optimization and simulation models aimed at assessing the impact of
different technological developments on energy use and CO, emissions. Often omit linkages
between the energy and/or industry sectors and the rest of the economy and are therefore fail
to capture macro-economic feedback loops.

‘Hybrid’ models. Combine features from top-down and bottom-up models to overcome some
of the limitations associated with these approaches. Attempts to integrate the technological
explicitness of bottom-up models with the micro-economic realism and macro-economic
feedbacks of top-down models.

Industry-specific micro-economic analyses. Include studies of specific industries or processes
within industries involving detailed analyses utilizing, e.g., statistical or optimization
techniques.

One central differentiator between the analytical approaches is to what extent current and

emerging technologies are represented. As discussed above, while no formal modeling is
applied, the present work builds on a bottom-up approach. Technological explicitness is
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particularly important in the energy-intensive industrial sector, where the potential exists for
large, discrete jumps in types of technologies (Algehed et al., 2009). While barriers and
constraints other than technological, e.g. economic and institutional, will contribute to
determine whether the required emission reductions will be achieved or not technology will
be a key enabler. Thus a common basis in all of the studies (Papers I-III) is precise
descriptions of the current capital stock and of technical options that could contribute to
reducing CO, emissions from the assessed sectors.

4.2 Technological change

In Papers I and II, the potentials for reductions in emissions of key mitigation technologies
and measures are provided as fixed estimates without an explicit consideration of the timing
of their implementation. Thus, neither of these papers considers the dynamics of technical
change, i.e., the expected rate of capital stock turnover. Paper III takes the analysis a step
further by investigating how the expected turnover in capital stock of the existing
infrastructure will contribute to facilitating or hindering the shift towards less-emission-
intensive production processes. This approach builds on the assumption that the rate of
introduction of low-carbon technologies to the market place, in the absence of premature
retirement of capital, is limited to the rate of capital stock turnover, if emission reductions are
to remain affordable (Philibert, 2007; Worrell and Biermans, 2005). As discussed above (cf.
Section 3) a characteristic shared by all the sectors assessed in the present work is an ageing
capital stock that is heavily dependent upon the use of fossil fuels. Since the technological
lifetime of a key process technology is typically limited to ~30-50 years, a considerable share
of the existing capital stock will have to undergo major refurbishments or will need to be
replaced within the coming decades. Thus, assumptions regarding the types of technologies
that will be available to replace the current stock and the timing of a possible breakthrough in
new low-carbon process technologies will obviously have a major impact on the outcome of
the analysis. However, since many of the technologies that are expected to contribute
significantly to reductions in CO, emissions are still in the early phases of development, such
assumptions are associated with significant uncertainties. In Paper III, by disregarding the
assumptions related to the potential and performance of mitigation technologies that are not
yet commercially available but that are assumed to significantly contribute to CO, emission
reductions between now and 2050, an indirect measure of the requirements for new low-
carbon technologies and industrial production processes is provided. Taken together, Papers
I-1II provide a comprehensive assessment of the roles of technologies and measures that are
commercially available today and of emerging technologies that are still in their early phases
of development.

4.3 Scenario analysis

Energy future studies have been used in the field of energy systems analysis at least since the
1960s (Nilsson et al., 2011). Energy scenarios can be divided in three main categories;
predictive (What will most likely happen?), explorative (What can happen?) or normative
(How can a certain objective be reached?) (S6derholm et al., 2011). The scenarios applied in
Paper III belong to the two latter categories. While the scenarios exploring the limits for
reductions in CO, emissions within current production processes in the industrial sectors are
best described as explorative, the three scenarios of this work for the future development of
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the power sector are examples of normative scenarios aimed at assessing what it will take to
reduce emission levels in the power sector to close to zero leading up to Year 2050.

Scenario studies are useful to illustrate how long-term goals give implications for short-term
action. The motivation for applying scenario analysis is typically to inform current decision
makers by expanding people’s judgment about plausible features and by pointing to key
uncertainties, barriers or opportunities. However, the use of scenarios as analytical or
communicative tool is not entirely unproblematic. Based on a review of the literature on
human judgment under uncertainty Morgan and Keith (2008) argue that while intended to
help expand peoples thinking, detailed scenarios may cause users to overlook a wide variety
of alternate developments and to overestimate the probabilities of the alternatives that are
presented. With respect to the many low carbon scenarios developed in recent years, a
common critique involves the failure to factor in the role of institutional change in achieving
different energy futures (Hughes and Strachan, 2010; Nilsson et al., 2011; Séderholm et al.
2011).

