oO\ENCs,

Dissertation

111

Techno-economic
evaluation of significant
CO:emission reductions
in the iron and steel
industry with CCS

Antti Arasto ===



VTT SCIENCE 111

Techno-economic evaluation
of significant CO: emission
reductions in the iron and
steel industry with CCS

Antti Arasto
VTT Technical Research Centre of Finland Ltd

Thesis for the degree of Doctor of Science in Technology to be
presented with due permission for public examination and criticism in
lecture room 216 (K1), at Aalto University (Otaniemi, Finland), on the
27th November 2015 at 12.00.

M % /4



ISBN 978-951-38-8357-7 (Soft back ed.)
ISBN 978-951-38-8358-4 (URL: http://www.vttresearch.com/impact/publications)

VTT Science 111

ISSN-L 2242-119X
ISSN 2242-119X (Print)

ISSN 2242-1203 (Online)
http://urn.fi/URN:ISBN:978-951-38-8358-4

Copyright © VTT 2015

JULKAISIJA - UTGIVARE - PUBLISHER

Teknologian tutkimuskeskus VTT Oy
PL 1000 (Tekniikantie 4 A, Espoo)
02044 VTT

Puh. 020 722 111, faksi 020 722 7001

Teknologiska forskningscentralen VTT Ab

PB 1000 (Teknikvéagen 4 A, Esbo)

FI-02044 VTT

Tfn +358 20 722 111, telefax +358 20 722 7001

VTT Technical Research Centre of Finland Ltd
P.O. Box 1000 (Tekniikantie 4 A, Espoo)
FI-02044 VTT, Finland

Tel. +358 20 722 111, fax +358 20 722 7001

Juvenes Print, Tampere 2015


http://www.vttresearch.com/impact/publications
http://urn.fi/URN:ISBN:978-951-38-8358-4

Techno-economic Evaluation of Significant CO, Emission Reduc-
tions in the Iron and Steel Industry with CCS

Abstract

The iron and steel industry is one of the largest emitters of industrial CO,, ac-
counting for around 6% of global anthropogenic CO, emissions each year. In
Europe, the recently proposed stricter emission reduction targets for 2030 are
likely to increase the price for CO, emission allowances. Various different GHG
emission mitigation alternatives have been considered to enable decarbonisation
of the iron and steel industry, such as energy efficiency, biogenic reducing agents,
hydrogen and CCS. However, not all of these can be deployed for the most im-
portant production route — the blast furnace and basic oxygen furnace route (BF +
BOF) — and all the solutions have advantages and disadvantages. CCS is current-
ly the only mitigation option available for significantly reducing emissions from this
energy-intensive industry.

A full chain assessment of carbon capture and storage (CCS) applications for
the iron and steel industry was performed in order to screen technology options
and build a development pathway to low carbon steelmaking for future carbon-
constrained world. A techno-economic assessment of application of CCS with
various technologies in the iron and steel industry was carried out to create a
knowledge base for a Nordic steel producer. The assessment was conducted for
two different CO, capture alternatives, namely post-combustion carbon capture
and oxygen blast furnaces (OBF) with flue gas circulation. Processes were as-
sessed by technical modelling based on the Aspen Plus process simulator and the
economic evaluation toolkit CC-SkynetTM using two indicators: the break-even
price of CO; emission allowances for CCS and the impact of CCS on steel produc-
tion costs.

With the whole chain approach, including CO, capture, processing, transport
and storage, the results show a significant reduction potential at an integrated
steel mill for all carbon capture technologies assessed. The application of an OBF
would require a larger modification of the processes of the existing steel mill than
that required by the application of post-combustion capture. The staged construc-
tion and implementation of CCS in order to minimise the financial investment risk
was considered and several pathways for implementation were analysed. Only
transportation of CO; by ship was considered due to the coast-line location of the
installation far from other emission sources, pipeline infrastructures and storage
sites. Results show the cost structure and feasibility of the studied technologies.
Cost break-even points for CCS at an integrated steel mill, for the plant owner and
costs for globally avoided emissions are calculated. The direct site emissions were
reduced by 0.28-2.93 Mt CO,/a. The cases resulting in significant reductions
represent 48—73% of direct site emissions. The net GHG impact of emission re-
ductions are between 45-62% of the site emission reductions.



The cost of emission reductions are estimated from the site owner perspective,
with the costs in majority of the cases being between €40-70/t CO,. Oxygen blast
furnace with top gas recirculation was estimated to be slightly cheaper than post-
combustion capture of CO,. As presented in the results of this study, BePs (break-
even prices) are very sensitive to several factors which are uncertain regarding the
time frame of large investments. The results also showed that the costs for CCS
are heavily dependent not only on the characteristics of the facility and the opera-
tional environment, but also on the chosen system boundaries and assumptions.
The assumed impacts on electricity production in the network strongly affect the
amount of avoided CO, emissions in particular.

Keywords iron and steel industry; techno-economic evaluation; CCS; feasibility; post-
combustion capture; oxygen blast furnace; Aspen Plus modelling; Skynet
tool



Teknistaloudellinen arviointi terasteollisuuden CO,-p&astdjen véhen-
tamisesta CCS:lla

Tiivistelma

Terasteollisuus vastaa noin 6 % globaaleista ihmisen aiheuttamista paastoista ja
on siten globaalisti yksi suurimmista teollisista CO,-paastajista. Euroopan komis-
sion esittamat uudet, kunnianhimoisemmat paastévahennystavoitteet aiheuttavat
nousupaineita paastdoikeuksien hintoihin. Lukuisia erilaisia hiilidioksidipaastojen
vahentamismenetelmid, kuten energiatehokkuus, biopohjaiset pelkistimet, vety ja
CCS, on ollut esilla terasteollisuuden hiili-intensiivisyyden vahentamiseksi. Kaikkia
naista ei kuitenkaan voida soveltaa yleisimpaan terdksentuotantoprosessiin, joka
perustuu masuuniin, ja kaikilla néailla vaihtoehdoilla on lisdksi hyvia ja huonoja
piirteitd. CCS on talla hetkelld ainoa vaihtoehto, jolla terasteollisuuden hiilidioksidi-
paastdja voidaan merkittavasti vahentaa.

Koko prosessiketjun kattavaa arviointia on tassa sovellettu hiilidioksidin tal-
teenoton ja varastoinnin soveltamiseen terasteollisuudessa, jotta eri teknolo-
giavaihtoehtoja voitaisiin vertailla ja luoda teknologiapolku véhahiiliseen terastuo-
tantoon tulevaisuuden hiilivapaaseen talouteen siirryttdessa. Teknistaloudellisen
arvioinnin avulla luotiin myds tietopohjaa paikallisille terastuottajille paatéksenteon
tueksi. Arvio tehtiin kahdelle eri CO»-talteenottoteknologialle, jotka ovat CO»-
talteenotto pesurilla savukaasuista ja happimasuuni savukaasun kierratyksella ja
COgz-erotuksella. Prosessit mallinnettiin Aspen Plus -prosessisimulaattorilla ja
tahan perustuva taloudellinen arvio tehtiin CC-Skynet™-tyokalulla kayttaen kahta
indikaattoria: CO»-paéstooikeuden rajahinta sekd CCS:n soveltamisen vaikutus
teréksen tuotantokustannuksiin.

Koko CCS-ketjun kattava arviointi siséltda COz:n talteenoton, prosessoinnin,
kuljetuksen ja varastoinnin. Arvioinnin perusteella voitiin todeta, ettd terasteolli-
suudessa on merkittava tekninen CO,-vahennyspotentiaali. Sovellettaessa hap-
pimasuunivaihtoehtoa tarvittiin olemassa olevaan prosessiin suurempia muutoksia
kuin sovellettaessa talteenottoa savukaasuista. Erilaisia vaiheistetun soveltamisen
ja investoinnin toteutuspolkuja teknologioille tarkasteltiin, jotta investoinnin riskia
saataisiin minimoitua. Vain laivakuljetusta tarkasteltin vaihtoehtona CO.-
kuljetukselle, koska kohde sijaitsee rannikolla ja kaukana varastointikohteista.
Tulokset nayttavat investointien kannattavuuden ja kustannusrakenteen. CCS:n
soveltamisen rajahintaa arvioitiin laitoksen omistajan ja valtettyjen paastdjen né-
kokulmasta. Suorat paastdt vahenivat teknologioita soveltamalla 0,28-2,93 Mt
COg/a. Merkittivammat paastovahennysmaarat vastaavat 48-73 % laitoksen
suorista paastoistd. Nettopaastdvahenema on noin 45-62 % laitoksen suorista
paastdévahennyksista.

Paastovahennyskustannuksia arvioitiin laitoksen omistajan nakdkulmasta suu-
rimman osan ollessa 40-70 €/t CO,. Happimasuuni savukaasun kierratyksella oli
hieman halvempi kuin CO2:n talteenotto savukaasuista. Kuten tuloksista selviaa,



paastdévahennysten rajakustannukset ovat hyvin herkkia useille kustannustekijoil-
le, jotka ovat erittdin epavarmoja tdmankaltaisen investoinnin pitoaikana. Tuloksis-
ta selviad myds, ettd CCS:n soveltaminen ja sen kustannukset vaihtelevat hyvin
paljon riippuen sovelluskohteesta, sen erityispiirteista ja toimintaymparistdsta seka
my0s tarkastelun rajauksista ja oletuksista. Erityisesti vaikutukset energiantuotan-
toon ja siten energiajarjestelmaan vaikuttavat merkittéavasti nettopaastévahenemi-
in.

Avainsanat terasteollisuus; teknistaloudellinen tarkastelu; CCS; hiilidioksidin talteenot-
to ja varastointi; kannattavuus; talteenotto savukaasuista; happimasuuni;
Aspen Plus mallinnus; Skynet tyokalu
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1. Introduction

1. Introduction

IPCC [2013] states in its fifth assessment report that “human influence on the
climate system is clear. This is evident from the increasing greenhouse gas con-
centrations in the atmosphere, positive radiative forcing, observed warming, and
understanding of the climate system” and also “continued emissions of green-
house gases will cause further warming and changes in all components of the
climate system. Limiting climate change will require substantial and sustained
reductions of greenhouse gas emissions.” These statements highlight the urgency
of the need for global actions in mitigating climate change.

According to IPCC, all the technological solutions are needed to meet the strin-
gent greenhouse gas (GHG) emission targets. This highlights the importance of
institutional and technological developments, and also the role of carbon capture
and storage (CCS) in order to reach the 2DS scenario (the ambiguous climate
target scenario, where measures are taken to limit the global temperature rise to
+2 °C in comparison to pre-industrial times). “Many models could not achieve
atmospheric concentration levels of about 450 ppm CO; eq. by 2100 if additional
mitigation is considerably delayed or under limited availability of key technologies,
such as bioenergy, CCS, and their combination (BECCS)” [IPCC 2014]. Interna-
tional Energy Agency (IEA) [2014b] states in its Energy Technology Perspectives
report that business-as-usual is not an option if we are aiming for a “sustainable
energy future”. This report also states that CCS has a crucial role in decarbonising
the power sector and energy-intensive industries reducing up to 17% of world’s
greenhouse gas emissions by 2050 depending on scenario.

The objective of the national climate legislation of Finland is to reduce national
greenhouse gas emissions by 80% by 2050 in comparison to 1990 emission levels
[HE 82/2014]. It is also acknowledged, based on extensive background work to
the legislation in the Climate Roadmap of Finland [Koljonen et al. 2012, 2014], that
CCS is also needed in Finland in order to economically meet the stringent targets
set by the European Commission [2014].
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1. Introduction

1.1 General description of carbon capture and storage
technology

Carbon Capture and Storage (CCS) refers to a family of technologies aiming at
reducing CO; emissions into the atmosphere by capturing CO, from processes,
transporting it to a suitable storage site, and storing it permanently in geological
formations underground, isolated from the atmosphere [European Commission
2009]. These technologies are currently in the commercial demonstration phase
and full-scale deployment is technically feasible. In this thesis, carbon capture and
storage refers to the definition in the directive by the European Commission
[2009], whereas wider definitions can include other storage alternatives such as in
mineral carbonates or even the use of CO; in other applications.

CCS is mainly considered to be applied to stationary and large-scale emission
point sources (those having CO, emissions in the order of one million tonnes per
year), as the cost per tonne CO; avoided is typically considered lower for large
CCS instalments than for small instalments. The sectors considered in association
with CCS are heat and power production, mainly in thermal power plants, and
energy-intensive industries including the iron and steel industry, cement industry,
chemical industry and oil refining. These are also the largest sources of anthropo-
genic greenhouse gas besides transportation and agriculture.

CO; capture technologies can roughly be divided into three solution families:
post-combustion capture (mainly with solvents), pre-combustion capture, and
oxyfuel combustion. In addition to these, there are other CO, separation concepts,
but these have either a lower technological maturity or are only suitable for certain
industrial processes.

Captured CO; needs to be permanently isolated from the atmosphere in order
to get the desired climate mitigation effect. If the industrial facility or power plant is
not located on a storage site, the captured CO, needs to be transported either by
pipeline or ship to the storage site. CO is then injected into an underground stor-
age formation that is permanently sealed after filling with CO,. Generally, relatively
pure CO; is considered to be stored in order to make the amount of stored gas
smaller and to comply with international legislations preventing dumping of waste
substances. The formations generally considered are porous rock formations,
such as saline aquifers, that are deep enough and covered with cap rock. The
injection and storage activities are carefully monitored geologically to prevent any
leakage of stored CO,.

1.2 Blast furnace-based iron making

There are two main ways of producing steel; virgin steel production by extracting
iron from iron ore through a reduction process or recycling steel scrap through a
melting process. The major refining process for iron production, needed to pro-
duce steel, is via the blast furnace and basic oxygen furnace route (BF + BOF),
accounting for 95% of global iron production and about 60% of global steel pro-

17



1. Introduction

duction [IEA GHG 2011]. The direct reduced iron (DRI) route accounts for about
5% of global iron production [World Steel Association 2011]. The share of DRI is
increasing largely due to increase in production in the Middle East but an increas-
ing amount of virgin steel is needed globally, with more and more challenging ore
qualities to be exploited, keeping the BF + BOF route as a major production route
in future years.

Some modifications to the BF + BOF process are possible, depending on mill
site, raw materials and integration opportunities. The principle behind the BF +
BOF process route is illustrated in Figure 1. Iron ore fines and/or concentrates are
agglomerate to make sinter or pellets in a sinter plant, in order to give it the physi-
cal properties to enable the charging of a blast furnace. Sinter pellets are then fed
into the top of the blast furnace with coke produced from coal in a coking plant and
limestone. In principle, also biogenic reducing agents could be utilised in the pro-
cess. The hot blast containing compressed hot air and enriched oxygen is blown
into the blast furnace to enable the reduction reactions. The blast is heated up in
large batch-type regenerative heat exchangers called cowpers or hot stoves. They
are generally heated up by firing blast furnace gas. Liquid hot metal or pig iron
exits the blast furnace from the bottom and CO and H, containing gases called
blast furnace top gas exit from the top of blast furnace. Blast furnace top gas can
be utilised for heating up the hot stoves and energy production at a power plant
on-site. Other heating value containing process gases are also collected and uti-
lised in the heating of processes or in energy production. The carbon-rich molten
pig iron (containing ~4.5% of carbon) exiting the blast furnace is converted into
steel (target ~0.05% of carbon) in a basic oxygen furnace (BOF) by blowing oxy-
gen through molten pig iron to oxidize the carbon from the melt with additives to
remove impurities [Ruuska et al. 2006]. Steel exiting the converter goes to contin-
uous casting and in the case of integrated steelworks, to rolling mills.

18



1. Introduction
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Figure 1. Principle of the blast furnace and basic oxygen (BF+BOF) furnace
steelmaking process route.

The blast furnace is the main component in this most common steelmaking route.
In nature, iron in iron ore is found in various forms of iron oxide. In virgin steel
production process iron ore is reduced to improve its characteristics to be more
suitable for construction, machinery and other uses. In the BF+BOF process route,
molten iron from iron ore is further converted to steel. The primary reduction takes
place first in a blast furnace and the reduction is completed in a basic oxygen
furnace. A blast furnace is a counter current flow-based process. Direct reduction
between carbon and iron oxide (Eg. 2) takes place, but most of the reduction takes
place in the interface between solid and gaseous phases (Eq. 1) [Cottrell 1975].

FeO + CO - Fe + CO, 1)
FeO + C — Fe + CO (2)

0, +2C - 2C0 3)
Fe;0, + 4C0 — 3Fe + 4C0, 4)
C0,+C & 2C0 (5)

The overall chemical reaction using magnetite (in Eq. 4) reaction as an example is
as follows: oxygen in hot blast and coke are fed into a blast furnace to form carbon
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monoxide (Eq. 3). Iron ore is reduced through the sequence Fe,Oz -> Fe3z04 ->
FeO by mainly carbon monoxide forming carbon dioxide (Eq. 4) which further
reacts with carbon to form more carbon monoxide (Eqg. 5).

Most of the direct CO, emissions into the atmosphere from an integrated steel
mill come from a power plant and hot stoves, as can be seen in Figure 2, which
expresses the average main carbon flows of the process into and out of the mill
site. These are also the biggest CO; flows from single stacks at the mill site. The
majority — 94% — of the carbon entering the process is in the form of coal, entering
the coking plant and directly to the blast furnace. Some 6% of the carbon enters
the process in the form of limestone, CaCOs, which is calcinated to CaO, forming
CO, at the same time, in the lime kiln and the sinter plant. The internal carbon
containing flows in the steel mill are presented in Figure 3. The carbon exiting the
process is mostly in the form of CO; from various stacks on the mill site as flue
gas. As can be seen, most of the carbon transferred between processes is in
coke, hot metal and LHV-containing gases that can be utilised as energy source in
other processes. The electricity consumption further increases the climate impact
of the production.

Lime Kiln 3.1 %
Others 3.5 %

Limestone: 5.8 % Hot Strip Mill: 4.6 %

Coke Plant: 15.7 %

Coal: 94.2 % Sinter Plant: 15.9 %
Hot Stoves: 18.1 %

Power Plant: 39.1 %

Figure 2. Sankey diagram of major carbon flows in an integrated steel mill as
mass-% carbon entering the process, according to Birat [2009a].
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Figure 3. Main carbon flows in a typical steel mill.

1.3 Climate change mitigation in the iron and steel industry

Industrial sectors, such as cement, iron and steel, chemicals and refining repre-
sent 20% of total global CO, emissions currently [Oliver et al. 2013]. CCS is cur-
rently the only mitigation option available to significantly reduce emissions from
these sectors [IEA 2013]. Of these, the iron and steel industry is one of the largest
emitters of industrial CO2, accounting for around 6% of anthropogenic CO, emis-
sions each year [IEA GHG 2011]. In Europe, the recently proposed stricter emis-
sion reduction targets for 2030 also concern iron and steel production as it is part
of the EU Emission Trading Scheme (ETS) sector [European Commission 2014].
Due to the high risk of “carbon leakage”, i.e. CO; intensive manufacturing industry
moving to countries that do not have any tax or trading of CO, emissions, the iron
and steel industry gets the majority of their CO, emission allowances for free [The
Finnish Council of State 2008]. The amount of free allowances is based on the
historical emissions of tonnes CO, per annum. However, the tightening targets will
increase CO, emission allowance prices and therefore the reduction of emissions
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would also be of interest in the iron and steel industry. The Zero Emissions Plat-
form (ZEP) highlights the importance of reducing emissions and deploying CCS as
a technological option and considering the industrial sector being at least as im-
portant globally as the energy sector [ZEP 2014]. Based on the techno-economic
scenario approach, the “Steel's Contribution to a Low-Carbon Europe 2050” report
[Wortler et al. 2013] states that the highest emission reductions in the steel sector
can only be achieved by utilising CCS technologies. The European Steel Technol-
ogy Platform also acknowledges CCS as a long-term opportunity to reduce GHG
emissions related to steel manufacturing and use [ESTEP 2013].

Various different GHG emission mitigation alternatives have been considered to
enable the decarbonisation of the iron and steel industry, such as energy efficien-
cy, alternative smelting technologies, biogenic reducing agents, hydrogen, elec-
trolysis and CCS [Birat et al. 2003]. However not all of these can be largely de-
ployed to the most important production route — BF+BOF — and all of these solu-
tions have advantages and disadvantages.

Biogenic reducing agents are currently under the spotlight [Norgate et al. 2012,
MacPhee et al. 2009]. They are widely utilised in South America and represent a
huge opportunity for eliminating fossil raw materials from the industry. However
there are also limitations related to this solution: technical challenges, sustainabil-
ity issues related to raw material, challenges in quality needed for high quality
production of steel in addition to the availability and cost of biomass raw material.
Also, the magnitude of incremental energy efficiency and process improvements
are limited to the range of 13%, as Ribbenhead et al. [2008] conclude, whereas
CCS can in theory remove all direct CO, emissions. This leaves CCS as one of
the options with the greatest potential for significant GHG emission reductions in
the iron and steel industry.
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2.1 CO; capture and storage technology

CO; can be captured from energy production or industrial process by utilising
different processes, most of them known in the chemical industry. These process-
es can generally be divided into three categories: post-combustion capture, pre-
combustion capture and oxyfuel combustion. [IPCC 2005]

Post-combustion capture refers to a family of technologies aiming at separating
CO; from the flue gases or off gases that have a relatively low concentration of
COg, generally in the range of 4-16 v-%. These processes are developed for the
scale of CCS, generally from the processes utilised in the chemical industry. Gen-
erally, post-combustion capture technologies refer to solvent scrubbing technolo-
gies utilising chemically CO, absorbing regenerable solvents, but also adsorption
processes, solid sorbents and membranes can be considered. Solvent scrubbing
technologies are considered to be the most developed for the scale. Different
solvents are constantly being sought in the hope of improved characteristics. The
most commercially ready technologies are currently based on amine-based sol-
vents, such as MEA, MDEA, additives like Pz and their combinations. The princi-
ple of a solvent scrubbing technology is based on the capability of solvent to se-
lectively absorb CO, from a gas stream and desorb it later in the process. [IPCC
2005].

Pre-combustion capture removes CO: in fuel gas, such as syngas, or natural
gas prior to combustion. The CO; partial pressure in the gas is generally higher
than in flue gases, as the nitrogen mixed in the gas during air combustion is ab-
sent. The partial pressure of CO, can further be increased by water-gas shift reac-
tion. Due to the higher partial pressure, solvents based on physical absorption
instead of chemical absorption can be utilised. These solvents generally operate
at lower temperatures and higher pressure than chemical solvents, and are sold
under trade names including Selexol and Rectisol [IPCC 2005].

Oxyfuel combustion refers to a combustion process with pure oxygen resulting
in the absence of nitrogen normally entering combustion with air. As a result, flue
gas streams from combustion mainly comprise CO; and H,O, which can be sepa-
rated more easily. After the condensation of water vapour, the gas stream consists
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of roughly 80% CO,. There are also elements of oxyfuel combustion in the oxygen
blast furnace process in iron making explained in the next section [IPCC 2005].

Several advanced technologies for CO, separation with lower energy penalties
associated have also been considered such as CLC (chemical looping combus-
tion), phase change solvents, ionic liquids or membranes. However, all these are
still in early development phase and not ready for commercial deployment. [Gon-
zalez-Salazar 2015, IEA 20144a]

For transportation and storage, CO; needs to be purified and compressed. The
purification step is a multistage compression and distillation process that produces
at least 95% pure CO.. For pipeline transportation, CO; is compressed to super-
critical conditions to avoid energy losses in transportation. For ship transportation,
lower pressures and temperatures are generally considered. Finally, the CO;
stream is compressed to a pressure suitable for the considered storage formation
[IPCC 2005].

Recently, there has been an increasing focus on utilisation of CO; in order to
enable CCS deployment in commercial scale. The most significant application for
CO., currently in use in commercial scale CCS demonstration is EOR, Enhanced
Oil Recovery. Also other uses for CO; are in use or under consideration such as
precipitated calcium carbonate production for paper fillers, use in greenhouses or
use of supercritical CO- as a solvent etc. However all CO; utilisation do not result
as net CO; reduction as the CO; is nhot permanently isolated from the atmosphere
in all applications. Also the potential outside EOR seems to be limited globally.
[IEA 20144a]

2.2 Options for CO; emission reduction in the iron and steel
industry

There are different approaches to applying CCS in the iron and steel industry.
Different technical solutions for capturing CO», namely post-combustion capture,
pre-combustion capture and oxyfuel combustion, or technologies that can be as-
sociated with one of them can be applied to the iron and steel industry and there
are numerous configurations for numerous gas streams that can be considered for
the purpose [Paper V]. Two of the most applicable technologies for significant
reduction of CO, emissions, post-combustion capture and oxygen blast furnace
are considered more in detail below. In this section the scarce publically available
literature on CO; capture from steelmaking gases and oxygen blast furnace is
reviewed.

Most of the research concerning capture in the iron and steel industry discuss-
es the energy requirements of capture solvents specifically suitable for steelmak-
ing gas compositions and the possibilities for improvement of their regeneration
energy and other properties. Carpenter [2012] describes and collects information
on various options for CO; reduction in the iron and steel industry, such as fuel
switch and energy efficiency improvements in addition to describing CO, separa-
tion technologies applicable to the iron and steel industry in the report. Post-
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combustion solvent scrubbing technologies are generally considered as technical-
ly more straightforward to apply as there is no need to alter the core process and
the major impact is heat and power balance of the plant. Cheng et al. [2010] de-
scribe the application of different solvent scrubbing technologies for hot stove flue
gases and the influence of technical design parameters on process efficiency. In
addition, different capture solvent solutions mixes are compared. He concludes
that capture properties of an alcanolamine agueous solution were improved by
adding piperazine.

Goto et al. [2011] investigate the possibilities for developing novel absorbents
that are especially suitable for the properties of blast furnace gas. These absor-
bents were tested on a laboratory scale with as low as 3.1 MJ/kgCO, regeneration
energy with as low as 2.5 MJ/kgCO; regeneration energy potential. Regeneration
energy in that work was considered to be provided by steam, with temperature
above 120 °C. Extensive work by Tobiesen et al. [2007a & 2007b] on solvent
development also concerns gas streams related to the iron and steel industry.
They also conclude that regeneration energy can be lowered by adding pipera-
zine. By combining the best solvents and advanced internal process, integration
regeneration energies of 2.2 MJ/kgCO. could be obtained with conventional blast
furnace top gas.

An oxygen blast furnace can be considered as a modification of a blast furnace
currently widely in use. Instead of utilising enriched air for hot blast, it utilises pure
oxygen [Figure 4]. The top gas from the oxygen blast furnace is stripped of CO
and then recycled back to the blast furnace to act as reducing agent. From the
carbon capture point of view, this configuration leads to less nitrogen in the system
and therefore higher partial pressures of CO,, enabling less energy-intensive CO;
separation. Part of the top gas from the blast furnace is utilised to heat the recy-
cled gas coming from CO; separation. Even without CCS the CO, separation or a
bleed stream is needed in order to remove the inert part of the gas and to prevent
build-up of gases in the system. After CO, separation the recycled gas fed back to
blast furnace contains mainly H, and CO. The CO3-rich stream (~92 v-% COy) is
removed from the process and led to the atmosphere or purified for permanent
storage in an underground reservoir for climate change mitigation [van der Stel et
al. 2014].
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Figure 4. Schematic process configuration of an oxygen blast furnace, with flue
gas recycling and carbon capture and purification.

ULCOS is an acronym for Ultra-Low Carbon dioxide (CO,) Steelmaking. It is a
European Commission-supported cooperative research and development initia-
tive, with a consortium of 48 European companies and organisations to enable the
reduction of CO, emissions from steel production. The aim is to reduce at least
50% of CO, emissions from blast furnaces [van der Stel et al. 2013]. They de-
scribe several technologies that have been considered and explain the benefits
related to the application. They have developed and tested an oxygen blast fur-
nace process with top gas recirculation and CO; removal with the LKAB experi-
mental blast furnace and vacuum pressure swing adsorption (VPSA) unit. The
results of the project predict a reduction of 24% of direct emissions’ with the
ULCOS oxygen blast furnace process. There are also other benefits from the
deployment of this technology, such as implications for the entire steel plant,
which shows a reduction of CO, emissions by 15% per tonne of hot rolled coil.
With CCS technology applied, it achieves greenhouse gas reductions of over 50%,
with a maximum reduction of 75% in comparison to base case reported. Overall,
at the site level they have achieved a 60% reduction of direct CO, emissions from
an entire steel mill site. ULCOS results show that there are several other concepts
also that can achieve the targeted level of CO, reduction, CCS being an essential
part of the solution [Birat and de Lassat 2009b]. The 50% target can be achieved
with OBF with flue gas recycling as well as Hisarna and ULCORED process vari-

! The difference between direct and indirect emission reductions is explained in Section 5.5.

26



2. Literature review

ants. They also conclude that emissions related to electricity generation needed in
the process have a significant impact on the GHG impact.

2.3 Cost of CCS for the iron and steel industry

There are in general few estimations and a limited amount of research published
on the economic and environmental impacts of the application of CCS on the iron
and steel industry. The few existing estimations also have very different set-ups
and they are based on different assumptions. Generally the assumptions behind
cost estimations, system boundary settings and the basis of cost estimations are
not very well documented. The difference between CO, captured, CO, stored and
CO, avoided as well as assumptions associated to theme make direct comparison
of results challenging®. In addition, assumptions regarding transportation and
storage costs are not always included in estimations

IEA [2008] summarises estimations on the costs of CCS in an iron and steel
mill to be capture costs from blast furnaces of $20-25/t and total CCS costs being
$40-50/t. Farla et al. [1995] estimate that capturing 2,8 Mt CO,/a from blast fur-
nace gas by MDEA solvent would cost $35/t CO, avoided. In addition to these,
there are few other papers [Carpenter 2012, IPCC 2005] summarising the existing
estimations.

Beyond these papers, significant contributions to the economic assessments
published are summarised below.

Kuramochi [2011] concludes that CCS costs with various technological solu-
tions for the iron and steel industry in the range of €40-65/tCO, avoided may be
achieved in the short to medium-term. He also identifies possibilities for technical
improvements and in the longer-term estimates that costs can be reduced to €30-
55/tCO, avoided, but states that CO, capture technologies for the blast furnace-
based process may not offer significant advantages over conventional ones.

In Wiley et al. [2011], estimations for 5 Mt of steel a year producing mill reduc-
tions of 7.5 Mt CO,/a would cost A$77-100 from the most economic point sources
on-site, before any costs of transportation and storage. The technology considered
was an MEA post-combustion capture technology and the point sources consid-
ered most economic were included in the study: power plant, coke ovens, hot
stoves and sinter plants.

In their work, Ho et al. [2013] have collected different solutions for the iron and
steel industry with a CO, capture cost price range of A$80—250/tCO, avoided with
MEA solvent scrubbing technologies applied to a conventional steel mill. The
prices are estimated for different point sources around the mill site. From only the
biggest point sources, such as hot stoves and power plant, and with advanced
steelmaking technologies, A$65-80/tCO, cost levels can be achieved. They also

% The principal difference of these terms is explained in Section 5.5.
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estimate the possibility for improvements of up to 25-40% in the CCS process
with vacuum pressure swing adsorption VPSA technology.

Alternative process configurations are considered to be more expensive than
conventional ones [BCG 2013]. The direct reduced iron (DRI) — electric arc fur-
nace (EAF) route enables a shift from coal-based production, but is not considered
to be feasible in Europe, despite the fact that the shift is taking place in the US due
to the shale gas boom. Significant emission reductions can be obtained with CCS,
but these costs are also assumed to be high.

Results from ULCOS show that all alternatives considered in the publication are
currently more expensive than baseline steelmaking. However, they only report on
relative cost results, so no comparative conclusions can be drawn from this re-
search [Birat and Lorrain 2009c].

Recently, IEA GHG published a very extensive study conducted together with
MEFOS, Tata Steel Consulting and SINTEF Materials and Chemistry [IEA GHG
2013]. It describes a comparison of different technological options for the con-
struction of a new BF-BOF route steel mill with a typical Western Europe configu-
ration and access to the natural gas grid for fuel. The study comprises high level of
detail on mass and energy balances and a cost breakdown with an assessment of
emission impact and related costs. They conclude that CO; reductions of over
50% in blast furnace-based iron making require application of CCS. However the
technology development of these CCS technologies to a commercial scale is
ongoing and implementing these technologies would have significant implications
on the commercial viability of a steel mill. The technologies investigated were
post-combustion CO; capture with MEA and with two different levels of CO, cap-
ture rates and OBF with top gas recycling and MDEA/Pz as a solvent for CO;
capture. The whole mill was modelled including sinter, coke and lime production,
hot metal production and desulphurisation, the basic oxygen steelmaking process,
ladle metallurgical refining, and continuous slab casting finishing mill units. The
CO; delivery pressure was assumed to be 110 bar. The results show that with
MEA, a reduction of 50-60% in CO; emissions avoided and with OBF a 47% re-
duction of CO, emissions avoided can be obtained. The costs for emissions
avoided with MEA were $74/t CO, for 50% emission reduction and $81/t CO, for a
60% emission reduction. OBF solutions are cheaper with a price estimation of
$57/t CO2, and the main reason for this is estimated to be the reduced coke con-
sumption in the process. This work is also presented in Hooey et al. [2013].
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3. Focus of the present thesis

Global carbon dioxide emissions from industrial processes and especially from the
iron and steel industry are large. From a Nordic and a Finnish perspective, investi-
gating the opportunities to reduce CO; emissions in the iron and steel industry are
also of significance as steel mills are among the largest point sources in the re-
gion. Because of this, and the fact that other climate change mitigation options are
limited, the iron and steel industry is an interesting opportunity for the application
of CCS technologies.

Due to the global nature of steel markets, the economic competitiveness of the
climate change mitigation solutions have to be stressed. As most of the studies
reviewed above state CCS in the steel industry as being amongst the most com-
petitive processes to apply CCS to, this was an interesting starting point. The
capture cost estimations found in literature started from as low as €20/t CO; — this
is well below general cost estimations associated with CCS in power production
[IEA 2008, IEA 2014b, IPCC 2005, Stern 2007, Teir et al. 2011]. None of the sci-
entifically published work is not based on comprehensive engineering work, nor
addresses the process and integration consequences thoroughly. On top of this,
there is no comprehensive work published on the application of CCS in an existing
steel mill as opposed to greenfield installations.

The Nordic locations also constitute an interesting point of view as the transpor-
tation and storage opportunities, and therefore also the related costs are totally
different from most countries considering CCS. The projects including this work
referred to here are seeking answers to the question: could CCS be a viable op-
tion for Finnish carbon intensive industry?

Most of the research concerning CO; capture in the iron and steel industry ad-
dresses the energy requirements of capture solvents that are specifically suitable
for steelmaking gas compositions and the possibilities for improvement of their
regeneration energy and other properties, or technical improvements in the oxy-
gen blast furnace process. Knowledge of the impact of these factors on the steel
mill system, further from society’s perspective and on global impacts is, however,
limited or non-existent.

The objective of this thesis is to contribute to the knowledge on the feasibility of
greenhouse gas mitigation technologies in the iron and steel industry. This is done
by producing sound numerical data on the feasibility of these greenhouse gas
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mitigation solutions and to compare their technical properties and following eco-
nomic implications. Furthermore the thesis contributes to knowledge of the suita-
bility of the chosen consequential concept assessment methodology in the techno-
economic assessment of climate change mitigation technology investments.

Most of the work done is presented in the five papers appended to this thesis.
The work comprises two different technologies applied to an existing Finnish steel
mill. The case study is based on Ruukki Metals Ltd's steel mill situated in Raahe,
on the coast of the Gulf of Bothnia. It is the largest integrated steel mill in the Nor-
dic countries, producing hot rolled steel plates and coils. It is also the largest CO»
point source in Finland, emitting approximately 4 Mt CO,/a [EMV 2011].

The two different carbon capture technology solutions considered in this thesis
are a post-combustion solvent-based capture as a pure retrofit solution, and a
more advanced and technically challenging technology combining an oxygen blast
furnace with top gas recirculation and CO, separation. These two technology
solutions are assessed in two steps following engineering and investment analysis
principles:

1. First, by developing a technology concept that is suitable for the site at
hand and performing mass and energy balance calculations for the con-
cepts.

2. Second, by evaluating the economic impacts of the deployment of tech-
nologies in varying operational environments.
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4. Mass and energy balance modelling of
applications of CCS in the iron and steel
industry

4.1 Principles of mass and energy balance calculations

Material balances are the basis of process design. Based on material balances,
the quantities of raw materials required and the amount of products can be esti-
mated. An engineering system is composed of individual process units and pro-
cess streams with flows and compositions that connect them. As a whole, these
form a system. The principles of chemical engineering [Peters et al. 1968, Simons
2007, Sinnot 2009] follow the fundamental laws of conservation. In non-nuclear
processes these can be considered as two separate laws: conservation of matter
and conservation of energy.

Following Simons [2007] the conservation of mass law for a box representing
system boundaries is:

My + G = Myour = G = —7
, for species, element or compound.
M in Input is the mass of species entering the box through a sys-
tem boundary
G; Generation is the species produced in the system, e.g. from
chemical reactions
C; Consumption is the species consumed in the system, e.g. in

chemical reactions
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M out Output is the mass of species leaving the box through a sys-
tem boundary

dm; Accumulation is the amount of species that adds up in the

dt box inside system boundary

Material can change form, for example, through chemical reactions or phases, but
the total mass flow in a steady state process must equal the total mass flow out.
From the design point of view, in a steady state process the accumulation should
also equal zero, resulting in a simplified form of equation for the total mass:

Dt = D titgue ™

, and individual components:
My —C = My + G (8)

The conservation of energy law is also known as the first law of thermodynamics,
and it follows the principles of conservation of mass law, with the exception that
there are different types of energy that can exist: heat, mechanical energy, electri-
cal energy, but the total energy is conserved. For a non-nuclear process these
forms of energy can be classified as:

1. Kkinetic energy — the energy created due to the translational motion of the
system

2. potential energy — the energy a system has due to a position in a poten-
tial field

3. internal energy — all other energy possessed by a system other than ki-
netic or potential energy.

Like mass, energy can be transferred from and to a system. There are two princi-
ples that govern how energy can be transferred:

1. heat or energy that flows through a temperature gradient
2. work, or energy that flows in response to any driving force other than a
temperature gradient

The full equation for the first law of thermodynamics can be written:
AU+ AE, +AE, = Q- W 9

32



4. Mass and energy balance modelling of applications of CCS in the iron and steel
industry

where AU is the difference in the internal energy of all the streams coming out of a
system in relation to those coming in, AEx the change in kinetic energy, AE, the
change in potential energy, Q the amount of heat put into the system and W the
amount of work done by the system.

The conservation laws hold to any complete process or any sub-division of the
process within any system boundary that can be set in an arbitrary way. The mass
and energy flows that cross the system boundary are in balance according to the
laws of conservation.

4.2 Attributional versus consequential approach to life cycle
assessment

The term life cycle assessment (LCA) refers to a fair, holistic assessment for map-
ping all the influences of raw material production, processing, distribution use and
disposal and all related actions necessary or that are caused by the existence of a
product, process or service on human health and environment. There are two
main principle types of approaches to a life cycle assessment problem that are,
according to Finnveden et al. [2009], attributional and consequential assessment
methods:

1. The attributional assessment method aims at identifying and making
commensurable energy, material, emission, etc. burdens related to a
production and use of a product or a service. Typically, this approach
would answer the question: what are the total environmental effects of
producing and utilising this product?

2. The consequential assessment method aims at identifying and making
commensurable the consequences of an impactful decision or a change
in a system. This approach would typically answer the question: is one
option better than the other and by how much based on the environmen-
tal effects are they likely to cause?

4.3 Consequential approach to mass and energy balance
calculations in the deployment of CCS at a steel mill

The mass and energy balance approach is applied here in the implementation of
CCS technology at an iron and steel mill with a consequential approach for
boundary setting. This technical evaluation can be roughly divided into two main
steps:
1) Implications of the application of the CCS on a process level, and
2) Implications of the application of the CCS on the mass and energy bal-
ances on the site level.
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Figure 5. lllustration of a) an attributional and b) a consequential approach to mass
and energy balance calculations and economic assessment.

As the investigation of applying CCS in this case is a retrofit investment to an
existing site and existing production process, a common engineering approach for
investments of new equipment into an existing facility is a consequential assess-
ment type of approach on the setting of system boundaries and dealing with inter-
actions with the surrounding facility. This results in less workload because it is a
question of which option is better over another and only part of the process is
changing. When considering the change, with the attributional approach this would
result in a lot of calculations, which would end up being subtracted from each
other and thus result in zero. With consequential assessment, only those parts
affected by the investment or process alteration are considered and the result is
the same. This principle is illustrated in Figure 5. The parts affected can be identi-
fied e.g. based on preliminary engineering. With the consequential approach for
setting the system boundaries, we avoid excess work in calculating the entire plant
site without any changes due to the investment decision. The system boundary is
selected to only include the process units significantly affected by the change. This
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way the whole integrated steel mill does not need to be modelled and included in
the economic evaluation. From an economic point of view, only those changes in
the streams crossing the evaluation boundaries need to be assessed, as changes
inside system boundaries define the streams crossing boundaries.
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Figure 6. Example of setting analysis boundaries [Paper I].

We focus on a retrofit investment, and therefore a common engineering approach
for investments of new equipment into an existing facility is a consequential as-
sessment type of approach with the setting of system boundaries and dealing with
interactions with the surrounding facility. This approach is applied to two different
CCS technologies: post-combustion carbon capture and oxygen blast furnace with
CCS, applied to a steel plant in order to reduce the greenhouse gas impact of the
site. The parts of the steel mill under investigation and the boundaries for the
evaluation are described in Figure 6.

The underlying questions at the process level are different operation assump-
tions of the process after investments, the selection of auxiliary processes, their
energy requirements and integration in the steel mill. At the site level, the essential
questions are: the overall energy balance on-site, replacing fuel usage, replacing
energy production, and energy-related investments.
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The study is based partly on the current operational conditions and partly on a
hypothetical situation at Raahe steel mill. The sintering plant was closed in 2011,
which affected the gas streams around the plant and the direct emissions of the
plant site. The study investigates a situation where the current power plant at the
site is renewed and converter gases are collected and utilised in the power plant.
In addition, heat recovery from the steelmaking processes is improved and the
production of process steam at the power plant is thus decreased. In this study,
the hot stoves use only blast furnace gas as fuel. The power plant uses a mixture
of gases, comprising blast furnace gas, coke oven gas and converter gas. The
gases originate from fossil fuels, mostly coal and heavy fuel oil.

The basis for the entire techno-economic assessment is the modelling of the
process environment, and the application of CCS technologies with auxiliaries.
The CO, capture processes and the steelmaking processes were modelled using
Aspen Plus® modelling software and the results were used to estimate the CO,
emission reduction potential using post-combustion capture and oxygen blast
furnace technologies in an integrated steel mill. As presented above, only the
parts of the steelmaking processes affected by the deployment of CO, capture
were investigated. Different amounts of captured CO, were investigated. The
amount of CO, captured depends on solvent technology selection, solvent proper-
ties and heat available for solvent regeneration. The capture unit is sized based on
the heat available for solvent regeneration in different scenarios. Different cap-
tured CO, amount cases are the result of the capture unit being sized to capture
as much as possible with a 90% capture level with the available heat. Based on
the energy and material balances obtained from the modelling and the technical
feasibility of investigated solutions, the economic profitability is further evaluated.
Emission reductions are estimated within the system boundary, i.e. from an inves-
tor's point of view. The results from the Aspen Plus® model were used to estimate
the impacts of the CCS at the site level. For these estimations, a new steel mill
application was created in the MS Excel-based toolkit CC-Skynet™.

The cases with CO, capture are compared to the base case without the cap-
ture. The production of steel, the utility steam consumption and the district heating
demand are assumed to remain at a constant level, also when applying CO. cap-
ture. The amount of electricity bought from or sold to the electricity grid is bal-
anced towards the production at the power plant and the increased consumption
of electricity, which depends on the amount of CO, captured. CO, crosses the
system boundary either with the flue gases from the power plant and hot stoves,
or as a pure stream for transportation to a permanent underground storage.