4.4 The Chalmers Energy Infrastructure database

The Chalmers Energy Infrastructure database was designed to cover both the supply side and
the demand side of the European energy systems (Kjirstad and Johnsson, 2007; Pathways
2011b). The database is divided into the following sub-databases: the Chalmers Power Plant
database (Chalmers PP db); the Chalmers Fuel database (Chalmers FU db); the Chalmers CO,
Storage database (Chalmers CS db); and the Chalmers Member States database (Chalmers
MS db). The Chalmers IN db was established as part of the work leading up to this thesis.
This new sub-database currently includes facility-level data on industrial installations
included in the EU ETS. The database is continuously updated and its scope has been
continuously expanded throughout the work with the studies reported in Papers I-III. In its
present form, the database includes information on more than 10,000 stationary CO, emission
sources in the energy and industrial sectors. Together, these installations account for
approximately half of the EU’s total CO, emissions (~2,100 MtCO, in 2008). For large
emission sources (>0.5 MtCO,/yr), the database carries information on, e.g., process
technologies, production capacity, fuel mix, and age of capital stock. This category includes a
relatively small number of large thermal power plants (~540), refineries (~85), integrated steel
plants (~35), and cement plants (~150), which are collectively responsible for almost 40% of
total CO, emissions in the EU. The only major stationary CO, emission sources currently not
covered in the database are the petrochemical and other chemical industries and ammonia
production plants, which together emit approximately 180 MtCO,/yr (Ecofys, 2006). The
main features of the Chalmers IN db are presented in Table 1.
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Table 1. Main features of the Chalmers IN db. Data sources: Cembureau, (2001); IEA GHG,
(2006); OGJ, (2007); EPER, (2009); GCD, 2009; Steel Institute VDEh, (2009); E-PRTR,
(2010); CITL, (2010).

=  Comprises the EU-27 countries plus Norway and Liechtenstein.

= Covers seven industrial sectors, mineral oil refineries (150), coking ovens (20),

metal ore roasting or sintering installations (30), installations for the production of
pig iron or steel (240), installations for the production of cement clinker or lime
(560), installations for the manufacture of glass (440), installations for the
manufacture of ceramic products (1000), and industrial plants for the production
of pulp, paper or board (850).
In addition to the >3200 industrial installations, the database specifies emissions
and allocated emission allowances for installations classified as combustion
installations® in the EU ETS Directive (including >7000 installations for the
combustion of fuels with a total rated thermal input exceeding 20 MW).

= Specifies emissions and allocated emission allowances, including the verified CO,
emissions and allocated emission allowances for the period 2005-2010 and the
allocated emission allowances for the period 2005-2012.

= Contains the exact locations (country, city, address, and geographical co-
ordinates) of plants with CO, emissions exceeding 0.5 MtCO,/yr.

= Describes plant-level characteristics. For refineries, iron and steel plants, cement
plants, and pulp and paper plants, the database carries information on process
technologies, production capacity, fuel mix, and age of capital stock. For more
details on the coverage of:

- refineries, iron and steel plants, and cement plants, see Paper III and references
therein;

- pulp and paper industries, see Jonsson and Berntsson, 2010 and references therein.

* The category includes activities that range from the relatively small scale, e.g., smaller boilers, furnaces, and
heaters, to large coal- and gas-fired power plants.
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5 Results and discussion

From the results presented in Papers I-III, it can be concluded that achieving deep reductions
in emissions (~85%-95% reduction by 2050, as compared to levels in 1990) within the power
and industrial sectors in less than four decades will be a tremendous challenge. Meeting the
targets will require rapid and comprehensive implementation of mitigation technologies and
measures that are commercially available today and emerging technologies that are still in the
early phases of development.

The results presented in Paper I indicate that some 60-75 percent of the emissions from large
industry point sources could be avoided annually if the full potential of emerging CCS
technologies was to be realized. Furthermore, several regions were identified as being
particularly suitable to facilitate integrated networks for the transportation and storage of the
captured CO,. The most promising prospects for early deployment of CCS are found in the
regions bordering the North Sea.

Paper II illustrates how the access to infrastructures, such as district heating networks, natural
gas grids, chemical industries, and possible CCS storage sites, which could facilitate CO,
abatement in the petroleum refining industry, is optimal in the Member States that border the
North Sea. Furthermore, it is shown that the potential for currently available mitigation
measures in the refining industry is relatively limited and that the potential for CO, capture
varies widely depending on which sub-process is targeted.

In Paper III, it is shown that near-term targets for emissions reductions in the power and
industrial sectors can probably be met through measures that are already available, such as
increased energy efficiency, optimization of production processes, and shifts in the usage of
fuel and feedstock mixes. Nevertheless, despite assumptions made regarding moderate (steel
and cement) or negative (petroleum products) output growth, an almost complete renewal of
the capital stock (with the exception of the petroleum refinery industry) and extensive
implementation of available abatement measures, the results indicate that total emissions from
the assessed sectors in 2050 would exceed by more than twofold the targeted levels. Thus, to
realize the goals of future, stricter, emission targets, more radical alterations to production
processes are required.

Reducing CO, emissions from the power sector to virtually zero up to Year 2050 is a
prerequisite for achieving the objective of significant cuts in emissions. This is the situation
since there are several available technologies for reshaping the electricity generation system.
Therefore, it is important to accelerate the transformation of this sector. As for the industrial
sectors the results from Papers I — III show that:

- Current options of reducing CO, emissions from industrial sources will not be
sufficient to achieve deep emissions reduction in the EU industrial sectors (Paper III).