4.4 Application of post-combustion carbon capture

Typical carbon flows of an integrated steel mill are presented in Figure 2 to il-
lustrate the carbon intensity of the processes and show the single biggest CO,
emission sources on-site, as presented and explained in Section 1.2. As can be
seen in the figure, hot stoves and the power plant are the biggest single sources of
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CO, at the mill site. In the case study, there is no sintering plant on-site and the
relative share of direct CO, emissions from the coke oven is smaller than that
shown in Figure 2. Therefore, capture from power plant and hot stove flue gases
was considered to be the design basis for the post-combustion capture at the site.
Blast furnace gas represents by far the largest fuel gas stream utilised within the
boundaries of this study. Since the amounts of other fuel gases used are small,
there are no significant differences between the flue gases of the power plant and
the hot stoves regarding composition, CO, content and impurities. Therefore, no
significant advantage would be gained from treating these gas streams in separate
capture units. A single capture island could be used because of the close location
of the flue gas stream sources and the steady operation of both the process units
that generate CO». In addition to this, only a single location suitable for construct-
ing a capture island was found within reasonably close proximity to the sources.
This also justifies the combination of the two flue gas streams into a single capture
island.

Post-combustion capture (PCC, not to be confused with pulverised coal com-
bustion or precipitated calcium carbonate) was chosen as the approach because it
was considered to minimise the modifications needed to the existing core
steelmaking processes. The basis of considerations for capturing carbon dioxide
from the flue gases was a conventional monoethanolamine (MEA)-based solvent
scrubbing process. In addition to this, the usage of two alternative solvents was
investigated with a rough, conceptual study. This was performed to study the
possible effects and benefits for CO, capture in the future when more advanced
methods have been developed. The schematic principle of applying a post-
combustion capture process is presented in Figure 7 and the connections between
process units in Figure 6.
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Figure 7. Schematic process configuration of applying post-combustion capture to
an iron and steel mill.

The configuration of the basic regenerable solvent scrubbing process is presented
in Figure 8. Flue gas from a power plant or other source is cooled down and the
saturated gas is then fed into the lower part of an absorber column. Liquid solvent
enters the column from the top, making a counter current contact with the gas
stream. Advanced configurations of columns with several recycle streams and
feed points have also been designed to improve the efficiency of the process. CO;
from the flue gas is chemically absorbed by the liquid solvent. The CO»-rich sol-
vent exits the absorber column from the bottom and is fed to the stripper column
via a cross heat exchanger to improve the heat recovery inside the process. The
resulting COz-lean gas stream exits the column from the top of the absorber and is
let into the atmosphere. Additional energy, generally in the form of steam is fed to
the stripper via a heat exchanger, to break the chemical bonds between solvent
and CO,. This generates a CO,-rich gas stream that exits from the top of the strip-
per and can be further compressed and transported to permanent storage. The
COg-lean solvent is then recycled back to the absorber column through a cross
heat exchanger [IPCC 2005].
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Figure 8. Schematic overview of solvent-based post-combustion carbon capture
technology.

Heat integration has a significant role in integrating CCS to an iron and steel mill.
Within this assessment, opportunities for the CO, capture process are based on
matching the heat levels, heat sources and sinks. Heat can be recovered from
steelmaking processes or generated in the boilers at the steel mill site. The heat
can be utilised in electricity production and for solvent regeneration. Other utility
consumptions of heat, the demand for district heat and the utilisation of process
steam on-site are considered to be equal in all modelled cases. The available heat
streams were divided into four categories for facilitating heat integration according
to temperature and level of exergy to enable rational optimisation of utilities.

The amine capture process was modelled using a standard 30% MEA solvent.
The standard capture process consists of an absorber unit and a stripper unit,
pumps and heat exchangers. The process was modelled with an equilibrium mod-
el in the Aspen Plus® process simulation software. It was recognised that rate-
based simulation models are known to be superior to equilibrium-state models for
MEA modelling [Zhang et al., 2010, Taylor et al. 2003]. However, a simpler equilib-
rium model was considered to be sufficiently accurate for the accuracy needed at
this level of concept analysis, where the capture process is only one component of
many.

The standard MEA solvent can to some extent be considered outdated and not
the best performing state-of-the-art solvent for new CO, removal processes. Be-
cause of this, two other capture processes were conceptually evaluated to reflect
likely future improvements in solvent scrubbing technologies and their implications
for carbon capture processes with steel mill integration. Nevertheless, MEA sol-
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vent-based processes are the most evaluated and best known processes, provid-
ing a baseline reference to compare results with other studies. However, these
alternative solvent options more effectively reflect the solvent options available to
a steel mill in the future. These evaluations are based partly on current operational
conditions and partly on hypothetic assumptions.

The evaluation of the first of the two alternative solvents is based on public in-
formation available on the Siemens amino acid salt CO, capture technology (re-
ferred to as “advanced” later on in the text). This technology was chosen in the
Fortum FINNCAP project, targeting the demonstration of CO, capture at Meri-Pori
condensing power plant [Fortum 2009]. The most significant benefit with this sol-
vent in comparison to MEA solvents is the low regeneration energy requirements
of 2.7MJ/kg CO; [Fortum 2010].

The second evaluation with an alternative solvent is based on an imaginary
solvent (referred to as “low-T” later on in the text), which is able to be regenerated
at a significantly lower temperature than baseline MEA. This is assumed to be the
result of solvent development work in the future. Having a lower regeneration
temperature, even at the expense of relatively high regeneration energy, could
open up new opportunities for CO, capture implementation, especially in the pro-
cess industry, where low-temperature waste heat streams are readily available.
The regeneration is set to occur at 70 °C, which enables a significantly larger
share of the waste heat streams to be utilised for solvent regeneration and thus
increases the amount of CO, that can be captured. In theory, it could be possible
to develop these kinds of solvents [Zhang et al. 2010] if the advantages achieved
with low temperature regeneration would compensate for other disadvantages.
The regeneration energy of 3.0 MJ/kg CO, was assumed based on Zhang et al.
[2010].

4.5 Application of oxygen blast furnace with flue gas
recycling and CCS to an iron and steel mill

An oxygen blast furnace (OBF) is a blast furnace fired with pure oxygen instead of
oxygen-enriched air. The schematic picture of application of OBF at a process unit
level is presented in Figure 9. In principle, the process resembles a conventional
blast furnace process but a part of the top gas is recycled back to the furnace to
reuse the carbon in top gas as a reducing agent. This is called flue gas recycling
(FGR). Because of this, the top gas of the blast furnace contains very little nitro-
gen. The CO; of the top gas is separated and the hydrogen and carbon monoxide
is recycled back to the blast furnace to act as reductant and improve the energy
balance. The separated CO; is purified, compressed and sent to a permanent
storage via ship transportation.
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Figure 9. Schematic process configuration of application of oxygen blast furnace
with top gas recycling and CCS to an iron and steel mill.

The technical evaluation is based on detailed Aspen Plus® modelling of the pro-
cesses involved, such as the air separation unit, CO, separation unit as well as
the compression and purification of CO,. The oxygen blast furnace is modelled in
this assessment as a black box. The information about input and output streams is
based on experimental data provided by Ruukki. Vacuum pressure swing adsorp-
tion (VPSA) was the chosen CO; separation technology in this study. The VPSA
process was chosen, as it was expected that the amount of excess steam required
by MEA capture is not available on-site when removing the power production
block. Oxygen for the OBF is produced by an air separation unit (ASU). The ASU
utilises conventional cryogenic technology for oxygen production. Similar ASUs
are currently operating on the existing site to produce oxygen, for instance, for
oxygen enrichment in the conventional blast furnaces. The amount of mixed gas
combusted in the preheater is estimated to be equal to the amount of mixed gas
used in the power plant in the reference case in order to minimise changes in gas
utilisation in the steel mill.

The most significant difference in comparison to the post-combustion capture
reference case is the injection of coal (pulverised coal injection, PCI) into the blast
furnace instead of extra heavy fuel oil that is assumed in the OBF base case. The
differences in the reference cases have an impact on some results, but the impact
is estimated to be minor when compared with overall uncertainties related to the
impacts of OBF. However, the utilisation of PCI changes the composition of top
gases from blast furnaces (including OBF), reduces steam consumption due to
avoided oil heating, and requires inert gas for the injection of pulverised coal.
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4.6 Technical scenario descriptions

The assessment involves several different process configurations, technologies
and capture rates. These are briefly described below. More detailed information on
the deployment scenarios can be found in the appended articles. Based on the
approach and values presented in the previous section, the energy balance and
CO; emissions could be calculated for the steel mill with three technology deploy-
ment scenarios related to post-combustion capture and three scenarios related to
OBF, resulting in different CO, emissions and economics. Three different solvent
solutions were varied in post-combustion capture scenarios 2 and 3.

Post-combustion capture (PCC) scenarios:

PCC 1: reference

This is the baseline scenario, with no carbon capture process in
place. The plant operates according to business as usual, and the

power and heat are produced at a normal rate.

PCC 2: Turbine back

pressure operation

The size of the carbon capture installation is designed for utilising
the steam available from the steam turbine in back pressure opera-
tion. This enables the capture of CO, and heat production for
covering the heat demand for both the steel mill and the district
heating network. In addition, some electricity generation is possible
with the high pressure steam. The sizing of the capture plant is
based on the amount of steam going to the low pressure section of

the turbine in the baseline scenario.

PCC 3: No electricity

production

The carbon capture plant is sized for a case where all available
thermal power is utilised for the regeneration of the solvent. Only
the steam and heat demands of the steel mill are satisfied and all
other heat is utilised for regeneration of the solvent. In this scenario

there is no on-site electricity generation.
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Oxygen blast furnace (OBF) scenarios:

OBF 1: Reference

This is the baseline scenario, with no carbon capture process in
place. The plant operates according to business as usual, and the
power and heat are produced based on average demand. The

difference to PCC 1 is that PCl is used instead of heavy oil.

OBF 2: Application of

oxygen blast furnace

The conventional blast furnaces are replaced with oxygen blast
furnaces dimensioned to maintain the current production levels of
the plant. The coking plant remains as it is in the reference case.
CO; is separated from the recycled gas stream only for the opera-
tional requirements of the OBF, but there is no compression and
transportation to permanent storage. There is no electricity genera-

tion on-site.

OBF 3: Application of
oxygen blast furnace

with CCS

CO, removed from the top gas stream in Scenario 2 is purified,
compressed and transported to permanent storage to mitigate

climate change.
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5. Modelling of the economic feasibility of
CO, capture in the iron and steel industry

In the literature, break-even prices (BeP) and costs per avoided CO, emissions
are the most common indicators used for the economic feasibility of CCS. In this
study, BeP is used as one of the main indicators and it is defined as the required
average price of CO, emission allowances in the EU emissions trading scheme
(EU ETS) during the considered time frame to make the studied CO; emissions
reduction option as feasible as the reference case.

5.1 AACE economic assessment classifications

The economic evaluations of investment profitability can be made for different
purposes in different phases of the investment process. The assessment levels
can vary from the simplest concept assessments to detailed engineering and
execution design. The simplest evaluations are intended to provide an order of
magnitude of understanding of the proposed investment. These are generally
considered at a very early phase of an investment decision or even before actually
considering investment simply for the screening of possibilities. The background
information for decision making is constantly evolving to become more and more
accurate as more information on the investment is gained through the design
process and engineering work based on decision-making. In addition, the budget
and the workload of the economic evaluation significantly increase in order to get
more accurate estimations. One traditional classification of the accuracy of eco-
nomic evaluation and assessment of investment costs is the AACE classification
of assessments [AACE 2011, Towler et al. 2013]. AACE, the Association for the
Advancement of Cost Estimating International (AACE International), is the profes-
sional association representing the cost engineering profession in the United
States. The classification of economic assessment levels is presented in

Table 1 and the increase in accuracy of estimations throughout the evolvement of
an investment project is illustrated in Figure 10.
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Table 1. Economic estimation accuracy classification [AACE 2011].
AACE | MATURITY END USAGE | METHODOLOGY EXPECTED
Class | LEVEL OF Typical ical estimati hod ACCURACY
ypical purpose Typical estimating metho: RANGE
PROJECT of estimate l'l'ypica:jvha}riﬁtion,
DEFINITION oW and mgn fanges
DELIVERABLES
Expressed as % of
complete definition
5 0% to 2% Concept Capacity factored, L: -20% to -50%
screening parametric models, H: +30% to +100%
judgment, or analogy
4 1% to 15% Study or | Equipment factored or L:-15% to -30%
feasibility parametric models H: +20% to +50%
3 10% to 40% Budget Semi-detailed unitcosts | L:-10% to-20%
authorisation with assembly level line | H: +10% to +30%
or items
control
2 30% to 75% Control or Detailed unit cost with L:-5% to -15%
bid/tender forced detailed take-off H: +5% to +20%
1 65% to 100% Check esti- Detailed unit cost with L:-3%to-10%
mate detailed take-off H: +3% to +15%
or bid/tender

A go/no go decision on investigating the investment opportunities further can in
some cases be based on extremely simple evaluations of the feasibility of a con-
cept, such as raw material price vs. product price estimations. More accurate
evaluations might not be needed, for example if the product or raw material market
price fluctuations are so high that the accurate estimation of investment costs
becomes irrelevant as a negligible factor for decision-making.

The accuracy of investment estimations improves during the lifespan of an in-
vestment project (Figure 10). At the beginning of the development of a plant or
other investment, rough Class 5 concept screening evaluations and “back of hand”
calculations are performed to screen potential investments. As plans get more
accurate and engineering proceeds, it is possible to make more accurate cost
estimates. The most detailed estimations require detailed plant engineering to be
completed and the estimations based on actual tender quotes from subcontractors
and equipment providers. In addition, the role of contingencies and technical un-
certainties with first-of-a-kind and non-commercially available plants add signifi-
cant inaccuracy to cost estimations [Merrow et al. 1979]. In this context contingen-
¢y is understood as a potential hegative economic event which may occur in the
future due to e.qg. difficulties in implementation of new technologies.
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Figure 10. Example of variety of project cost estimates for the process industry
[AACE 2011].

5.2 Principles of economic assessment of investments

The most common methods in assessing profitability of investments are net pre-
sent value (NPV) and internal rate of return (IRR). These methods are also used
by energy producers and the process industry, combined with various kinds of
sensitivity assessments.

For the very same reason that interest rates are in use, the equal amount of
payments in the future is considered less valuable than the payment taking place
in the immediate future. With NPV, also known as the annuity method, the series
of future payments can be made comparable. The future payments are multiplied
by a discounting factor, to get their comparable net present value. If the net pre-
sent value of all payments related to an investment is positive, the investment is
profitable. If values of several investments are positive, the most valuable is the
one with largest net present value [Brealey et al. 2003].

Engineering design projects are conducted for two primary purposes: a) to
generate the actual design to enable the construction and installation of equip-
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ment, and b) to provide information for decision-making about the profitability of an
investment. These estimations are made on different levels, and the estimations
get more extensive and the accuracy improves as the project advances. However,
the basic principles of the evaluation of investment profitability are the same. The
evaluations can be based on different key figures, of which cash flow analysis and
net present value (NPV) are considered here as typical approaches [Peters et al.
1968, 2002, Sinnott et al. 2009].

The net present value (NPV) of a project is the sum of the present values of the
future cash flows:

T CR
NPV = Z @+in (10)
n=1
Where
CFn = cash flow in year n
t = project life in years

i = interest rate

Cash flow for each year can be determined based on annual costs, revenues and
resulting profit. For process engineering, the types of investment costs can be
divided into capital costs, fixed operational costs and variable operational costs.
Interest rate is considered to reflect cost of money, i.e. interest you have to pay for
a loan. Discount rate however is the rate used when adjusting for the "time value
of money" used in discounted cash flow analysis that can also include including
also a risk or an uncertainty factor of future cash flows. Based on cash flows and
net present value, a monetary value can be set for the changes between cases.

Capital investment projects in e.g. process engineering are divided into two
parts, inside the battery limits (ISBL) and outside the battery limits (OSBL). ISBL
constitutes the process units and the focus of the project. It can be a plant built
from scratch or part of a renewal of an existing plant. OSBL is all connections that
are needed to make the ISBL operational, meaning utilities, feed and product
streams, etc. Fixed capital investment consists of ISBL investment, which is the
cost of the plant itself, modification costs to OSBL, engineering and construction
costs and contingencies. Variable costs of production are costs proportional to the
plant output or operation rate, such as raw materials, fuels and utility consuma-
bles. Fixed operational costs are costs that are only incurred if production takes
place, but the amount is not proportional to the amount of production. These can
be costs such as labour, maintenance or taxes.
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5.3 Boundary discussion on economics

The boundaries used for the economical evaluations are the same as those de-
fined in the technical assessment and based on similar justifications as in Section
4.3. An example of boundaries utilised for economic assessment are presented in
Figure 6. As boundaries in the technical concept assessment, following the princi-
ple of consequential assessment, the presented boundaries can be used and
unchanged processes, costs and emissions can be excluded from the assess-
ments. Capturing CO, from the flue gases from the power plant and the blast
furnace hot stoves using a post-combustion capture method, or application of an
oxygen blast furnace with flue gas recycle, has no effect on the core ironmaking
processes outside the boundaries described. The system boundary for the LCA
study is broader, because this also includes the impacts of studied cases on GHG
emissions from transportation and storage as well as the production of the electric-
ity purchased by the steel mill, for instance. These life cycle emissions are taken
into account when the costs of avoided CO, emissions are estimated.

The boundary definition is multi-dimensional, as unchanged labour costs, facili-
ties and equipment, for example, are excluded from the study even if employees
currently work with the processes inside the drawn system boundary. Obviously,
required additional labour expenditures due to the application of CCS are included
in the study.

5.4 Capital cost estimation and investment cost scale-up

Investment and equipment costs can be estimated quickly based on existing
knowledge or published data on the investment costs of certain equipment and on
a scale that information is suitable for the purpose at hand. This requires no de-
tailed design of process equipment and gives a reasonable investment cost esti-
mate [Green and Perry 2008].

;=0 (&)n (12)
Sy
Where
Cz = capital cost of plant or process unit with the capacity of S,
Ci1 = capital cost of plant or process unit with the capacity of S;
n = scale-up exponent

Scale-up exponents are factors typically ranging from 0.6 to 0.9, depending on the
type of process. These factors are published in several engineering publications
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including Green and Perry [2008] and Towler et al. [2013] for different types of raw
materials, processes and plants.

5.5 Economic assessment and application of CCSin an iron
and steel mill

The objective of the economic assessment was to evaluate the economic fea-
sibility of the proposed technology investment. The approach in this work corre-
sponds to AACE class 5 estimation accuracy in
Table 1. This was done based on two calculated parameters indicating the eco-
nomic performance of applying CCS to the steel mill site. The first parameter, the
break-even price (BeP) of CO,, describes the feasibility of these technologies as a
GHG emission mitigation tool. The second parameter, the effect of the investment
on the production cost of steel, describes the feasibility of the investment from the
steel manufacturing point of view. When applying CCS to an iron and steel mill,
the capital expenditures (CAPEX) are higher than in the reference case. With
increasing EU ETS emission allowance prices, the operational expenditures
(OPEX) are rising faster in the reference case than in the CCS cases. BeP is
defined as the break-even price of CO, emission allowances in the EU ETS (EUA)
where CCS turns profitable over the reference case, making a CCS investment
feasible. This means that the BeP is the emission allowance price that would
make the annual costs of reference case equal to the CCS application case. In
other words, it states what the average EU ETS allowance price should be over
the investment period in order to make the investment profitable. The effect of the
investment on the production cost of steel is similarly based on the cash flow anal-
ysis. In the reference case, the EU ETS allowance price brings a definable addi-
tional cost factor to steel production price that is proportional to the amount of
allowances that need to be purchased. In CCS cases, the need for purchasing
allowances diminishes, but larger investment costs and additional OPEX due to
additional processes raise the production costs.

The difference between terms CO, captured or reduced and CO; avoided is
that CO, captured does not include the impact to emissions outside system
boundary. CO, captured refers to the amount of CO; that is captured and stored.
CO, reduced refers to the direct impact that CCS has on reducing CO, emissions
compared to not using CCS, i.e. the impact the site operator sees in relation to
emissions trading scheme. CO, avoided refers to the impact that the actions have
on a system level or global perspective, taking into account indirect emissions e.g.
due to changes in the energy production and consumption. Direct emissions refer
only to emissions emitted to the atmosphere directly from the site, whereas indi-
rect emission reductions also take into account changes in the operational envi-
ronment outside system boundaries.

In order to estimate costs and GHG emission balances throughout the overall
CCS chain, a Microsoft Excel-based system model called CC-Skynet™ was used.
The model has been developed at VTT Technical Research Centre of Finland
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since 2005 to simulate the economics of power plant operations in different opera-
tional situations. Between 2008 and 2011, the model was further developed in a
project called CCS Finland to also cover investments and operation of CCS for
power plants and the steel industry [VTT 2014].

Economic indicators for the various technology scenarios described in Section
4.6 were assessed in different application cases. The economic assessment is
based on the assumption that the steel production of the mill in the different cases
studied is constant. Electricity net purchase or sale over the system boundary is
allowed from or to a national grid. The most important parameters, in terms of
economic feasibility of CCS, are the prices for EUA and electricity. These two
parameters were varied in the study and the most important results are presented
with different prices.

Because there are only a few steel industry-based CCS approaches studied in
the literature, especially based on PCC, the overall CCS investment assumptions
are based on the relatively vast literature data on PCC in the power sector.

5.6 Break-even prices of EUAs and the impact of CCS on steel
production costs

Two different indicators for the economic implications of CCS on the steel mill are
calculated:
a) the break-even price (BeP) for CO., to represent the impact of technolo-
gy on an actor in the EU ETS carbon allowance markets, and
b) the impact to the production cost of steel to represent the impact of tech-
nology to competition in global steel markets.

The break-even price of CO; for each scenario and case is calculated based on
the annual costs and the annual emission reduction from the plant operator point
of view. The costs are also estimated for the emissions avoided. That is based on
the change in annual costs and the annual emissions avoided from society’s point
of view.

BEP = Acost
" Aemissions (12)
where
Acost = change in annual costs in comparison to reference case
Aemissions = change in annual emissions in comparison to reference case

The impacts of these factors on the production costs of steel are calculated based
on the equation
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Capexccs + OtherOPEX s
Popooy = + POg;pop + Eces < PO icicy + P
Steel SteelProd Steel ccs Electricity co2 (13)
x (correlation X Evprqr + CO2401a1)
where
Capexccs = the annual capital expenditures due to required CCS invest-

ments [M€/a]

OtherOPEXccs = the impact of CCS on operational expenditures other than elec-
tricity and CO costs, such as LPG consumption and coke selling
(described in previous sections) [M€/a]

SteelProd = the annual steel production [Mt/a as crude steel]

POstee = the reference steel price, i.e. the steel production cost without
the costs related to CO, emissions [€/t]

Eccs = the additional electricity consumption due to CCS [MWh/t crude
steel]

POkgiectricity = the electricity price without the impact of CO, prices [€/MWNh]

Pco2 = the price of CO; emissions for steel mill (e.g. in the EU ETS) [€/t
CO3]

Correlation = the electricity price dependency on CO price i.e. the penetra-
tion of CO, price to electricity market price [t CO2/MWh]]

Etotal = the overall electricity consumption of the steel mill in each case
[MWh/t crude steel]

CO2tal = the overall CO, emissions from steel production in each case [t

COyft crude steel]

5.7 Cost assessment of the PCC and OBF steel mill cases

Different cases are utilised to reflect different operation situations and configura-
tions of different technology scenarios. For the emissions balance and economic
evaluations, each case is compared to the reference case. Post-combustion car-
bon capture cases are compared to the PCC base case and OBF cases accord-
ingly to an OBF reference case. The difference between these reference cases
was explained in Section 4.5. In general, the overall economics of CCS is strongly
dependent on the energy penalty due to CCS and its implications for electricity
balance over an evaluation boundary. The net electricity production of the eco-
nomic system boundary is “sold” to the rest of the steel mill using the given market
price for electricity, since any change in power production at the steel mill impacts
on the steel mill's need to purchase electricity from the market. The entire steel
mill is a net electricity consumer in any case but in cases 4 and 5, where no elec-
tricity is produced, the considered economic system is also a net electricity con-
sumer. In addition, the amount of available district heat from the economic system
boundary changes from case to case.
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District heat is utilised in the premises of the mill and in the city nearby. Howev-
er, there is an upper limit given for the amount of heat that is possible to sell from
the system due to the limited heat consumption of the relatively small city to which
the district heat network is connected. Heat supply is restricted to this limit in all of
the cases with the exception of case 1 with “Low-T" solvent. The amount of com-
busted gases is equal in all the cases, because it is not dependent on the (post-
combustion) CO- capture process or any other case variable. Therefore, the CO
formation from combustion is also equal in all the cases. The PCC processes
considered with three different solvents for CO, capture and two scenarios for the
heat production for solvent regeneration presented are used as a basis for the
case studies. In the studied steel mill there are several options for different heat
integrations available, leading to different energy penalties and economics for
CCS. The most economical solution is dependent on the solvent considered, in-
vestments required for heat recovery, and future prices for electricity and EUAs,
for example, which are all uncertain. Therefore, three additional cases comparing
heat production options were studied for each solvent. The modelled cases in-
cluded increased heat recovery from the steel mill processes suitable for solvent
regeneration, resulting in higher CO; capture capacities. Only the recovery options
resulting in water or steam streams at temperatures of over 130 °C were consid-
ered. The investigated OBF cases represent different technology application sce-
narios, as no options as in PCC cases for different heat integration options are
relevant with the technologies considered.

The investigated cases are described in
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Table 2, following Papers Il and IV. An example of the CC-Skynet™ tool ap-
plied to the PCC cases is available at:
http://www.vtt.fi/proj/ccsfinland/ccsfinland _sovelluskohdetarkastelut.jsp?lang=en.
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5. Modelling of the economic feasibility of CO2 capture in the iron and steel

industry

Table 2. Case description of economic evaluation.

Case number

Case description

PCC case 0

The reference case without CCS, to which the CCS cases are compared.
Some developments to the existing steel mill described in Section 4.4 are
already implemented.

PCC case 1

Small-scale CCS application, where the capacity of the CO, capture
plant is determined by the regeneration heat available for the solvent
using the process heat recovered from steel mill processes by additional
investments. Intermediate steam from a turbine is neither used for sol-
vent regeneration nor for district heating, because additional heat (in
comparison to the reference case) is recovered for district heating using
the waste heat from the capture and compression units. Therefore, pow-
er production increases and electricity production is higher than in the
reference case. However, the compression stage increases plant elec-
tricity consumption and electricity output from the economic system
boundary is less than in the reference case.

PCC case 2

The capacity of the CO, capture plant is determined by the heat con-
sumption of the solvent regeneration, which is set to be equal to the
amount of heat in the intermediate steam available from the turbine.
Therefore, condensing power is not produced. There are no investments
in heat recovery in this case.

PCC case 3

A combination of the previous two cases. The capacity of the CO, cap-
ture plant is determined by its heat consumption, which is set to be equal
to the sum of the heat streams of cases 1 and 2.

PCC case 4

The capacity of the capture plant is determined by its heat consumption,
which is set to be equal to the whole steam production of the boiler.
Therefore, there is no power production. Depending on the energy re-
quired for the regeneration of solvent considered, the amount of heat
may be sufficient to capture all CO, emissions within the economic sys-
tem boundary. There are no investments in heat recovery in this case.

PCC case 5

The capacity of the capture plant is determined by its heat consumption,
which is set to be equal to the sum of the heat streams of cases 1 and 4.

OBF case 0

OBF reference case

OBF case 1

Application of OBF without CCS

OBF case 2

Application of OBF with CCS

The economic assessment is based on a 10% interest rate and a 20-year eco-
nomic lifetime of investments. Coke price is set to €300/t, the cost of electricity
purchase without the impact of costs of CO, allowances is set at €60/MWh and
the cost of natural gas at €40/MWh. A complete list of nhumbers utilised in the
assessment can be found in the appended papers.
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6. Results

6.1 Direct mass and energy balance implications of
deployment of CCS

Technical process configurations for applying post-combustion carbon capture and
oxygen blast furnace with CCS to an iron and steel mill were developed (Paper |
and 1ll). Based on the conceptual design, no major technical restrictions for apply-
ing CCS to an iron and steel mill were found. The developed technical concepts
were presented in Sections 4.4 and 4.5. As a result, it is clear that it is technically
feasible to capture CO, from an iron and steel mill with post-combustion solvent
capture and carbon capture in connection to OBF. Both of the technological solu-
tions of applying CCS have significant implications for the energy balance of a
steel mill. The solvent regeneration requires significant amounts of heat and elec-
tricity production rates are changing due to alternative use of gases. With conven-
tional MEA solvent, the amount of steam required to capture entire CO, emissions
from two selected point sources exceeds the amount of maximum steam produc-
tion without any excess fuelling in comparison to the base case. With advanced
solvents the situation can be improved significantly.
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Figure 11. The captured CO, amounts in different technology scenarios with dif-
ferent technical solutions.

The captured CO, amounts are presented in Figure 11. The average CO, emis-
sions during years 2008-2013 from Raahe steel works has been at the level of 4
Mt COz/a, depending on the annual production levels [Energiavirasto 2014]. The
largest CO, capture amounts considered (2.9 Mt COz/a) were in the cases where
all available fuel power was used for regenerating the solvent. With only low pres-
sure steam used for solvent regeneration, the captured amounts were in the range
of 1.9-2.4 Mt COy/a.

In addition to the steam consumption in solvent regeneration, power is also
consumed in the capture and conditioning process. The total power consumption
of CCS processes was estimated to be 0.41 MJ/kgCO- captured. This comprises
of pumps, compressors and other auxiliaries. Most of this electricity is consumed
in the CO, compression. The implications of the CO, capture on the electricity
production of the steel mill site are presented in Figure 12. District heat sold out-
side the boundary was constant in every case, 300 GWh/a, which is based on the
district heat demand in the nearby city.
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Figure 12. The amount of electricity produced on-site.

When in the post-combustion capture cases the amount of captured CO, grows,
the capacity for electricity production at the power plant becomes smaller, as the
steam is utilised for the regeneration of the solvent instead of being utilised in the
low pressure section of the steam turbine (Figure 12). Smaller electricity produc-
tion results in a need for purchasing more electricity outside system boundaries. In
the reference case the annual electricity production is around 1200 GWh/a. When
low pressure steam is utilised for solvent regeneration, the electricity production
decreases by 40% to 730 GWh/a. When all fuel power is utilised to produce steam
for regeneration, no electricity is produced on-site and this would lead to a need to
purchase additional power to cover the needs of the mill site. The largest addition-
al electricity consuming process steps related to solvent technologies are CO»
purification and CO, compression. With the application of OBF, the recycling of
part of the top gas will replace the gas boiler, assuming gases other than top gas
previously utilised in the boiler are now used in recycled top gas reheating. The
largest new energy consumers with the oxygen blast furnace with carbon capture
and storage are oxygen production, CO, separation, CO, purification and CO
compression. However, some savings can be made with blowers pressurising the
blast. The net change in electricity balance within the system boundary is pre-
sented in Figure 13.
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Figure 13. Changes in electricity balance within system boundary in comparison to
base case.

One significant additional change between PCC scenarios and OBF scenarios is
that when applying OBF (scenarios OBF 2 and 3) the coke consumption of the
process decreases from 287 kg/t pig iron to 192 kg/t pig iron. OBF cases use 4.4
GJ less coke, 4.5 GJ more coal and 0.4 GJ more LPG per ton pig iron in compari-
son to PCC cases. This is partly due to different assumption for PCI and partly due
to intensified carbon use due to top gas recirculation. LPG demand increases due
to need for additional heating of hot blast in OBC cases. Change in electricity
consumption within system boundary is presented in Figure 14. This is mainly due
to additional compressors and blowers, e.g. equipment related to CO, separation
and conditioning as no significant electricity consuming equipment are removed in
any of the cases.
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Figure 14. Changes in electricity consumption within system boundary.

6.2 Plant and system-level implications of deployment of CCS

Using the parameters and assumptions described earlier and modelling the ener-
gy balances impacts on the GHG emissions were calculated for the studied cases.
The approach allowed for the investigation of different amounts of CO, captured.
The smallest amounts captured (0.3 Mt/a) were in the cases where only recovered
heat was used for the capture processes and the largest amounts (2.9 Mt/a) in the
cases where all available fuel power was used for regenerating the solvent. From
a global perspective the emission reductions are different from the ones that the
investor or the site owner experiences in the EU emission trading scheme, for
example.
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Figure 15. Impact on the site’s direct CO, emissions in different cases.

The implications of direct CO, emissions from the site are presented in Figure 15.
In cases PCC 1 to OBF 2 the direct site emissions are reduced by 0.28-2.93 Mt
COgl/a. In the OBF 1 case, the direct CO;, emissions from the system are reduced
from 3.2 Mt COy/a in PCC 0 to 1.96 Mt COx/a by only applying the oxygen blast
furnace (i.e. no transportation or storage of CO;). This is mainly due to the re-
duced coke consumption in the blast furnace. This is a significant reduction, con-
sidering that the production of the mill stays the same as in the reference case.
With the application of CCS to the OBF system the emissions can be further re-
duced to 0.55Mt CO2/a. The major emission source in base case scenarios PCC 0
and OBF 0 are the blast furnace gas utilised in the power plant and in the hot
stoves. This only concerns a site’s direct emissions and not emissions due to the
replacement of electricity production outside system boundaries, for example. In
other words, it represents the impact an actor or a site owner will see in relation to
the EU ETS. The share of a site’s direct emission reductions of total site emissions
is presented in Figure 16, assuming the average CO, emissions from Raahe steel
works at the level of 4 Mt COz/a [Energiavirasto 2014]. The lowest impact can be
as little as 7% of the total emissions in PCC case 1, whereas all other CCS cases
would reduce site direct emissions in the range of 48-73%. Applying an oxygen
blast furnace without CCS would already reduce emissions by 32% in comparison
to current operation.
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Figure 16. Share of a site’s direct emission reductions in comparison to the site
emissions in of the base cases (in percentages).

The net GHG emissions avoided by deployment of technologies in different cases
are presented in Figure 17. The impacts are assessed based on the assumption
that the replacing energy production is coal (1000 t CO2/GWhe). As can be seen
from the figure, the amount of GHG emissions avoided is much smaller than the
site’s direct emission reduction. In the worst cases, the GHG emissions avoided
might be only 9% of the site’s direct emission reductions as in OBF case 1. Most
of the reductions fall in the 45-62% range of the site’s emission reductions, but in
PCC case 1, the GHG impact reductions are between 82—-93% of the direct emis-
sion reductions. This is due to the different nature of the case and also the rela-
tively small reduction amounts have to be noted. Assumptions regarding replacing
electricity production are the single biggest factor affecting the net GHG impact of
application of these technologies. The relatively small GHG emission reduction in
OBF 1 case is due to the fact, that in this case no CO; transportation and storage
takes place, only application of oxygen blast furnace and top gas recirculation that
improves the overall carbon efficiency of the process.
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Figure 17. The GHG emissions avoided in different cases.

The economic impact of changes is strongly dependent on the prices of commodi-
ties, such as electricity and LPG. Prices should include all related variable costs,
for example in the case of electricity, taxes and transmission fees should be in-
cluded but not fixed costs, such as constant monthly charges, if these are not
changed from one case to another. As the feasibility of OBF processes is very
sensitive to prices of CO; allowances, electricity, LPG and coke, and a relatively
long time frame (large uncertainty) is considered, the results are presented as
graphs in the appended papers in order to get a good overall understanding of
their complexity. However, for the sake of simplicity, single value-based snapshots
are presented here in order to highlight some of the results. Some default values
for the used prices are presented in this section but the values for other important
variables are presented in conjunction with figures in the appended papers.

The cost of emission reductions is estimated from the site owner’s perspective.
Most of the costs fall between €40-70/t CO,, OBF being slightly cheaper than
post-combustion carbon capture with the €60/MWh electricity price, €60/MWh
LPG price and €300/t coke price (Figure 18). However these price assumptions
affect the results a lot, especially for the OBF cases as OBF as a CO; capture
solution is much more sensitive to the price of electricity than that of solvent
scrubbing.
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Figure 19. Cost of CO, avoided.

The magnitude of costs for avoided CO, emissions is illustrated in Figure 19. As
this is not intended to be a full LCA study, this is only to highlight the differences
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between the prices relative to ETS and the prices in relation to e.g. reducing na-
tional or global emissions.

From an economic point of view, technical modelling shows that the most im-
portant impact of the various CO, emission reduction methods modelled are:

e increased LPG (or LNG) consumption

e decreased coke consumption (increased coke selling)
e increased electricity purchase

e decreased CO, emissions

e captured (transported and stored) COx.

Electricity purchase is increased due to both decreased production and increased
consumption. Significant new consumption points, especially with regard to OBF
are for example the new air separation unit (ASU) and the CO, processing unit
(CPU).

Other significantly changing cost categories are:

e additional investment for OBF (including new ASU, CPU, etc.)
e  Operation & management (O&M) costs of the new processes

Feedstock is a major cost in steel mills but only the difference in coke consump-
tion impacts significantly on the economics of the cases. The default price used for
selling of surplus coke is set at €300/t. Other impacted O&M costs are mainly fixed
costs (labour, etc.). The additional annual fixed O&M costs are assumed to be 4%
of the additional CAPEX.

Examples of cost categories that are not changed significantly due to the vari-
ous CO; emission reduction measures and are therefore modelled roughly (or
excluded from the system boundary) are:

e district heat selling

e O&M costs of the existing processes
e other labour costs

o feedstock to other processes

e production and selling.

At Raahe mill, district heat is produced by recovering heat from processes but
during the peak demands also by steam bleed from the power plant. Heat is uti-
lised by the buildings and service water in the mill area and by selling heat to the
City of Raahe. There is potential to increase the amount of heat recovery in the
mill but the annual heat demand of the city is limiting the feasibility of the required
investments.

It is assumed that the O&M costs of the existing processes, other labour costs
and feedstock to other processes are not changed due to OBF. This is based on
the fundamental assumption that the production and sale of steel products are not
changed.

64



6. Results

730
5 e - - B S - - - = >
= o -
| S
o _— " :
0 .

o = .,t -

90 =

570

Average steel production cost [€/t steel]
\
\

550
530
0 10 20 30 40 50 60 70 80 90 100
Average price for CO, emission allowance [€/t CO,]

reference, lower reference, upper OBF case 2, lower

OBF case 2, upper — = PCCcase 5, MEA ———PCC case 5, MEA, upper

Figure 20. Effect of carbon prices on steel production costs with two different cor-
relations assumed for CO, and electricity prices.

From the point of view of the steel mill, the production cost of steel may be the
most important indicator of the feasibility of different future CO, emission reduction
options. In Figure 20 the impact of different cases on the cost of steel production is
presented as a function of CO, allowance prices and different impacts of the in-
creasing CO; price on electricity price. In the upper CO- price correlation with
electricity the CO price fully penetrated to electricity market prices, assuming coal
condensing power production as a marginal production. In the lower correlation
half of the CO price penetrates to electricity market price. Cases OBF 2 and PCC
5 are compared because they have a similar effect on the site’s direct CO, emis-
sions as “full capture” cases. Steel price without the costs of CO; allowances is set
at €530/t based on general market prices during 2013 [Worldsteelprices 2013].
The cost of electricity purchase without the impact of costs of CO, allowances is
set at €60/MWh.

As presented in Figure 20, production costs in the reference case reach pro-
duction costs with OBF case 2 at a CO; price of about €50/t if a lower correlation
between CO; price and electricity price is used. If a higher correlation is used, a
significant difference in electricity purchase leads to a higher BeP for CO,, about
€90/t. The difference between OBF and PCC as solutions is due to their different
electricity consumptions and effects on the plant’s electricity balance. If PCC cas-
es with remaining electricity production on-site had been compared, they would
have looked better than OBF or full capture PCC.

65




7. Discussion

7. Discussion

7.1 Technical concept

An integrated steel mill is a very complicated process. The application of an OBF
would require a larger modification of the processes of the existing steel mill than
the application of post-combustion capture would require. However, large process
modifications also enable several different solutions for how to apply the OBF. In
theory, concept optimisation is possible, taking into account hundreds of details
and depending on prices and investments. In this study, only one technological
solution for the application of an OBF was modelled and one approach presented.
With the application of OBF, the recycling of part of the top gas will replace the
gas boiler, with other gases than top gas previously utilised in the boiler now used
in recycled top gas reheating. This would possibly enable significant improve-
ments for the process, both economically and from the GHG perspective. If for
example recycled top gas could be injected into the blast furnace at a lower tem-
perature, the heating requirements would be reduced, and therefore the use of
supplementary LPG would be minimised. However, this would most probably have
an effect on the energy balance of the blast furnace, and therefore also on coke,
coal and oxygen feeds. The overall impact of these improvements would, howev-
er, have to be investigated and proven experimentally. As also stated in this work,
staged investment and construction could be possible — to invest first in an OBF
process without CCS and if CO- prices increase further, complete the investment
with CCS when feasible.

There seems to be significant opportunities for developing low temperature sol-
vents, especially in industrial applications. Even with the assumptions considered
within this work, the low temperature solvent was found to be the best CO; cap-
ture option, even though it required more regeneration energy than the advanced
solvent. This is due to the higher ability to utilise low exergy heat that is widely
available on-site and cannot be utilised to a large extent with other solvents con-
sidered. Significant measures are likely to be available for low temperature heat
recovery that has not been mapped in the industry due to a lack of reasonable use
for it. Therefore, in industrial applications, such as the steel mills in this case,
where a large amount of low quality heat is available, the utilisation of a solvent
that can be regenerated at low temperatures would possibly offset a humber of
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other possible drawbacks with the specific solvent, such as a higher nominal re-
generation energy, higher circulation rates or faster degradation.

In certain applications, such as in industrial processes and combined heat and
power plants, significant improvements can be achieved with heat integration, for
instance, for the production of district heat. The feasibility could also be optimised
by using new operational options that CCS offers. For instance, CO- capture could
be bypassed during periods of peak electricity prices. The optimal solution from
the mill owner's point of view depends on multiple factors with electricity price and
CO., price being the dominant ones. For the moment, it is often seen that the pay-
back time for planned heat recovery investments is too long to be attractive as an
investment not directly improving the core process itself.

7.2 Changes in and impact on the operational environment

As presented in the results of this study, BePs (break-even prices) are very sensi-
tive to several factors which are uncertain regarding the time frame of large in-
vestments. Therefore, results are presented as figures rather than single numbers
and the range of possible BePs is large. This is discussed and presented in more
detail in the appended papers. There are very different estimations available for
the investments required for CCS processes. Therefore, sensitivity analyses are
also presented for the investments, as CCS processes are generally highly capi-
tal-intensive processes. Depending on assumed investments and used market
prices for fuels, electricity and CO, emission allowances, any of the considered
technology options may result in lower steel production costs in the future. There
are several sources of uncertainty and ambiguous questions in the approach,
technical modelling and economical assessments. For example, even if uncertain-
ties of approach and technical modelling are not taken into account, by changing
only a few economic parameters the results may look very different. What also
needs to be taken into account is the interdependency of some of the parameters,
e.g. carbon and electricity prices as discussed previously. Some of the sensitivities
come under closer investigation in the appended papers, but parameters with a
major impact on the results are discussed here as well.

At the moment, transportation and storage of CO, would be a significant cost
factor for any CCS application in Finland as there is no suitable storage capacity in
geologic formations in Finland [Teir et al. 2011]. In this study, the focus was on
CO; capture and its impact to the steel mill process. Therefore only one price
assumption method for transportation and storage was used. This value is highly
uncertain and the results are very sensitive to this assumption. The uncertainty of
transportation and storage costs is emphasised due to the potential to decrease
the costs significantly. Transportation and storage costs in this study are in the
range of €22-26/t CO, depending on the amount of CO, transported and stored,
representing 28-55% of the BeP costs per t CO,. For example, the storage poten-
tial in the bedrock of the Baltic Sea and the potential to utilise mineral carbonation
is under research in Finland. There is a theoretical regional capacity to store 16 Gt
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CO; in the sandstone formations under the South Eastern parts of the Baltic Sea
[Nilsson 2014]. If significant development were to take place with these opportuni-
ties or with CO-, utilisation options in Finland, the economics of the presented CCS
cases would be much more favourable.