- For the three industrial sectors covered by the present work — petroleum refining, iron

and steel and cement manufacturing — CCS is one of few technological options that
allows for deep reductions in CO, emissions (Papers I and II).
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Thus, the work presented in this thesis highlights the importance and urgency of developing
new low-carbon technologies in the industrial sectors, in which the options to reduce CO,
emissions tend to be fewer and less-developed than in the power sector.

Looking forward, based on the findings presented in this thesis (Papers I-III), from a
technology perspective, the basic challenges for each sector can be summarized as follows:

- In the power sector, even if there is still room for significant improvements in the
performance of many of emerging technologies, the challenge primarily involves the
development of the physical infrastructures required to facilitate large-scale diffusion
of emerging technologies with low- or zero-carbon emissions (e.g., infrastructures for
electricity transmission and storage and for CO, transportation and storage) (Paper
111);

- In the iron and steel and cement manufacturing sectors, in which breakthrough
technologies are still in their infancy, to enable significant reductions in emissions up
to Year 2050, the ongoing efforts to develop new steel- and cement-making processes
must be accelerated considerably (Papers I and III); and

- In the refinery sector, the challenge is, to a greater extent than in the other sectors,
intimately linked to the developments in the end-use sectors. The first priority must be
to continue efforts to develop alternative fuels and alternative powertrains in the
transport sector. While the solution lies outside the refinery gates, it is also important
to explore further the prospects for the application of CO, capture in the refining
process (Papers I-III).

Despite sometimes conflicting interests, the EU and its Member States had managed up until
the current economic crisis to enforce a reasonably potent mix of policies aimed at facilitating
the transition towards a low-carbon economy. While the EU ETS has succeeded in imposing a
price for CO, emissions, that price has to date been too low to incentivize fundamental
changes with regards to technology and the fuel mix. With the exception of a few upswings
and downswings, the price of EU Emission Allowances has remained in the range of 10-25
€/tCO; since 2005. At the time of writing, however, the price is less than 10 €/tCO, for the
fifth consecutive month. In the third trading period (Phase III, 2013-2020), a stricter cap will
be enforced. A cause for concern is that significant numbers of surplus allowances will be
carried over from Phase II to Phase III, which risks inflating the emissions budget for Phase
III. In addition, while no formal decision has yet been taken as to the precise number of free
allowances allocated to each installation, sectors that are deemed to be exposed to significant
risk of carbon leakage (all of the industrial sectors assessed in this thesis fall into this
category) will most likely continue to receive a significant share of their emission allowances
free of charge throughout Phase III.

As emphasized above, the technological transition required to reduce radically the CO,
emissions of the EU power and industrial sectors in less than four decades involves both the
phasing out of current carbon-intensive technologies and the phasing in of new zero- or low-
carbon technologies. A CO; price set at a level significantly higher than it is today is a
prerequisite for incentivizing near-term mitigation measures, as well as for stimulating
investments aimed at further developing emerging technologies and processes. However,
developing and phasing in new zero- or low-carbon technologies, at scale, will require
complementary policy interventions, including RD&D funding, support for niche markets,
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and adaptation of infrastructure policies (Wilson and Grubler, 2011; Azar and Sandén, 2011;
Vogt-Schilb and Hallegatte, 2011). 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, e.g, renewable energy or applications of energy
efficiency, CCS generates no income, nor other market incentives, so long as the cost of
emitting CO, remains low (IEA, 2012).
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6 Future work

A first priority will be to synthesize the work carried out in Papers I and III, to assess how
capital stock turnover influences the penetration rate of CCS and to estimate the increases in
industry energy demand under different scenarios for the scope of the deployment of CO,
capture.

A logical continuation of the work presented here is to develop tools for analyzing how
changes in the consumption and production of energy-intensive, basic materials (e.g., steel
and cement) affect the overall demands for energy and electricity in the EU (see e.g., Schade
et al, 2009). The outcome of this type of analysis could be used as an input to the Pathways
electricity supply model package (Pathways, 2011b).

There are several other areas of research for which investigations of the interlinkages between
the industrial and power sectors would be interesting. One example could be to explore the
opportunities for electricity demand-side management in the industrial sectors, which might
facilitate a high penetration of intermittent renewables. Another example would be to assess
the impact, in terms of e.g., CO, emissions and energy use, of the required transformation
process itself (see e.g., Myhrvold and Caldeira, 2011).

Finally, to compare the relative costs of different abatement options and to demonstrate how
costs vary across different sectors, one could investigate how the Marginal Abatement Cost
Curves (MACC) concept could be applied to develop further the analysis presented in this
work (for a critical review of the concept see, e.g. Murphy and Jaccard, 2011; Vogt-Schilb
and Hallegatte, 2011; Kesicki and Ekins, 2012).
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