As has been stated several times in this paper, the final result of the cost esti-
mation is driven by the relationship between CO, emission prices and electricity
prices. High CO- prices increase the electricity prices, making CCS less profitable
because the value gained from the carbon allowances must exceed the value of
the electricity production lost in the capture process in order to make CCS feasi-
ble. Blast furnace investments are made for 20 to 30 years and the prospects of
future prices for e.g. CO, emission allowances, electricity, LPG/LNG and coke are
extremely uncertain. Carbon allowances, or many other CO, policy measures,
connect steel manufacturing to the electricity markets even more tightly than be-
fore. If carbon prices are not penetrating electricity market prices, the conclusions
concerning the merit order of proposed solutions could change significantly. This
would resemble a situation with a large amount of renewable and nuclear — in
other words carbon-free — capacity penetrating the electricity markets. The carbon
prices would have to be high to enable penetration, but the introduction of new
capacity would keep electricity prices down. This highlights the multi-variable
optimisation nature of the problem, and the importance of the relationship between
carbon prices and the price of electricity. As mills have been producers and huge
buyers of electricity they have been in connection with the electricity markets be-
fore. However, the “Mankala” principle of buying electricity has been loosening this
connection and the influence of electricity market fluctuation. The “Mankala” prin-
ciple in energy production means that companies utilising energy will together own
a non-profit energy company, with the purpose of providing low cost energy for
owners only selling it at cost to owners. However, this study brings up the aspect
of the iron and steel industry being and becoming a more and more important
player in the low carbon electricity markets and the aspect of raising the im-
portance of these issues within the industry besides the direct impacts on their
core business. The magnitude of impact of these factors on a single investment
on-site will also strengthen this aspect.

The magnitude of influence of different electricity production alternatives and
different technical and methodological (boundary setting) approaches have a huge
effect on the results of these kinds of assessments. The profitability of power and
heat production or lack of it can turn the investment from being highly profitable to
one that is completely unprofitable. This is a major result in comparing this study
with the IEA [2013] with different assumptions for boundary setting. In the IEA
study, the power and heat production scaled to balance power demands, e.g.
increasing natural gas consumption and on site power production, in a way that
might not be designed based on engineering design starting from scratch. This is
an assumption that eases the comparison with the base case, and avoids the
discussion of what the replacement energy source should be, as discussed by
Soimakallio et al. [2009]. However it might lead to industrially-irrelevant solutions
that might not give a correct picture for the stakeholders at hand. Of course, by
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having both aspects covered as in this case, drawing the right conclusions from
these aspects can be ensured. The difference between the studies is that where
the IEA study is based on a greenfield site, this work considers brownfield applica-
tion of CCS. This also justifies to some extent the differences in boundary setting
assumptions.

Following on from the discussion of boundary setting and connection to the
electricity market, these two issues result in uncertainty regarding drawing conclu-
sions about the global GHG benefits. After all, the grand purpose of deploying
these technologies is to mitigate climate change. Even if direct CO, emissions are
decreased significantly due to OBF and CCS, direct CO, emissions due to in-
creased electricity consumption are higher in OBF cases. From LCA basis, im-
pacts on the electricity production and consequent emissions are the major factor
in terms of CO, emissions. In addition, the impact of coke selling may result in
significant substitution credits. LCA and broader system analysis are ambiguous
and strongly dependent on selected system boundaries, timeframes, etc.

However, from one point of view, CO, emissions within the European Union
Emission Trading Scheme (EU ETS) cannot be decreased by individual actions as
the amount of allowances to be released during the ETS period is fixed. Therefore,
the impacts on CO; emissions from other processes within the EU ETS are not
reasonable to estimate and direct CO, emissions only have economic value,
namely the price of the CO, emission allowance. This approach was applied in the
present study. From a broader perspective, more focus should be placed on any
impacts outside the EU ETS, where emission reductions can be considered more
valuable, whether they were to take place in Europe in sectors excluded from the
ETS or regions outside Europe. It needs also to be noted that even if the author
describes BeP as the point where CCS turns to more profitable option instead of
paying for carbon credits, both options add costs to steel production. In other
words, even if CCS is the more profitable option, it does not mean that steel pro-
duction on that site would be profitable. The result of this cost burden, i.e. moving
industrial activity to areas with no additional costs, is often referred to as carbon
leakage.

7.3 Level of detail of the study

Regarding the technical and economic assessment presented, the level of accura-
cy obtained with AACE class 5 level assessments is limited and the limitations of
this work in that respect should be noted. The purpose of level 5 studies is con-
cept screening and initial technology assessment. The level of engineering to
enable more detailed mass and energy balance calculations and the economic
assessment would require more time, effort and also the site to be specified more
accurately. Most technologies considered are also not mature. While there are
methods to estimate the cost of technology risk, for example in Merrow et al.
[1979] or Peters et al [2002], and the higher costs of first-of-a-kind plants, the cost
estimation of immature technologies always includes significant uncertainty. As
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explained in Section 5.1 the level of accuracy increases as engineering gets more
and more detailed during the project towards final investment decision and finally
completion of the project
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8. Conclusion

8.1 Conclusions on the technical aspects

As a technical option, it is possible to significantly lower greenhouse gas emis-
sions from the steel industry with CCS based on the technologies covered in this
study. Most of the solutions are already technically realisable in the near future;
however, OBF technology does not yet seem ready to be commercially fully ap-
plied in a steel mill as opposed to post-combustion capture technologies. Never-
theless, no large scale commercial application of any of the reduction technologies
studied exists yet. This calls for a demonstration of technologies on a commercial
scale. The larger post-combustion capture amounts studied (2—-3 Mt CO>/a) ac-
count for approximately 50-75% of the CO, emissions from the site. The largest
capture amounts in the OBF scenarios (1.4Mt/a) account for 35% of the direct
emissions from the whole steel mill site. In total, the direct emissions could be
reduced by up to 68%. With both technical solutions, a further reduction of the
emissions would be technically and economically very challenging, as the remain-
ing emissions are smaller and from various different sources around the site.

When different solvent options are considered, the low temperature solvent was
found to be the best CO, capture option, even though it had higher regeneration
energy than the advanced solvent. This is due to its higher ability to utilise low
exergy heat that is widely available on-site and cannot be utilised to a large extent
with other solvents considered. In addition, not all measures for low temperature
heat recovery were mapped at the site, so it is possible that even more CO; could
be captured using the low temperature solvent than that which was found in these
calculations.

The technical implication of applying CCS processes to an iron and steel mill is
that the mill's own electricity production decreases and consumption increases in
comparison with the reference case. In addition, the consumption of LPG or LNG
increases in the OBF solutions. The OBF process also enables the sale of coke
due to smaller coke consumption and further savings are achieved from reduced
CO, emissions, even without the application of CCS.
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8.2 Conclusions on the economic aspects

From a plant owner's perspective, the EUA BEP (European Union Emission Al-
lowance Break-Even Price), i.e. when CCS turns more profitable in the most com-
petitive studied case than buying carbon credits in the reference case, is in the
range of €42—-82/t CO,, with the assumptions in this summary. The cost for global-
ly avoided emissions is in the range of €74-158/t CO,, respectively, if coal is used
as the fuel to substitute the changed electricity consumption and only CCS cases
are considered. This applies to the larger amounts of captured CO; studied (2—3
Mt CO»/a) which account for 50-75% of the site emissions. If a larger amount of
emissions were to be captured, the costs are estimated to rise significantly in
comparison to only applying CCS to the largest emission sources on-site.

The results showed that the costs for CCS are heavily dependent not only on
the characteristics of the facility and the operational environment, but also on the
chosen system boundaries and assumptions. The assumed impacts on electricity
production in the network strongly affect the amount of avoided CO, emissions in
particular. In the long term, the impacts on the electricity production system is an
ambiguous issue due to complex rebound effects on fuel, electricity and EUA
prices and investment decisions, among other things. As presented earlier, the
feasibility of CCS in the steel industry is very sensitive to the prices of CO,, elec-
tricity and replacing fuels.

The cost levels obtained in this study are some 10-20% higher than those
found in the literature taking into account the challenges in directly comparing cost
results in literature described earlier in this work. However, the cost level in the
literature generally follows a rising trend according to the publication year, which
may be partly due to the rising prices of services and material. Another reason for
the higher cost levels of the present study is the long distances to storage sites
and the assumption of using an offshore storage site. Comparing the present
results to those for the application of CCS in a coal-firing power plant in Finland
[Teir et al. 2011] that used a similar approach (system boundaries, solvents, as-
sumptions, etc.) as the present study, the BeP for the studied steel mill application
is almost €20/t lower.

Large cost ranges for applying CCS to the iron and steel industry are also re-
ported in the literature presented at the beginning of this paper. In addition, details
of integrated steel mills are very much site-specific and system boundaries select-
ed for the studies vary. Therefore, comparison of the studies is difficult. However,
the results of this study seem to fit well in the typical ranges presented in the cited
studies. Taking the relatively high costs of CO, transport and storage included in
the estimations into account, the presented BePs can be considered even relative-
ly low. However, the break-even prices presented in the figures of this paper are
typically the most feasible cases of numerous considered options. Despite that,
the presented cases may not be optimal, as several potential improvements were
identified.
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The EUA prices and electricity prices predicted for the near future do not make
CCS investments profitable yet. Even if CCS were to become more feasible than
operations without CCS in the steel industry with higher EUA prices, the produc-
tion costs of steel would rise drastically in the EU Member States, unless free
EUAs are given for the industry. Assuming an EUA price of €60/t (the lower end of
the presented BePs), specific CO, emissions of 1.8 t/t steel and a market price of
€500/t steel, the EUA cost increase would raise the price level of steel by about
22% even when not taking the likely increase in electricity price into account.

Figure 21 below has been drawn based on the cases presented in this paper,
and with the default values of this study. EUA prices and the price of electricity are
the single biggest parameters in determining the economic feasibility of the solu-
tions investigated. As these are also the two most fluctuating parameters, a dia-
gram with areas describing operational environment for the most feasible technol-
ogy was created (Figure 21). PCC case 3 with advanced solvent was chosen for
comparison with OBF because it was typically the most feasible option within the
varied parameters in sensitivity analysis.
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Figure 21. Feasibility map of different technologies.

This shows that any of the considered technologies may be the most feasible
option in the future, depending on the price of electricity and the CO, allowance
price. For example, even if the area for OBF without CCS is relatively small, the
respective range for CO; price is more realistic in the near future than the prices
where other considered technologies for large CO emission reductions would be
feasible. The figure does not show the consequential steel production costs, which
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would obviously increase if prices of electricity or CO; allowances were to signifi-
cantly increase. Estimates for the increase in production costs were presented
earlier in Figure 20. This leads to a situation that even if CCS investment were
feasible, the steel manufacturing that is the core business would turn unprofitable.

8.3 Role of CCS the iniron and steel industry

There are other carbon abatement options for iron and steel production, although
the CO, emission reductions that can be achieved are more limited than with the
studied technologies. CO, emissions can be lowered by utilising bio char as a
reducing agent, for example, and applying different energy saving measures, etc
[Suopajarvi et al. 2014, Norgate et al. 2012]. The high level of integration typical in
modern steel plants makes further energy-saving measures of any significant
extent difficult. Large-scale bio char utilisation is restricted by constrained re-
sources and sustainability questions [Suopajarvi et al. 2014, Norgate et al. 2012].
In addition, the suitability of bio-coke (coke produced from biomass) as a blast
furnace raw material has not been proved, as several properties regarding com-
pounds and strength are required. Generally, other CO, emission reduction op-
tions, such as electric arc furnaces or DRI processes exist, but these are only
applicable for certain types of steel mills. While being important and cost-effective
at best, these measures are generally of a smaller scale when compared to the
order of millions of tonnes of CO, emission reductions that are possible with CCS.

Risk-taking regarding the blast furnace of an integrated steel mill is not easy, as
it is the single most important and a very expensive component of the mill. There-
fore, solutions involving CCS are in practice the only significant technological
means of reducing the on-site emissions from virgin steel production in existing
mills. It is important to note that increasing CO; prices will have a significant im-
pact on steel production costs, whether CCS is applied or not. If these costs are
increased only for some players in global markets, investment in OBF or CCS may
not be feasible, even if it would be more profitable than the operation in the refer-
ence case.

We need to tackle issues related to climate change, and all sectors need to
contribute. Carbon leakage is an essential question for developed countries as
carbon abatement measures do not largely come without cost. This is an issue,
especially for the manufacturing industry acting in global markets, as long as no
global, wide participation is reached. However, there is evidence of the manufac-
turing industry moving back to developed countries, despite the stricter environ-
mental rules. There are several reasons for this, but together with the involvement
and technology-sharing with developing countries, there is potential for CCS in the
iron and steel industry in medium to long term (2030 onwards).
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8.4 Contribution of the work

In this work the methodology of consequential concept assessment was applied to
an assessment of deployment of CCS technologies in an iron and steel mill. The
process model of technical solutions was created and based on that an economic
CC-Skynet tool was applied to assess the economic implications. Based on the
assessment it can be concluded that significant CO, emission reductions can be
obtained with these technologies at a site level. The optimal technological solution
depends on the most influential parameters, prices of electricity and EUA. With
future price levels of electricity and EUA, there is an operational window where
each technology investment would be most feasible. The consequential approach
is a practical option in the early phase technology assessment focusing on the
essential factors and highlighting the internal relations of different solutions. Re-
sults are at least as credible as with the attributional approach. It minimises the
impact of unessential decisions in the result that would have to be made (unlike in
real investment decision) when expanding the system boundary.

The break-even price (BeP) of the EU emission allowance price and the impact
on the production cost of steel, as the performance indicators used in this work,
are the most important indicators for the operator taking the final investment deci-
sion. BeP reflects the impact on the actors exposed to EU ETS market prices and
can be directly considered by the investor. The operator’s point of view is a clear
and unequivocal way of presenting results. From a society and climate point of
view, the cost of emissions avoided is of most importance, and can be used as
indicators in policy decision-making. Despite the fact that the essential underlying
guestion and policy target is how to reduce global warming, the cost of emission
avoided is subject to the expansion of system boundaries and is heavily depend-
ent on assumptions regarding electricity generation, for example. It should also be
acknowledged that in a cap-and-trade emissions reduction policy system, emis-
sions will not be reduced below the cap set in the system. The merit order of
emission mitigation actions will be determined by the cost aspect from the opera-
tor point of view rather than the cost of avoided emissions, if no additional policies
are concerned. The impact of system-level externalities, e.g. the rising price of
electricity, cannot generally be optimised within a single investment decision-
making process with a single company actually taking the investment decision. At
least two different aspects and motivations to operate should be clearly acknowl-
edged and also stated when presenting the results.

8.5 Future work

In addition to the approach and technological solution modelled in this study, at
least the following configurations could be reasonable to investigate:
o Different approaches to the deployment of technology, and their im-
pact on the results should be investigated to improve the technical and
economic feasibility of application of this technology on site
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0 New or rebuilt power plant with alternative fuels
o0 Alternative scenarios for a coking plant
o Site-level optimisation of utilisation of surplus steam
e Several considerations for process improvements and differences in
technology should be investigated to improve the process configura-
tions and alternative implementation options of these technologies:
Application of CCS for other sub-processes
Oxygen enrichment in a power plant
Minimisation of Ny/air feed to OBF process
Optimisation of recirculation gas preheating
Replacement of only one BF by OBF
Potential of changing the recycle gas composition to be uti-
lised for value added products
e Closer cost estimation based on more detailed engineering on all
equipment enabling more accurate investment assessment to enable
more accurate decision-making both in investing industrial companies
and among policymaker and finally enabling decisions on demonstra-
tion and deployment of these technologies
o Detailed evaluation of the impacts of and on the electricity production
system to understand the systemic nature and global impact of de-
ployment
e According to results low temperature solvent development has signifi-
cant potential, especially in energy intensive with significant amounts
of waste heat and heat integration opportunities available.

O OO0 Oo0Oo
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ERRATA:

Paper IlI: the value for the largest captured CO, amounts in the conclusions chap-
ter should be 1.8 Mt/a instead of 1.4 Mt/a.

Paper IV: The corrected written form of formula is

_ Capexccs+OtherOPEXccs
PSteel - SteelProd + POSteel + ECCS x PoElectricity + PCOZ X

(correlation X Epypq; + CO240pq1) » instead of

PSteel =

Capexccs+OtherOPEXccs +POsteet+Eccs*POEectricity tPcoz*(correlationXEyopq1+C02¢0¢ql)
SteelProd

77



References

AACE, 2011. Cost estimate classification system — as applied in engineering,
procurement, and construction for the process industries. TCM Framework: 7.3 —
Cost Estimating and Budgeting. Rev. November 29, 2011. AACE International
Recommended Practice No. 18R-97.

BCG, 2013. Steel's contribution to a low-carbon Europe 2050 — technical and
economical analysis of the sector’'s CO, abatement potential. The Boston Consult-
ing Group, June 2013.

Birat, Hanrot, Danloy, 2003. CO, Mitigation Technologies in the Steel Industry: a
Benchmarking Study Based on Process Calculations. Stahl und Eisen 123, 2003.

Birat, 2009a. Steel and CO; — the ULCOS Program, CCS and Mineral Carbona-
tion using Steelmaking Slag. 1st International Slag Valorisation Symposium, Leu-
ven — 6 & 7 Apr 2009.

Birat, Lorrain, de Lassat,, 2009b. The “CO, Tool”: CO, emissions & energy con-
sumption of existing & breakthrough steelmaking routes. Revue de Métallurgie,
106, pp. 325-336. doi:10.1051/metal/2009060.

Birat, Lorrain, 2009c. The “Cost Tool”: operating and capital costs of existing and
breakthrough routes in a future studies framework. Revue de Métallurgie, 106, pp.
337-349. doi:10.1051/metal/2009061.Brealey. Mayers, 2003, Principles of corpo-
rate finance, Boston, McGraw-Hill, 1071 p.

Carpenter, 2012. CO; abatement in the iron and steel industry. IEA Clean Coal
Centre, January 2012, CCC/193. ISBN 978-92-9029-513-6.

Cheng, Shen, Tan, 2010. CO; capture from hot stove gas in steel making process.
International Journal of Greenhouse Gas Control, Volume 4, Issue 3, May 2010,

pp. 525-531. ISSN 1750-5836, http://dx.doi.org/10.1016/j.ijggc.2009.12.006.

Cottrell, 1975. Introduction to Metallurgy (2nd Edition). Maney Publishing for
IOMS3, the Institute of Materials, Minerals and Mining.

78


http://dx.doi.org/10.1016/j.ijggc.2009.12.006

References

EMV, 2011. Emission Allowance Balance. Energy Market Authority of Finland,
http://www.emvi fi/files/paastooikeustase2010.pdf (in Finnish).

Energiavirasto, 2014. Paastét 2013, Paastokauppasektorin laitoskohtaiset tiedot
vuosien 2008-2013 paastoista. 1.4.2014. Available at:
http://www.energiavirasto.fi/documents/10179/0/paastot+2013.pdf/ff952cc9-a2b8-
4633-92d4-8a9ael18aee8e.

European Commission, 2009. DIRECTIVE 2009/31/EC OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL of 23 April 2009 on the geological storage
of carbon dioxide and amending Council Directive 85/337/EEC, European Parlia-
ment and Council Directives 2000/60/EC, 2001/80/EC, 2004/35/EC, 2006/12/EC,
2008/1/EC and Regulation (EC) No 1013/2006. Official Journal of the European
Union, L 140/114, 5.6.2009.

European Commission, 2014. 2030 climate and energy goals for a competitive,
secure and low carbon EU economy. PRESS RELEASE |P/14/54, Brussels, 22
January 2014.

ESTEP, 2013. Strategic Research Agenda — A vision for the future of the steel
sector. European Steel Technology Platform. 2nd edition. May 2013.

Farla, Hendriks, Blok, 1995. Carbon dioxide recovery from industrial processes.
Climate Change, 29, (1995), pp. 439-461.

The Finnish Council of State, 2008. THE COUNCIL OF STATE'S DECISION ON
THE ALLOCATION OF INSTALLATION-SPECIFIC EMISSION ALLOWANCES
FOR THE YEARS 2008-2012, SUBMITTED UNDER DIRECTIVE 2003/87/EC
AND THE EMISSIONS TRADING ACT (683/2004) IMPLEMENTING THE
DIRECTIVE. Submitted in Helsinki under Section 37 of the Emissions Trading Act
(683/2004) on 14 February 2008.

Finnveden, Hauschild, Ekvall, Guinée, Heijungs, Hellweg, Koehler, Pennington,
Suh, 2009. Recent developments in Life Cycle Assessment. Journal of Environ-

79


http://www.emvi.fi/files/paastooikeustase2010.pdf
http://www.energiavirasto.fi/documents/10179/0/paastot+2013.pdf/ff952cc9-a2b8-4633-92d4-8a9ae18aee8e
http://www.energiavirasto.fi/documents/10179/0/paastot+2013.pdf/ff952cc9-a2b8-4633-92d4-8a9ae18aee8e

mental Management, Volume 91, Issue 1, October 2009, pp. 1-21. ISSN 0301-
4797, http://dx.doi.org/10.1016/j.jenvman.2009.06.018.

Fortum, 2009. Presentation in Application of CCS in Finland -seminar 28th Octo-
ber, 2009 by Mikko Iso-Tryykari. Available at
http://www.vtt.fiffiles/projects/ccsfinland/seminaari2009/6-iso-tryykari-fortum.pdf (in
Finnish).

Fortum, 2010. Environmental Impact Assessment for carbon capture in Meri-Pori
power plant. Available http://www.ely-
keskus.fiffilELYkeskukset/varsinaissuomenely/Ymparistonsuojelu/YVA/paattyneet/
energiansiirto/Documents/forhiiliv/Forhiili_YVAselostus.pdf (in Finnish).

Gonzéalez-Salazar, 2015. Recent developments in carbon dioxide capture technol-
ogies for gas turbine power generation. International Journal of Greenhouse Gas
Control, Volume 34, March 2015, pp. 106-116. ISSN 1750-5836,
http://dx.doi.org/10.1016/.ijggc.2014.12.007.
(http://www.sciencedirect.com/science/article/pii/S175058361400382X).

Goto, Okabe, Chowdhury, Shimizu, Fujioka, Onoda, 2011. Development of novel
absorbents for CO, capture from blast furnace gas. International Journal of
Greenhouse Gas Control, Volume 5, Issue 5, September 2011, pp. 1214-1219.
ISSN 1750-5836, http://dx.doi.org/10.1016/j.ijggc.2011.06.006.

Green, Perry,2008. Perry’s Chemical Engineers’ Handbook (8th Edition). McGraw-
Hill.

HE, 82/2014. Finland’s Governments proposal for a climate law (Hallituksen esitys
eduskunnalle ilmastolaiksi).

Ho, Bustamante, Wiley, 2013. Comparison of CO, capture economics for iron and
steel mills. International Journal of Greenhouse Gas Control, Volume 19, Novem-
ber 2013, pp. 145-159. ISSN 1750-5836,
http://dx.doi.org/10.1016/j.ijggc.2013.08.003.

80


http://dx.doi.org/10.1016/j.jenvman.2009.06.018
http://www.vtt.fi/files/projects/ccsfinland/seminaari2009/6-iso-tryykari-fortum.pdf
http://www.ely-keskus.fi/fi/ELYkeskukset/varsinaissuomenely/Ymparistonsuojelu/YVA/paattyneet/
http://www.ely-keskus.fi/fi/ELYkeskukset/varsinaissuomenely/Ymparistonsuojelu/YVA/paattyneet/
http://www.ely-keskus.fi/fi/ELYkeskukset/varsinaissuomenely/Ymparistonsuojelu/YVA/paattyneet/
http://dx.doi.org/10.1016/j.ijggc.2014.12.007
http://www.sciencedirect.com/science/article/pii/S175058361400382X
http://dx.doi.org/10.1016/j.ijggc.2011.06.006
http://dx.doi.org/10.1016/j.ijggc.2013.08.003

References

Hooey, Tobiesen, Johns, Santos, 2013. Techno-economic Study of an Integrated
Steelworks Equipped with Oxygen Blast Furnace and CO, Capture. Energy Pro-
cedia, Volume 37, 2013, pp. 7139-7151. ISSN 1876-6102,
http://dx.doi.org/10.1016/j.egypro.2013.06.651.

IEA, 2008. CO, Capture and Storage. A Key Carbon Abatement Option. Interna-
tional Energy Agency, France, 266 p. ISBN 978-92-64-041400.

IEA, 2013. Global Action to Advance Carbon Capture and Storage — A Focus on
Industrial  Applications. IEA PUBLICATIONS 2013, France, 40 p.
http://www.iea.org/publications/freepublications/publication/CCS_Annex.pdf.

IEA, 2014a. Technology Roadmap: Carbon Capture and Storage 2013. IEA
PUBLICATIONS 2013, France, 60 p.
http://www.iea.org/publications/freepublications/publication/TechnologyRoadmapC
arbonCaptureandStorage.pdf.

IEA, 2014b. Energy Technology Perspectives 2014 — Harnessing Electricity’s
Potential. IEA PUBLICATIONS 2014, France.

IEA GHG, 2011. Challenges and Opportunities of CO, Capture and Storage in the
Iron and Steel Industry. Report 2011/17, December 2011.

IEA GHG, 2013. Iron and Steel CCS Study (Techno-Economics Integrated Steel
Mill). IEA GHG report 2013/04, July 2013.

IPCC, 2005. IPCC Special Report on Carbon Dioxide Capture and Storage. Pre-
pared by Working Group Il of the Intergovernmental Panel on Climate Change.
[Metz, B., Davidson, O., de Coninck, H.C., Loos, M., Meyer, L.A. (Eds.)]. Cam-
bridge University Press, Cambridge. 422 p.

IPCC, 2013. Climate Change 2013: The Physical Science Basis. Contribution of

Working Group | to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K.,

8l


http://dx.doi.org/10.1016/j.egypro.2013.06.651
http://www.iea.org/publications/freepublications/publication/CCS_Annex.pdf
http://www.iea.org/publications/freepublications/publication/TechnologyRoadmapC

Boschung, J., Nauels, A., Xia, Y., Bex, V. and Midgley, P.M. (Eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, 1535 p.

IPCC, 2014. Climate Change 2014: Mitigation of Climate Change. Contribution of
Working Group Il to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Edenhofer, O., Pichs-Madruga, R., Sokona, Y., Farahani, E.,
Kadner, S., Seyboth, K., Adler, A.,, Baum, |., Brunner, S., Eickemeier, P.,
Kriemann, B., Savolainen, J., Schidmer, S., von Stechow, C., Zwickel, T. and
Minx, J.C. (Eds.)]. Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA.

Koljonen, Simild, Sipila, Helynen, Airaksinen, Laurikko, Manninen, Méakinen, Lehti-
I1&, HonkatukiaTuominen, Vainio, Jarvi, Mékela, Vuori, Kiviluoma, Sipila, Kohl,
Nieminen, 2012. Low carbon Finland 2050. VTT clean energy technology strate-
gies for society. VTT, Espoo. 75 p. VTT Visions 2. ISBN 978-951-38-7962-4
(print); 978-951-38-7963-1 (online) http://www.vtt.fi/inf/pdf/visions/2012/V2.pdf.

Koljonen, Honkatukia, Pursiheimo, Lehtild, Sipil&, Nylund, Lindroos, 2014. EU:n
2030 -ilmasto- ja energiapaketin vaikutukset Suomen energiajarjestelmaan ja
kansantalouteen. Taustaraportti. (In Finnish.) Impact Assessment of the EU’s
2030 climate and energy policies for Finland. VTT, Espoo. 66 p. + app. 2 p. VTT
Technology 170. ISBN 978-951-38-8255-6
http://www.vtt.fi/inf/pdfitechnology/2014/T170.pdf.

Kuramochi,2011. CO; capture in industries and distributed systems: possibilities
and limitations. Scheikunde Proefschriften (2011) — Dissertation. Uitgeverij BOX-
Press, ISBN 978-90-8891-278-8.

MacPhee, Gransden, Giroux, Price, 2009. Possible CO, mitigation via addition of
charcoal to coking coal blends, Fuel Processing Technology, Volume 90, Issue 1,
January 2009, pp. 16-20. ISSN 0378-3820,
http://dx.doi.org/10.1016/j.fuproc.2008.07.007.

Merrow, Chapel, Worthing, 1979. A Review of Cost Estimation in New Technolo-

gies — Implications for Energy Process Plants, The Rand Corporation, Prepared
for the U.S. Department of Energy, R-2481-DOE.

82


http://www.vtt.fi/inf/pdf/visions/2012/V2.pdf
http://www.vtt.fi/inf/pdf/technology/2014/T170.pdf
http://dx.doi.org/10.1016/j.fuproc.2008.07.007

References

Nilsson, 2014. CCS in the Baltic Sea region — Bastor 2. Final Summary Report
Elforsk report 14:50. Available at:
http://www.elforsk.se/Rapporter/?download=report&rid=14 50 _.

Norgate, Haque, Somerville, Jahanshahi, 2012. Biomass as a source of renewa-
ble carbon for iron and steelmaking. ISIJ Int, 52 (2012), pp. 1472-1481.

Oliver, Janssens-Maenhout, Muntean, Peters, 2013. Trends in global CO, emis-
sions, 2013 Report. The Hague, PBL Netherlands Environmental Assessment
Agency, Ispra, Joint Research Centre.

Peters, Timmerhaus, 1968. Plant Design and Economics for Chemical Engineers
Second Edition. McGraw-Hill Kogakusha Ltd.

Peters, Timmerhaus, West, 2002., Plant Design and Economics for Chemical
Engineers. McGraw-Hill Science/Engineering/Math. 5 edition (December 9,
2002).)

Ribbenhed, Thorén, Sternhufvud, 2008. CO, emission reduction costs for iron ore-
based steelmaking in Sweden. Journal of Cleaner Production, Volume 16, Issue 1,
January 2008, pp. 125-134. ISSN 0959-6526,
http://dx.doi.org/10.1016/j.jclepro.2006.11.007.

Ruuska, Ollila, Baath, Leivisk&,2006. Possibilities to Use New Measurements to
Control LD-KG-converter. EOSC 2006 5th European Oxygen Steelmaking Con-
ference, 26-28 June, Aachen, Germany.

Simons, Stefaan, 2007. Concepts of Chemical Engineering 4 Chemists. Royal
Society of Chemistry.

Sinnott, Towler, 2009. Chemical Engineering Design — S| Edition (5th Edition).
Elsevier.

Soimakallio, Makinen, Ekholm, Pahkala, Mikkola, Paappanen, 2009. Greenhouse
gas balances of transportation biofuels, electricity and heat generation in Finland —

83


http://www.elforsk.se/Rapporter/?download=report&rid=14_50_
http://dx.doi.org/10.1016/j.jclepro.2006.11.007

Dealing with the uncertainties. Energy Policy, vol. 37, 1, pp. 80-90. doi:
10.1016/j.enpol.2008.08.003.

Suopajarvi, Pongracz, Fabritius, 2014. Bioreducer use in Finnish blast furnace
ironmaking — Analysis of CO, emission reduction potential and mitigation cost,
Applied Energy, Volume 124, 1 July 2014, pp. 82-93. ISSN 0306-2619,
http://dx.doi.org/10.1016/j.apenergy.2014.03.008.
(http://www.sciencedirect.com/science/article/pii/S030626191400230X)

Stern, 2007. The Economics of Climate Change — The Stern Review. Cambridge
University Press. 712 p. ISBN 9780521700801 .

Taylor, Krishna, Kooijman, 2003. Real-World Modeling of Distillation. Chemical
Engineering Progress, 2003(99), pp. 28—-39.

Teir, Arasto, Tsupari, Koljonen, Karki, Kujanpa&, Lehtila, Nieminen, Aatos,2011.
Hiilidioksidin talteenoton ja varastoinnin (CCS:n) soveltaminen Suomen olosuh-
teissa. (In Finnish.) Application of carbon capture and storage (CCS) in Finnish
conditions. VTT, Espoo. 76 p. + app. 3 p. VTT Tiedotteita — Research Notes;
2576. ISBN 978-951-38-7697-5; 978-951-38-7698-2.
http://www.vtt.fi/inf/pdf/tiedotteet/2011/T2576.pdf.

Tobiesen, Svendsen, Juliussen,2007a. Experimental Validation of a Rigorous
Absorber Model for CO, Post-Combustion Capture. AIChE J. 2007, 54, 846.

Tobiesen, Svendsen, Mejdell, 2007b. Modeling of Blast Furnace CO, Capture
Using Amine Absorbents. Industrial & Engineering Chemistry Research — IND
ENG CHEM RES 10/2007; 46(23). DOI: 10.1021/ie061556j.

Towler, Sinnott, 2013. Chemical Engineering Design — Principles, Practice and
Economics of Plant and Process Design (2nd Edition). Elsevier.

van der Stel, Louwerse, Sert, Hirch, Eklund, Pettersson, 2013. Top gas recycling
blast furnace developments for ‘green’ and sustainable steelmaking, Ironmaking
and Steelmaking, Volume 40 Issue 7 (October 2013), pp. 483-489. doi:
http://dx.doi.org/10.1179/0301923313Z.000000000221.

84


http://dx.doi.org/10.1016/j.apenergy.2014.03.008
http://www.sciencedirect.com/science/article/pii/S030626191400230X
http://www.vtt.fi/inf/pdf/tiedotteet/2011/T2576.pdf
http://dx.doi.org/10.1179/0301923313Z.000000000221

References

van der Stel, Hattink, Zeilstra, Louwerse, Hirsch, Janhsen, Sert, Grant,
Delebecque, Diez-Brea, Adam, Ansseau, Feiterna, Lin, Zagaria, Kuttner, Schott,
Eklund, Pettersson, Boden, Skdld, Sundgvist, Simoes, Edberg, Lovgren, Burgler,
Feilmayr, Sihvonen, Kerkkonen, Babich, Born, 2014. ULCOS top gas recycling
blast furnace process (ULCOS TGRBF), European Commission EUR 26414,
Luxembourg: Publications Office of the European Union, 2014. 47 p. ISBN 978-
92-79-35038-2. doi: 10.2777/59481.

Wiley, Ho, Bustamante, 2011. Assessment of opportunities for CO, capture at iron
and steel mills: An Australian perspective, Energy Procedia, Volume 4, 2011, pp.
2654—-2661. ISSN 1876-6102. http://dx.doi.org/10.1016/j.egypro.2011.02.165.

World Steel Association, 2011. Iron production 2011. Date of citation 27 February
2013. Available at: http://www.worldsteel.org/statistics/statistics-archive/2011-iron-
production.html.

Worldsteelprices, 2013. Average Nordic Carbon Steel Prices.
http://www.worldsteelprices.com/ (cited at 18.7.2013).

Woertler, Schuler, Voigt, Schmidt, Dahlmann, Lingen, Ghenda, 2013. Steel's Con-
tribution to a Low-Carbon Europe 2050: Technical and Economic Analysis of the
Sector's CO, Abatement Potential. Boston Consulting Group and the Steel Insti-
tute VDEh, June 2013.

VTT, 2014. CCS Finland — Application of CCS in Finland. Project web page:
http://www.vtt.fi/proj/ccsfinland/?lang=en (cited 30.9.2014).

ZEP, 2014. In 2030, CCS could cost effectively deliver at least 4% of EU GHG
reductions compared with 1990 levels. Zero Emission Plattform PRESS
STATEMENT 4.3.2014.

Zhang, Chen, Misch, Aga, 2010. Carbon dioxide absorption in biphasic amine

solvents with enhanced low temperature solvent regeneration, Chemical Engineer-
ing Transactions, 21, pp. 169-174. DOI: 10.3303/CET1021029.

85


http://dx.doi.org/10.1016/j.egypro.2011.02.165
http://www.worldsteel.org/statistics/statistics-archive/2011-iron-production.85
http://www.worldsteel.org/statistics/statistics-archive/2011-iron-production.85
http://www.worldsteel.org/statistics/statistics-archive/2011-iron-production.85
http://www.worldsteelprices.com/
http://www.vtt.fi/proj/ccsfinland/?lang=en

papioAe Z0J uoy/3

e/4A 00°0
/3N 00°0
e/3N 00°0
2/3A 00°0
e/3N 00°0
e/4A 00°0
/3N 00°0
BN 000

(019 ‘1017 ‘SOD) 8JMONISBIUI JO UORONISUOD WO} SUOISSIWT

uononpoid Y3 Wwouy suoissiwg
uopenodsuel) OO WOJ) SUOISSIWT

uononpold yeay 101sip Buioeidal Jo 10913

uononpoJd ABiaus Buioeidal Jo 10913
uononpoJd |an} wolj SUoISSIWa

(snwi A1aireq apisur) UOASNQWIOD WOJ) SUOISSIWT

wns

9sed-0 03 uosuiedwo)

uy3 -
B3 0
e/ 0
B3 0

d9d ¢00

xade)d
xadO
wns

(0) @S2 aseq 01 9ouUaldYIA

S9dUB|EQ UOISSIWS pue 150)

V Xipuaddy

/31 Shv 6-

[elol

wns

/3
e/3
e/3)|
e/3)
e/3)
e/3)
e/3)
©/3)

648 VL

o o o

00§ €T~
v¢80L-
Sy 6-

xadQ

saoueMo||e ZOD

BAN O
EAN O
BAN O
BN 0T 0-
BAN 8T'T-
BAN O
BAN 9¢°€
BAN L6'T

uojyeyodsuely zod

xadQ S22 J2Y30
J91eM

VI

ieay piasip
JSTRITNGETE]

wns

("019 ‘1017 'SDD) 24NONIASEIAUI JO UORONIISUOD WOI) SUOISSIWT

uononpoid YIW WoJy suoissiwg
uonenodsuel) ZOD Wolj Suoissiwg
uononpold yeay 1o1sip Buioeidal Jo 10843
uononpoJd ABiaus Buioejdal Jo 10913
uononpoJd |any Wolj SUoISSIWD

(sHwi| A191req BpISUI) UOHRSNQWOD WOJ) SUOISSIWT

wns

2
33
x|
3

B3

o O o o

9
% 0T
0

xade)

VO pauljweans

suoI3P3UUOD Je3Y
auigdny 3y ug sasuey)
S22

wns

swnay|
1Sl

wns

Juswissasse 1s0)
0 9sed D0d



paploAe 0D uol/3 z8

2/IN 000 ("018 ‘1011 ‘SDD) 8IN1dNJISeUl JO UOONIISUOD WO} SUOISSIWT ©N 00°0
e/3N 00°0 uononpoid Y3 Woly suoissiwg BIN 000
e/3N 100 uolyeodsues) ZOD WOy sUoISSIW ©AN TO'0
e/3N 000 uononpoud yeay jousip Buioeidal Jo 10943 BN 0T°0-
e/1IN €0°0 uoponpoud ABisua Buioe|dal jo 1083 ©NN ST'T-
e/3N 00°0 uopnonpolid [any Wolj SUOISSIWD 2N O
B/IN 9€°0- (snuny Asayreq apisur) UONSNQIOD WO} SUOISSIWT BN 06°C
BN 2€°0- wns BAN S9'T
9sed-Q 03 uosedwo)
uy3 17 d9d 202 e/3) €999 SddUBMO||E 20D
e/3| T08%T uoneuodsuel z0d
e/  6ITr8 xaded e/3  TyST  xadQ SID 4ayl0
e/ G186 xodo e/3) LL J91EM
/3 $EZ8T wWnS e/3) S VI
(0) @se2 aseq 01 8aUaIBYIA e/3) 00S €I- 1esy1uIsip
e/3 9€769- ALz
e/3 68,8 wns e/3 0. wns
leyol xado

saJuejeq uoissiwe pue 1s0)

V Xipuaddy

(-018 ‘1017 'SDD) 21NONIISkYUl JO UORONIISUOD WOJ) SUOISSIWT

uononpoid Y3 wolj suoissiwg
uoneuodsuell zOD Wolj suoissiwg
uononpoud reay 101sip Buioeidal Jo 10843
uononpoud ABiaua Buioeidal Jo 10843
uononpold [an} Wolj SUoISSIWS

3
3
e
A

B3

1| 12138 BpISUI) UONSNQLUOD WOJ) SUOISSIWT

000 €¢

€T S
€T LL

9
% 0T
6TV 8

xade)

VD7 pauljweans

SU0I109UU0D Je3Y
aulq.ny ay3 ul sadueyd
es)

wns

awnay|
Jseaul

wns

luawissasse 1s0)
T 9se22)d



paploAe 0D uoy/3 £L

e/1N 100 ("018 ‘1011 ‘SDD) 8IN1dNJISeUl JO UOONIISUOD WO} SUOISSIWT BN TO'0
e/3N 00°0 uononpoid Y3 Woly suoissiwg BN €29T00°0
e/IN SO0 uopeuodsuel) 0D woij suoissiwg eI S0°0
e/3N 000 uononpoud yeay jousip Buioeidal Jo 10943 BN 0T°0-
B/AN 2L'0 uoponpoud ABisua Buioe|dal jo 1083 ©IN 9%°0-
e/1N 000 uopnonpolid [any Wolj SUOISSIWD 2N O
e/IN 6€°C- (snuny Asayreq apisur) UONSNQIOD WO} SUOISSIWT BN 98°0
BN T9'T- wns BN 9€°0
9sed-Q 03 uosedwo)
uys 02 d°920D e/3) 61861 S2dUBMO||E 20D
e/3| €vESS uoneuodsuel Z0d
e/ /y0Te xaded e/3 958€ xadQ SID 4a410
e/ vor sy xedo e/3 STS J21eM
/34 01569 wWns e/3) 6S€ Vi
(0) @se2 aseq 01 8aUaIBYIA e/3) 00S €I- 1esy1uIsip
e/ €Lg LT~ AL
/3 99009 wns B/3Y 6T06E WnNS
leyol xado

saJuejeq uoissiwe pue 1s0)

V Xipuaddy

(-018 ‘1017 'SDD) 21NONIISkYUl JO UORONIISUOD WOJ) SUOISSIWT

uononpoid Y3 wolj suoissiwg
uoneuodsuell zOD Wolj suoissiwg
uononpoud reay 101sip Buioeidal Jo 10843
uononpoud ABiaua Buioeidal Jo 10843
uononpold [an} Wolj SUoISSIWS

3
x|
e

B3

1| 12138 BpISUI) UONSNQLUOD WOJ) SUOISSIWT

0

0
L08 ¢6T
1,08 ¢61

9
% 0T
Ly0 TC

xade)

VD7 pauljweans

SU0I199UU0D Je3Y
aulq.ny ay3 ul sadueyd
es)

wns

awnay|
Jseaul

wns

luawissasse 1s0)
7 9sed2))d



paploAe 0D u0l/3 G/

e/1N 100 (-218 ‘1017 ‘SDD) 2INONASEAUI JO UORONASUOD WOJ) SUOISSIWT ©AN TO'0
e/1N 000 uononpoid Y3 Woly suoissiwg e/ 000
B/IN SO0 uolrenodsuell OO WOy suoissiwg ©B/IN S0°0
e/3N 000 uononpoud yeay jousip Buioeidal Jo 10943 BN 0T°0-
B/2N SL°0 uoponpoud ABisua Buioe|dal jo 1083 ©IN €70~
e/3N 00°0 uononpold [an} woJj SUoISSIWS BN 0
e/1N 6S°C- (suwi A1epreq apisur) UoNSNQWIOD WOJ) SUOISSIWT eIN 99°0
BN 8L°T- wns BN 6T°0
9sed-Q 03 uosedwo)
uy3 2s d9d 202 e/3% 9T ST SdduUeMo|le 20D
e/3 [/[L8S uoneuodsuell z0d
e/ 8I9vz xaded e/3 0I5ty x2dO SID 49410
e/ 60r 67 Xodo e/3 LSS Jaiem
/3 [20v. wnS e/3) 68 VAN
(0) ased aseq 01 82uUdIBHIA e/3 00S €T- 3e3y ISP
e/3 €609z Aoz
/3 ¢8GY¥9 wns e/34 $966€ wWNS
felol xado

saJuejeq uoissiwe pue 1s0)

V Xipuaddy

(-018 ‘1017 'SDD) 21NONIISkYUl JO UORONIISUOD WOJ) SUOISSIWT

uononpoid Y3 wolj suoissiwg
uoneuodsuell zOD Wolj suoissiwg
uononpoud reay 101sip Buioeidal Jo 10843
uononpoud ABiaua Buioeidal Jo 10843
uononpold [an} Wolj SUoISSIWS

3
x|
e

B3

1| 12138 BpISUI) UONSNQLUOD WOJ) SUOISSIWT

000 €¢
0
¥2s ¢0e
¥2S See

9
% 0T
879 ¢

xade)

VD7 pauljweans

SU0I109UU0D Je3Y
aulq.ny ay3 ul sadueyd
es)

wns

awnay|
Jseaul

wns

luawissasse 1s0)
€ 9sed JDd



paploAe 0D u0l/3 9€T

e/1N 100 (-018 ‘1017 ‘SDD) 2INONASEAUI JO UORONASUOD WOJ) SUOISSIWT BN TO'0
e/3N 00°0 uononpoid Y3 Woly suoissiwg BN 2861000
e/3N 90°0 uolyeodsues) ZOD WOy sUoISSIW ©AN 90°0
e/3N 000 uononpoud yeay jousip Buioeidal Jo 10943 BN 0T°0-
e/AIN TS'T uoponpoud ABisua Buioe|dal jo 1083 BN €0
e/3N 00°0 uopnonpolid [any Wolj SUOISSIWD 2N O
e/IN €6'C- (snuny Asayreq apisur) UONSNQIOD WO} SUOISSIWT BN €€°0
BN SE'T- wns BN 29°0
9sed-Q 03 uosedwo)
uy3 €9 d9d 202 e/3 88F [ SdduUEBMO||E 20D
e/3| [¥S¥9 uonemodsuel z0d
B/ g90€z xaded e/3 Seevy  xadO SID 4eyi0
e/» 10T€6 xodo e/3) 0€9 Ja1eM
/34 €9T 91T wns e/3) ory VI
(0) @se2 aseq 01 8aUaIBYIA e/3) 00S €I- 1esy1uIsip
e/3 L7861 Awduddd
/3 8T.90T wns B/3Y [G9€8 uwns
leyol xado

saJuejeq uoissiwe pue 1s0)

V Xipuaddy

(-018 ‘1017 'SDD) 21NONIISkYUl JO UORONIISUOD WOJ) SUOISSIWT

uononpoid Y3 wolj suoissiwg
uoneuodsuell zOD Wolj suoissiwg
uononpoud reay 101sip Buioeidal Jo 10843
uononpoud ABiaua Buioeidal Jo 10843
uononpold [an} Wolj SUoISSIWS

3
x|
e

B3

1| 12138 BpISUI) UONSNQLUOD WOJ) SUOISSIWT

0

0
99¢ 1T1¢C
99¢ TT¢

9
% 0T
290 €2

xade)

VD7 pauljweans

SU0I199UU0D Je3Y
aulq.ny ay3 ul sadueyd
es)

wns

awnay|
Jseaul

wns

luawissasse 1s0)
¥ 9sed2 DDd



paploAe 0D uol/3 8ET

e/1N 100 (-218 ‘1017 ‘SDD) 2INONASEAUI JO UORONASUOD WOJ) SUOISSIWT ©AN TO'0
e/1N 000 uononpoid Y3 Woly suoissiwg e/ 000
B/3N 900 uolrenodsuell OO WOy suoissiwg ©B/IN 90°0
e/3N 000 uononpoud yeay jousip Buioeidal Jo 10943 BN 0T°0-
e/AIN TS'T uoponpoud ABisua Buioe|dal jo 1083 BN €0
e/3N 00°0 uononpold [an} woJj SUoISSIWS BN 0
e/IN €6'C- (suwi A1epreq apisur) UoNSNQWIOD WOJ) SUOISSIWT BN €0
BN SE'T- wns BN 29°0
9sed-Q 03 uosedwo)
uy3 79 d9d 202 e/3 88F [ SdduUEBMO||E 20D
e/3 [¥St9 uoneuodsuell z0d
B/ 7l§Gc xaded e/3 §89t  xadQ SID 4ayl0
e/ 195€6 xodo e/3 0€9 Jaiem
/3 vET6TT wns e/3) ovy VAN
(0) ased aseq 01 82uUdIBHIA e/3 00S €T- 3e3y ISP
e/3| [786T Aoz
/3 689 60T wWNS €3y /IT¥8 wns
felol xado

saJuejeq uoissiwe pue 1s0)

V Xipuaddy

(-018 ‘1017 'SDD) 21NONIISkYUl JO UORONIISUOD WOJ) SUOISSIWT

uononpoid Y3 wolj suoissiwg
uoneuodsuell zOD Wolj suoissiwg
uononpoud reay 101sip Buioeidal Jo 10843
uononpoud ABiaua Buioeidal Jo 10843
uononpold [an} Wolj SUoISSIWS

3
x|
e

B3

1| 12138 BpISUI) UONSNQLUOD WOJ) SUOISSIWT

000 €¢
0
99¢ 1T1¢C
99¢ veC

9
% 0T
¢LS S¢

xade)

VD7 pauljweans

SU0I109UU0D Je3Y
aulq.ny ay3 ul sadueyd
es)

wns

awnay|
Jseaul

wns

Juswissasse 1S0)
G 9583 )Dd



9sed 80ualajal 8y} A0 3N
SOD YIm 490 U0 SluswisaAul 8y Jo
X3dVO %

uy/3

UMIN/3]

UMIN/3

uy3

UMIN/3

UMIN/3

uy3

s9oue|eq UOISSIWS pue 350D
V Xipuaddy

9¢

% 0T

0LE

% 09

I4

LC

09

00€

09

¢

awnayl| 2ILouod3
arel Junoasig

3N ‘JUBWISAAUL [10 |

SO INOYIM 49O U0 Juswisanu|
N®O NSV + aimded

abeiols % uodsuel 20D

1esy 1oLIsIp pjos

aseyaind Anoue|3

Buyjjes 800

UMIN/3 ‘@seyaind Jio |any 1ybiq
UMIN/3 'Od1

s2oUBMO|[e 20D

S3[qeneA 18410 + Saolid

LECy
TSe- [289
ve- ve
v'0- 8¥9
T T
0 0
0 0
G8- 6T
vl vi-
0 0
6T- 6T
o€ 514

O 0/M 490-490 o/m 490-49

]

e
e
e
e
e
e
B3N
B3N
B3N
B3N

cODQ uoy3| <crvy
z8s-  |STL 159
ov- o
70 7879 6.9
z 4
8¢- 3
0
96- (63 99-
vl IZ8 0
0 0 0
61- 6T 0
29 [ IZA
490-449 490 44

VN3 Jo} 9oud usne-yealg
[eloL

xade)d

(8309 ueyl J1ay10) Sx201Spas} 49
NP0 NSV + aimded

abelois % 1odsuen zoD

Teay 19LISIP P|oS

aseyaind Auo1109|3

Buyies a0

aseyaind |10 |any ybI]

puewap 9d1

S90UBMO|[e 20D

(e/3IN) doueeq [ealtouoo
sased 490



PAPER |

Post-combustion capture of CO,
at an integrated steel mill — Part I:
Technical concept analysis

International Journal of Greenhouse Gas Control,
vol. 16, August, pp. 271-277.

Copyright 2013 Elsevier Ltd.

Reprinted with permission from the publisher.



International Journal of Greenhouse Gas Control 16 (2013) 271-277

Contents lists available at SciVerse ScienceDirect

International Journal of Greenhouse Gas Control

journal homepage: www.elsevier.com/locate/ijggc

Greenhouse
Gas Control

Post-combustion capture of CO, at an integrated steel mill - Part I:

Technical concept analysis

Antti Arasto®*, Eemeli Tsupari?, Janne Kirki?, Erkki PisildP, Lotta Sorsamaiki?

3 VIT Technical Research Centre of Finland, P.O. Box 1000, FI-02044 VTT, Finland
b Ruukki Metals Oy, Rautaruukintie 155, 92100 Raahe, Finland

ARTICLE INFO ABSTRACT

Article history:

Received 19 January 2012

Received in revised form 21 August 2012
Accepted 22 August 2012

Available online 9 October 2012

In this study different possibilities for applying post-combustion capture at an integrated steel mill in
order to reduce carbon dioxide emissions were studied. Implications of different amounts of CO, captured,
different solvents for post-combustion capture and different heat supply options for solvent regeneration
to the energy balance and greenhouse gas emissions of the steel mill are compared to that of the base
case for the steel mill.

The case study is based on Ruukki Metals Ltd.’s Raahe steel mill that is situated on the coast of the Gulf
of Bothnia. It is the largest integrated steel mill in the Nordic countries producing hot rolled steel plates
and coils. It is also the largest CO, point source in Finland emitting approximately 4 Mt/year.

Carbon capture processes were modelled using Aspen Plus process modelling software and results were
used to estimate the potential for reducing CO, emissions at an integrated steel mill from a plant oper-
ator’s point of view. Different heat integration options and heat utilization scenarios were investigated.
The heat available for solvent regeneration varied between these heat utilization scenarios and thus par-
tial capture of CO, was investigated with the CO, amount captured depending on the heat available for
solvent regeneration in the different case studies.

The results of the study show a significant CO, reduction potential using CCS. Approximately 50-75% of
the emissions from the site could be captured using post-combustion capture. Capturing a larger amount
of emissions would be technically less feasible due to the large number of small stacks around the large,

Keywords:

CCS

Iron and steel industry
Post-combustion capture
Blast furnace

Aspen Plus

integrated steel mill site.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

It has been generally acknowledged that climate change is one
of the most serious environmental threats that humankind is fac-
ing and that greenhouse gas emissions (GHG's) should be reduced
in every field of activities. The iron and steel industry is responsi-
ble for about 10% of worldwide CO, emissions from fossil fuel use
(IEA, 2008), which corresponds to about 5% of the overall global
GHG emissions. CO, emissions from iron and steel industry origi-
nate mainly from the two most common steel making processes:
the Blast Furnace and Basic Oxygen Furnace-based route (BF + BOF
route) and the Electric Arc Furnace route (EAF route). Together
these processes are responsible for about 99% of the global crude
steel production (Worldsteel, 2010). The EAF route results in sig-
nificantly smaller CO, emissions per ton of steel produced than the
BF + BOFroute, but the EAF route is often based on recycled steel and

* Corresponding author at: VIT Technical Research Centre of Finland, Biologinkuja
5, Espoo, P.O. Box 1000, FI-02044 VTT, Finland. Tel.: +358 20 722 111/4016;
fax: +358 20 722 7048; mobile: +358 400 159 052.
E-mail address: antti.arasto@vtt.fi (A. Arasto).

1750-5836/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ijggc.2012.08.018

has a smaller unit size. In the previous decade, the growth in global
steel production resulted mostly from the growth in production by
the BF + BOF route (Worldsteel, 2010). In addition, direct reduction
iron production processes (DRI) are already used commercially, but
their portion of the global iron production is still minimal.
Because the BF + BOF route utilizes the iron oxide found in iron
ore, a powerful reducing agent is needed in the blast furnace. A
typical reducing agent is coke, which eventually results in relatively
high CO, emissions (due to subsequent combustion of blast furnace
gas). In addition, the production of coke results in coke oven gas and
eventually in CO, emissions. Numerous improvements in the com-
plicated BF + BOF-based steel mills are possible, but the reductions
in CO, emissions are typically small in comparison to the overall
CO, emissions from the mills. By Carbon Capture and Storage (CCS),
CO, emissions could be reduced to a large extent. CCS is gener-
ally recognized as one of the key climate change mitigation option
and the technology can be utilized in the steel industry as well.
Due to large unit sizes, relatively high CO, concentrations, current
utilization of pure oxygen and recoverable heat, CCS may become
economically feasible in steel mills considering the likely future
costs for CO,, for example in the EU Emission Trading Scheme (EU
ETS). In principle, each of the three main CCS technologies, namely
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post-combustion, pre-combustion and oxyfuel can be utilized in
steel mills. Economically feasible options for reducing CO, emis-
sions are of high interest to European steel producers because of
the additional costs due to the EU ETS. While the market for power
is typically national or regional, the market for steel is global. The
additional production costs due to emission trading can therefore
not be transferred to the product price in order for steel to stay
competitive in the global market. Therefore, the additional costs
due to CCS are even more challenging for the steel industry.

Ruukki Metal Oy’s Raahe steel mill is situated on the cost of the
Gulf of Bothnia. It is the largest integrated steel mill in the Nordic
countries producing hot rolled steel plates and coils. It is also the
largest CO, point source in Finland. In 2008, before the economic
down term and blast furnace revisions, the CO, emissions from
the mill were 4.5 Mt/year (EMV, 2011). Replacing sinters by pellets
from 2011 onwards reduced the direct CO, emissions from the site
by 0.4 Mt/a.

In this study, different possibilities for reducing carbon dioxide
emissions at an integrated steel mill by applying post-combustion
capture (PCC) for were studied, using the Raahe steel mill as a base
case. Technical implications of different post-combustion capture
methods and different amounts of CO, captured as well as energy
balances are presented in this paper. Based on the technical solu-
tions described in this paper, the economics of the solutions and
their net effect on the greenhouse gas emissions are assessed in
the second part of the study (Tsupari et al., 2012).

2. Methods
2.1. General

The CO; capture processes and the steelmaking processes were
modelled using Aspen Plus modelling software and the results were
used to estimate the CO, emission reduction potential using PCC
technologies at an integrated steel mill. Only the parts of the steel-
making processes affected by the CO, capture were modelled with
Aspen Plus. Different CO, capture amounts were investigated with
the amount captured depending on solvent properties and heat
available for solvent regeneration using two different heat produc-
tion solutions.

2.2. Boundaries of evaluation

The system boundaries that were set for the present technical
evaluation are presented in Fig. 1. These boundaries were selected,
since capturing CO, from the flue gas streams from the power plant
and blast furnace hot stoves using post-combustion capture meth-
ods has no effect on the core iron making processes outside the
boundaries. Raahe steel mill produces also district heat for use in
the city nearby as well as for use onsite for the heating of premises.
The power plant is connected to the national electricity grid, and
thus it is possible to balance the changes in electricity demand on
the site using the national grid.

The CO, from Raahe steel mill is emitted from tens of stacks
spread around the site. Since two of these emission sources cover
more than 70% of the total site emissions, the decision was to cover
only these two largest point sources, which are the hot stoves and
the power plant. In addition to being the largest CO, emissions
sources, they are located close to each other, which is a benefit
allowing for various technical solutions.

2.3. Description of the steel mill reference case
The study is based partly on the current operational conditions

and partly on a hypothetical situation at the Raahe steel mill. The
sintering plant was closed 2011, which affected the gas streams

Table 1
Fuel gas streams and compositions [v%] (based on measured data from the actual
site).

Blast furnace Blast furnace Converter gas Coke oven

gas to the gas to hot to the power gas to the
power plant  stoves plant power plant
Mass flow 104.1 49.3 0.8 6.1
(kg/s)
CHy (V%) 0 0 0 23.1
CyHy v%) 0 0 0 2
C,He (V%) 0 0 0 0.7
CO (v%) 23.1 23.1 69 5.1
CO; (V%) 22.1 22.1 16 0
Ha (V%) 53 53 0 57.9
N (v%) 45.1 45.1 15 6.9
0, (V%) 0.2 0.2 0 0
H>S (ppm) 26 26 - -
SOz (ppm) 1 1 - -
503 (ppb) 36 36 - -
H,0 (v%) 43 43 0 43
Heating value 26 26 6.4 384
(MJ/kg)

around the plant. The study investigates a situation where the cur-
rent power plant at the site is renewed and converter gases are
collected and utilized in the power plant. In addition, heat recov-
ery from the steelmaking processes is improved and production of
process steam at the power plant is thus decreased. In this study,
the hot stoves use only blast furnace gas as fuel. The power plant
uses mixture of gases, comprising of blast furnace gas, coke oven
gas and converter gas. The mass flows and gas compositions are
presented in Table 1. The gases originate from fossil fuels, mostly
coal and heavy fuel oil.

One of the two existing boilers is replaced with a new one in
conjunction with the hypothetical power plant renewal. After the
renewal, both existing boilers feed steam to a new turbine. The
old, 32 MWy, boiler uses blast furnace gas as fuel and the new
boiler, with a capacity of 252 MWy, utilizes a mixture of the
gases presented earlier. The power plant renewal enables design-
ing the steam turbine island with CO, capture in mind. Therefore,
the steam turbine is designed for wide set of operation conditions.
The low pressure section of the turbine can be disconnected with
a clutch, in order to avoid damages when the low pressure section
is running empty. The use of a generic turbine model in Aspen Plus
enables the use of the same model for all the cases investigated,
representing different design situations for the turbine. In addition
to the steam produced from the boilers, additional steam produced
at the coke oven is also directed to the turbine. The steam turbine
design is presented in Fig. 2. Bleed 1 of the steam turbine is used to
produce process steam for the steel mill, while steam taken from
bleed 2 is used in the carbon capture process and for the production
of district heat.

2.4. Description of the post-combustion capture cases

The parts of the steel mill under investigation and the bound-
aries for the evaluation are described in Fig. 1. The cases with
CO, capture are compared to the base case without the capture.
The production of steel, the utility steam consumption and the
district heating demand are assumed to stay constant even when
applying CO, capture. The amount of electricity bought from or
sold to the electricity grid is balanced towards the production at
the power plant and the increased consumption, which depends
on the amount of CO, captured. CO, exits the system boundary
either with the flue gases from the power plant and hot stoves or
as a pure stream for transportation to a permanent underground
storage. Besides the power plant and gas utilization renewal, the
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Fig. 1. System boundaries at Raahe steel mill for the energy balance and CO, capture study.

installation of the carbon capture island takes place in an existing
site infrastructure.

Blast furnace gas represents by far the largest fuel gas stream
utilized within the boundaries of this study (Table 1). Since the
amounts of other fuel gases used are small, there are no signif-
icant differences between the flue gases of the power plant and
the hot stoves regarding composition, CO, content and impurities
(Table 3). Because of this, no significant advantage would be gained
from treating these gas streams in separate capture units. A single
capture island could be used thanks to the close location of the flue
gas stream sources and the steady operation of the both source
process units. In addition to this, only a single location suitable for
constructing a capture island on could be found within a reasonably
close proximity of the sources. This also justifies the combination
of the two flue gas streams into a single capture island. When these
flue gases are combined, the total maximum CO, flow to the cap-
ture unit is 103 kg/s. In all CO, capture cases, a 90% capture rate of
the CO, in the flue gases treated was targeted for.

Heat integration opportunities for CO, capture process are
based on matching the heat levels, heat sources and sinks. Heat
can be recovered from steelmaking processes or generated in the
boilers at the steel mill site. The heat can be utilized in electricity
production and for solvent regeneration. Other utility consump-
tions of heat, the demand of district heat and the utilization of
process steam on-site are considered to be equal in all modelled
cases. As heat integrations play a significant role in the study, the
available heat streams were divided into four categories for facili-
tating heatintegration according to temperature and level of exergy
(Table 2). The process steam that can be utilized in steelmaking pro-
cesses is ranked as highest quality heat and set to category 1, while
the lowest quality heat (that is still good for preheating the return
stream from district heating) is set to category 4. The heat streams
were integrated for maximizing CO, recovery, within the boundary
conditions. The integration was adjusted so that the demands for
process steam and district heat were always satisfied. In addition
to the utilization of heat as process steam, in solvent regeneration
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Fig. 2. Design parameters and turbine design for Raahe steel mill.

Table 2

Categorization of heat streams available based on temperature.
Category Temperature level Description Sources
1 Over 180°C Superheated 8 bar process steam 8bar bleed from turbine
2 Over 130°C MEA regeneration, district heating 3 bar bleed, mill heat recovery (steam, hot water)
3 Over 80°C Advanced low temperature solvent regeneration 3 bar bleed, mill heat recovery (steam, hot water)
4 Over 60°C Preheating for district heating Mill and CCS heat recovery (steam, hot water)

and for district heating, the heat was also utilized for preheating of
boiler feed water for improving the steam and electricity produc-
tion efficiency.

The starting point for capturing carbon dioxide from the flue
gases was a conventional MEA based solvent scrubbing process. In
addition to this, the usage of two alternative solvents was investi-
gated with a rough, conceptual study. This was performed to study
the possible effects and benefits for CO, capture in the future when
more advanced methods have been developed.

Sulphur removal from the flue gases prior to the post-
combustion CO, capture unit is generally required. At the steel mill,
the blast furnace gas is already purified with a wet scrubber prior to
utilization in the hot stoves and the power plant boiler. This leads
to a rather low SOy concentration in the flue gases of the power

Table 3
The simulated flue gas compositions [v%].
Power plant Hot stoves

Total mass flow kg/s 181.6 84.3
CHy 0 0
CoHy 0 0
CoHe 0 0
co 0 0
CO, 28.1 284
Ha 0 0
N2 64.8 64.7
0, 0.9 0.9
HyS 0 0
SO, (ppm) 18 17
SO, 0 0
H,0 6.2 6

plant and the hot stoves. The investment required for an additional
SO, scrubber was considered to be a trade-off to avoid an increased
MEA makeup and corrosion in the CO, scrubber. However, the SO,
content in the flue gases was according to the simulations 17 ppm-
v, which is in line with the level that can be found in the literature
for an acceptable concentration suitable for a CO, scrubber (NETL,
2007, 2009; EPRI, 2007). Therefore, no additional sulphur removal
units were needed. The sulphur content could also be further low-
ered slightly by improving the existing SO, removal. The simulated
NOx concentration in the flue gas was very low, approximately
12 ppm.

2.4.1. MEA capture process

The amine capture process was modelled using a standard 30%
MEA solvent. The capture process consists of an absorber unit
and a stripper unit, pumps and heat exchangers. The process was
modelled with an equilibrium model found in the Aspen Plus pro-
cess simulation software (Fig. 3). Rate-based simulation models are
known to be superior to equilibrium-state models for MEA mod-
elling (Zhang et al., 2009; Taylor et al., 2003). However, a simpler
equilibrium model was considered to be sufficiently accurate for
the accuracy needed in this level of concept analysis, where the
capture process is only one component of many.

The absorber was modelled using a Sulzer Mellapak structured
packing. The flue gas is cooled down with a wet scrubber before the
absorber unit. In the absorber, the CO, of the flue gas is absorbed by
the MEA solvent to form stable chemical compounds. The absorber
is operated near atmospheric pressure. According to Abu-Zahra
et al. (2007) the optimum feed temperature for the solvent is 40 °C.
The absorber was modelled as a packed colon with 10 ideal trays
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Fig. 3. Aspen Plus process model of MEA capture process.

and an L/G ratio of 4.21/m3, with the solvent lean loading being
0.22 mol/mol. The rich solvent from the absorber is led into the
stripper unit via a cross heat exchanger. The loading of the rich sol-
vent was 0.49 mol/mol. In the stripper unit the chemically bound
CO, is released from the solvent by heating it to 122 °C with low
pressure steam at 133-160°C (3.0-6.2 bar). The CO, exiting from
the top of the stripper is led to a condenser to remove the water and
solvent from the gas and return it for use in the process. Part of the
water is removed from the process at this stage. The lean solvent
is then led back to the absorber unit via cross heat exchanger. The
stripper is operated at approximately 2 bar pressure.

A small amount of solvent and water is lost from the process
with the exiting flue gas flow from the absorber unit. In addition,
a small amount of solvent is removed from the system to remove
impurities and degraded solvent. Because of this, water and solvent
makeup is added to the process. The amount of solvent consump-
tion was set to be 1.5Kkg/tcaprurea (similarly to Abu-Zahra et al,,
2007).

According to the simulations, the regeneration energy needed
in the process is approximately 3.4 MJ/kg captured CO,. This is by
far the largest energy consumer in the flue gas scrubbing process.
Power is also needed in the capture process for pumps and blow-
ers for flue gas and solvent recirculation in addition to the power
needed for CO, compression.

2.4.2. Alternative solvent options

The standard MEA solvent can to some extent be considered
as outdated and not the best performing state-of-the-art solvent
for new CO, removal processes. Because of this, two other cap-
ture processes were conceptually evaluated to reflect likely future
improvements in solvent scrubbing technologies and their impli-
cations to carbon capture processes with steel mill integration.
Nevertheless, MEA solvent-based processes are the most evaluated
and best known processes, providing a baseline reference to com-
pare results with other studies. However, these alternative solvent
options reflect better the solvent options available for a steel mill
in the future. As the CO, concentration in the flue gas in this case
is higher than in the alternative solvent studies used as reference
(Fortum, 2009; Zhang et al.,2010), the results from the regeneration

energy requirement calculations may be conservative in compari-
son to thereal potential of alternative solvents in CO, capture plants
in steel mills. These evaluations are based partly on current opera-
tional conditions and partly on hypothetic assumptions, and made
to reflect the impact of possible future improvements in solvent
scrubbing technologies in the future.

The evaluation of the first of the two alternative solvents is based
on public information available on the Siemens amino acid salt CO,
capture technology (referred to as “advanced” later on in the text).
This technology was chosen in the Fortum FINNCAP project target-
ing to the demonstration of CO, capture at Meri-Pori condensing
power plant (Fortum, 2009). The most significant benefit with this
solvent in comparison to MEA solvents is the low regeneration
energy requirements of 2.7 MJ/kg CO, (Fortum, 2010). In addition,
the operational costs associated are expected to be slightly lower
compared to baseline MEA. This was mainly due to a lower sol-
vent make up consumption which was, based on the environmental
impact assessment of FINNCAP project (Fortum, 2010), estimated
to be only 13% of the consumption estimated for MEA.

The second evaluation with an alternative solvent is based on
an imaginary solvent (referred to as “low-T” later on in the text),
able to be regenerated at a significantly lower temperature than
baseline MEA. This is assumed to be the result of solvent develop-
ment work in the future. Having a lower regeneration temperature,
even at the expense of relatively high regeneration energy, could
open up new opportunities for CO, capture implementation, espe-
cially in the process industry, where low-temperature waste heat
streams are readily available. The regeneration is set to occur at
70°C, which enables a significantly larger share of the waste heat
streams to be utilized for solvent regeneration and thus increase the
amount of CO, that can be captured. In theory, it could be possible to
develop these kinds of solvents (Zhangetal.,2010) ifthe advantages
achieved with low temperature regeneration would compensate
for other disadvantages. Regeneration energy of 3.0 MJ/kg CO, was
assumed based on Zhang et al. (2010).

2.4.3. CO, processing
Since there is no capacity for geological storage of CO, in
Finland the CO; has to be transported and stored outside Finland’s
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Fig. 4. A seven staged CO, compression train for ship transportation.

borders (Teir et al., 2011). Ship transportation from Finland is the
most economical solution for transporting of CO, from a single CO,
source to a storage site outside Finland (Kujanpdd et al., 2011). For
ship transportation CO; has to be pressurized and cooled down to
approximately 6.5 bar and —52 °C. To reach these conditions with
normal cooling water temperatures CO, has first to be compressed
to approximately 60 bar. CO, is cooled down to —52°C by flash-
ing the pressurized CO; to 6.5 bar. When CO, is flashed, part of it
is evaporated. The evaporated part is returned to the compression
stage for the corresponding pressure level. Compression is done in
seven stages, to enable an efficient heat recovery (Fig. 4). An isen-
tropic efficiency of 0.8 was used in the compressors models. Most
of the energy in CO, compression is used for liquefying CO,. CO,
is cooled down to 15°C between the compression stages. Some of
this low temperature level heat can be utilized to preheat the return
stream from district heating network. The power requirement for
ship transportation is not much smaller than that for pipeline trans-
portation despite the pressure difference. This is because of the
temperature requirements and thus recompression needed.

2.5. Scenarios

Using the parameters, assumptions and modelling described
above, the energy balance and CO, emissions could be calculated
for the steel mill. As described above, the approach allowed the
investigation of energy and carbon dioxide emission balances with
three different heat production scenarios resulting in different CO,
capture scenarios:

Scenario 1: no carbon capture. This is the baseline scenario, with
no carbon capture process in place. The plant operates according to
business as usual, and the power and heat are produced at a normal
rate.

Scenario 2: turbine back pressure operation. The size of the car-
bon capture installation is designed for utilizing the steam available
from the steam turbine in back pressure operation. This enables
capture of CO, and heat production for covering the heat demand
for both the still mill and the district heating network. In addi-
tion, some electricity generation is possible with the high pressure
steam. The sizing of the capture plant is based on the amount of
steam going to the low pressure section of the turbine in the base-
line scenario.

Scenario 3: no electricity production. The carbon capture plant is
sized for a case where all available thermal power is utilized for
regeneration of the solvent. Only the steam and heat demands of
the steel mill are satisfied and all other heat is utilised for regener-
ation of the solvent. In this scenario there is no on-site electricity
generation.

The implications of the CO, capture on the energy balance of the
steel mill site are presented in Table 4. District heat sold from the
boundary was constant in every case, 300 GWh/a, which is based
on the district heat demand in the surrounding city of the mill. The
largest captured CO, amounts (2.9 Mt/a) were in the cases where
all available fuel power was used for regenerating the solvent. With

Table 4
The calculated energy balance for different scenarios with each solvent studied.
Scenario 1:  Scenario 2: turbine  Scenario 3:
no carbon back pressure no electricity
capture operation production
Electricity generation 1180 726 0
[GWh/a]
Capture island electricity consumption [GWh/a]
MEA 0 214 308
Advanced 0 270 330
Low-T 0 276 330
Heat used for solvent regeneration [GWh/a]
MEA 0 1795 2581
Advanced 0 1795 2198
Low-T 0 2041 2442

only the low pressure steam available for solvent regeneration the
captured amounts were in the range of 1.9-2.4 Mt/a. The amounts
of CO, captured are presented in Fig. 5. In addition to the steam
consumption in regeneration of solvent, also power is consumed
in the process. The total power consumption of CCS processes was
estimated to be 0.41 MJ/kg CO, captured. This comprises of pumps,
compressors and other auxiliaries. Most of the electricity is con-
sumed in the CO, compression.

As the amount of captured CO; gets higher, the capacity for elec-
tricity production on the power plant gets smaller, as the steam is
utilized for regeneration of the solvent instead of utilized in the
low pressure section of the steam turbine. In the reference case
the annual electricity production is around 1200 GWh/a. When low
pressure steam is utilized for solvent regeneration, the electricity
production decreases by 40% to 730 GWh/a. When all fuel power
is utilized to produce steam for regeneration, no electricity is pro-
duced on site.

When different solvent options are considered, the low tem-
perature solvent was found to be the best CO, capture option, even
though it had a higher regeneration energy than the advanced sol-
vent. This is due to the higher ability to utilize low exergy heat that
is widely available at site and cannot be utilized in large extent with
other solvents considered. In addition, all measures for low temper-
ature heat recovery were not mapped at the site, so it is possible
that even more CO, could be captured using the low temperature
solvent than what was found in these calculations. In industrial
applications, such as for steel mills, where large amounts of low
quality heat are available, utilization of a solvent regenerable at
a low temperature would cover for a number of other possible
drawbacks with the particular solvent, such as a higher nominal
regeneration energy, higher circulation rates or faster degradation.
In terms of the amount of CO, that could be captured, the advanced
solvent proved to be almost as good as the low temperature sol-
vent with only a minimal difference. When comparing MEA with
the advanced solvent roughly 8% less CO, could be captured with
the same integrations and utilization scenarios.
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Fig. 5. The effect of CCS on the amount of CO, that can be captured with the studied solvents at the chosen boundary conditions.

3. Conclusion and discussion

As a technical option, it is possible to significantly lower
greenhouse gas emissions from the steel industry with the post
combustion capture technologies covered in this study. The
solutions are technically realisable already in the near future. Nev-
ertheless, no commercial application for such a large scale exists
yet. The larger capture amounts studied (2-3 Mt CO,/a) account for
approximately 50-75% of the CO, emissions from the site. If larger
amounts of emissions were to be captured it would be technically
and economically significantly less feasible in comparison to only
applying CCS for the largest emission sources on the site. This is
due to the large number of small stacks scattered around the fairly
large production site.

There are other carbon abatement options for iron and steel
production. CO, emissions can be lowered for example by utiliz-
ing bio char as a reducing agent, applying different energy saving
measures, etc. The high level of integration typical in modern steel
plants makes further energy saving measures of any significant
extent difficult. Large-scale bio char utilization is restricted by
constrained resources and sustainability questions. Generally, also
other CO, emission reduction options, such as electric arc furnaces
or DRI processes, exists, but these are only applicable for certain
types of steel mills. While being important and cost effective at best,
these measures are generally of smaller scale, when compared to
the order of millions of tons of CO, emission reductions that are
possible with CCS.
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In this paper the economics of the technical possibilities presented in Part I (Arasto et al., 2013) for apply-
ing post-combustion CO, capture at an integrated steel mill were studied. Implications of different CO,
amounts captured, solvents and process integration levels to the greenhouse gas balances and economics
of operation are compared to the reference case without CCS trough several case studies using variable
market prices of electricity and CO, emission allowances.

The break-even price (BEP) of CO, emissions (e.g. CO, emission allowances), where CCS becomes more

g?éwords" profitable than the reference case, is about 72€/t CO, with an electricity price of 100€/MWh in the
Cost most favourable studied case using a MEA solvent. For the more advanced solvents considered, the BEP

level is about 64 €/t CO,. With higher prices of electricity, the costs for CCS increase rapidly. The costs for
globally avoided emissions, based on a streamlined life-cycle analysis, are generally higher than the BEP’s,
depending on the fuels that are assumed to eventually compensate the decreased electricity production
in the energy system. The amounts of captured CO, corresponding to the above presented prices in the
most favourable cases are typically in the range of 2-3 Mt CO,/a, which accounts for 50-75% of the site

Iron and steel industry
Post-combustion capture
Feasibility

emissions.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Climate change is considered one of the most serious environ-
mental threats that humankind is facing. Therefore, anthropogenic
greenhouse gas (GHG) emissions should be reduced in every field
of activity. Iron and steel industry is responsible of about 10% of
global CO, emissions from fossil fuel use (IEA, 2008), which corre-
sponds to about 5% of the overall global GHG emissions. Numerous
improvements in steel mills are possible for reducing CO, emis-
sions, but the reductions are typically small in comparison to the
overall CO; emissions from the mills (Arasto et al.,2013). Therefore,
carbon capture and storage (CCS) is a key technology for signifi-
cant CO, emission reductions for the steel mills. Due to the large
unit sizes, relatively high CO, concentrations, existing utilization of
pure oxygen and significant recoverable process heat amounts, CCS
may become profitable in steel mills considering that the costs for
CO, emissions would rise significantly in the future. Economically
feasible options to reduce CO, emission are currently especially
of interest to European steel producers, since the additional cost

* Corresponding author at: VIT Technical Research Centre of Finland, P.O. Box
1603, Koivurannantie 1, Jyvaskyld FI-40101, Finland. Tel.: +358 40 720 7363;
fax: +358 20 722 2720.
E-mail address: eemeli.tsupari@vtt.fi (E. Tsupari).
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from EU Emission Trading Scheme (EU ETS) cannot be transferred
to the product price in order for steel to be competitive in the global
market.

In principle, each of the three main capture technologies, namely
post-combustion capture (PCC), pre-combustion capture and oxy-
fuel combustion can be utilized in the steel mills. There are only
a few studies available with detailed analysis of the costs of these
technologies applied to steel mills. In IPCC Special Report on CCS
(IPCC, 2005) a cost of 18US$/t CO, captured (based on Gielen
(2003)) was presented for the capture stage. IEA (2008) presented
costs of 20-25 €/t CO,, for capture alone and 40-50 US$/t CO, with
transportation and storage, based on a study by Borlée (2007).
Global CCS Institute (GCCSI) has reported costs of 52US$/t CO,
captured for FOAK (first of the kind) CCS applications in the steel
industry (GCCSI, 2009). In [EA Technology Roadmap (IEA,2011) cost
levels of 60-80 €/t avoided CO-, are presented. GCCSI has also pub-
lished an update to the economics of CCS (WorleyParsons, 2011),
where a cost of 54 US$/t CO, captured is estimated for FOAK CCS
plants (including transport and storage) and a range of 35-63 US$/t
captured CO, for later applications, depending on the considered
country. Hooey (2011) presented a cost range of 72-83 US$/t CO,
avoided for end-of pipe capture and costs of about 57 US$/t CO,
avoided for an OBF-MDEA process (oxygen blast furnace and CO,
separation using a methyldiethanolamine solvent). According to
Wiley et al. (2011), carbon capture would require a carbon price
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of at least 65 AU$ per tonne emitted to be economically attractive.
Kuramochi et al. (2011) presented CO, avoidance cost of less than
50€/t for either converting a conventional blast furnace to a top
gas recycling blast furnace or for add-on CO, capture for a conven-
tional blast furnace. Later Kuramochi et al. (2012) presented a cost
range of 40-65 €/t CO, avoided for conventional capture technolo-
gies for blast furnace based process and a range of 30-55 €/t CO,
avoided for advanced capture technologies. The costs for avoided
emissions are very sensitive regarding the assumptions made, for
example electricity prices and captured amounts of CO,, which
bothvaryin the reported studies. In general, an increasing trend can
be noticed in the cost estimations as a function of the publication
year.

In addition to conventional production technologies, direct
reduction iron (DRI) production processes present a new type of
processes for iron production. DRI processes are already used com-
mercially, but their proportion of global iron production is still
minor. According to IPCC (2005) capture from DRI process can
be more feasible than from other steel making processes. Gielen
(2003) has estimated costs for capture from DRI process to be
around 10 US$/t CO,.

Rautaruukki Ltd.’s Raahe steel mill is situated on the coast of
the Gulf of Bothnia. It is the largest integrated steel mill in the
Nordic countries producing hot rolled steel plates and coils. It is
also the largest CO, point source in Finland. In 2008, before the
economic down-term the shut-down of the sintering plant and the
revisions to the blast furnace, the CO, emissions from the mill were
4.5 Mt/year (EMV, 2011). Replacing sinters by pellets from 2011
onwards reduced the direct CO, emissions from the site by 0.4 Mt/a.
The implications of different post-combustion capture methods
and different capture amounts on technical aspects and energy bal-
ances at the Raahe steel mill have been assessed in Part I of this
study (Arasto et al., 2013). In this paper, the impacts of CCS on the
GHG emissions and on the economics of Raahe mill are illustrated
with varying costs of CO, emission allowances in EU ETS (EUA)
and varying electricity prices, using the results from the process
simulation presented in Part I.

2. Methods
2.1. General

The steel mill processes studied and the technical modelling
performed are presented in Part [ (Arasto et al., 2013). The results
obtained by that modelling were used in this paper to estimate CO,
emission reduction possibilities and carbon abatement costs at an
integrated steel mill from the steel mill owner’s point of view. As
presented in Arasto et al. (2013), flue gases from the power plant
and blast furnace air preheaters (also known as “cowper stoves” or
“hot stoves”) were identified as the most potential streams for CO,
capture as these two stacks correspond for about 75% of the over-
all site CO, emissions. Possibilities for partial CO, capture were
investigated using different solvents and several process heat inte-
gration options for solvent regeneration. In total, five different cases
for regeneration heat supply were studied for three different sol-
vents resulting in a matrix of 15 capture cases plus a reference case
without CCS. In addition, the prices of electricity and EUAs, which
are the most important factors in terms of economics of CCS, were
varied in all the cases.

2.2. Boundaries for the evaluation

The boundaries used for the economical evaluations and for the
streamlined life-cycle assessment (LCA) are presented in Fig. 1.
Since capturing CO, from the flue gases from the power plant

and the blast furnace hot stoves using a post-combustion capture
method has no effect to the core iron making processes, the pre-
sented boundaries can be used and unchanged processes, costs and
emissions can be excluded from the assessments. The impact of CCS
on the CO, emissions and the costs within the economic system
boundary were used for calculating the break-even prices (BEPs) for
EUAs where CCS turns profitable over the reference case making a
CCS investment reasonable. The system boundary for the LCA study
is broader, because this also includes the impacts of studied cases
on GHG emissions from, for instance, transportation and storage
as well as the production of the electricity purchased by the steel
mill. These life cycle emissions are taken into account when the
costs of avoided CO, emissions are estimated. However, in terms
of CCS feasibility from the mill owner’s point of view, the costs of
avoided CO, emissions (as defined in this study) are not as suitable
as BEP’s.

2.3. Steel mill reference case

The study is based partly on current operating conditions at
the steel mill and partly on a hypothetical situation, including
some possible future improvements in the mill, which would affect
the CO, emissions. The differences in the reference case com-
pared to the existing situation are described in Part I (Arasto et al.,
2013), including technical details of the reference case mill. The
investments required for the assumed improvements are already
included as part of the reference case and are therefore not taken
further into account in this study. The improvements include a
modernization of the power plant, which would have a major effect
on the investments if it would have been accounted as part of the
investment on CCS. In the reference case the CO, emissions of the
site are 4.0 Mt/a.

2.4. Costs of CCS

2.4.1. Description of the model

In order to estimate costs and GHG emission balances of the
overall CCS chain a Microsoft Excel-based system model called CC-
Skynet™ was used. The model has been developed at VTT Technical
Research Centre of Finland since 2005 to simulate the economics
of power plant operation in different operational situations. During
2008-2011 the model was further developed in a project called CCS
Finland to also cover investments and operation of CCS for power
plants and steel industry. In this study the goal was to evaluate
the consequences of CCS in annual operational costs within the
system boundary described in Section 2.2. Various cases utilizing
CCS were calculated and compared to the reference case without
CCS. The steel production of the mill in the different cases studied
is considered to be constant. The costs are defined from the plant
owner’s point of view by Eq. (1). The parameters used in the cost
estimations of this paper are presented in Table 1. Case specific
variables/intermediate results are presented later in Table 2. The
most important parameters, in terms of economic feasibility of CCS,
are the prices for EUA and electricity. These two parameters were
varied in the study and the most important results are presented
with different prices.

CAPCcasg = EACccs + EAChR + EL + EUA + CO3 tans + solvent
+H,0 + others — DH (1)

where CAPCcpsg is the change in annual production costs [M€/a],
EACccs is the equivalent annual cost based on the required invest-
ment in CO, capture and further on-site processing discounted by
given economic lifetime and discount rate (Table 1), EACyp is the
equivalent annual cost based on the required investment in low
temperature process heat recovery discounted by given economic
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Fig. 1. Boundary for definition of CO, emissions and costs included in economical estimations and boundary for GHG emissions considered in streamlined LCA (avoided
emissions). Only the operations impacted by application of post-combustion CCS are included to analysis.

lifetime and discount rate, EL is the electricity net purchase over
the system boundary (negative for considered system boundary if
more electricity is produced than consumed), EUA is the costs for
EUAs corresponding to released CO, emissions inside the economic
boundary, COyaps is the costs for transported and stored CO,, sol-
vent is the costs for purchased solvent make-up, H,O is the water
consumption due to carbon capture, Others is the other additional
operating costs due to application of CCS, DH is the heat sold to city
of Raahe for district heating.

Other additional operating costs are estimated to consist mainly
of fixed costs because most of the variable operating costs were
estimated separately. Fixed operating costs include for example
personnel and maintenance costs.

Because there are only a few steel industry based CCS
approaches studied in the literature, especially based on PCC, the
overall CCS investment is based on relatively vast literature data
on PCC at power plant sector. The selected investment level in each
case is based on a PCC retrofit study published by NETL (2007)
neglecting the additional SOy removal system (as justified in Part I,
Arasto et al., 2013) and turbine investments (as justified in Section

2.3) presented in NETL (2007). The investment was converted to
2012 Euros using aninflation factor and 05/2012 currency exchange
rate. The obtained investment (Ipp) was then scaled into a size (flue
gas mass flow) for each case (Icase, M€) by Eq. (2) using the principle
and scale factor presented in Green and Perry (2008):

SF
lcase = ( ) - Ipp

where riico, is the CO; mass flow to capture plant for the current
case [kg CO,/s], CO,m-% is the mass fraction of CO, in the flue gases
entering the capture plant [kg CO;/kg], g pp is the flue gas mass
flow in the power plant reference case [kg/s], SF is the scale fac-
tor for investments, Ipp is the CCS investment in the power plant
reference case [M<€].Electricity, fuel prices and BEPs are among the
numerous other indicators and variables of this kind of the case
study can be defined as average future values over the economic
lifetime of the investment.

(fco, /CO,m-%)
1MEG,pp

(2)
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Table 1

General cost model parameters used in the study. Data sources are indicated by footnotes below the table. The values without footnotes are based on in-house data and
general assumptions. In addition to these values, the most important variables, namely EUA and electricity prices were varied in the case studies.

Variable Value Unit Data source
Basic steel mill and power plant data
Amount of mixed gas to power plant 2390 GWh/a a
Average emission factor for the gas combusted in power plant 260 g CO2/MJfyel a
CO;, formation in cowpers 329 kgls a
Annual operation hours for powerplant and cowpers 8600 h/a a
Steam from coking plant to turbine 440 GWh/a a
Annual operation hours for coking plant 8700 h/a a
Turbine back pressure power production (with - without 8 bar bleed) 83-86 MW, b
Annual need for 8 bar steam bleed from turbine 130 GWh/a a
8 bar steam bleed, maximum steam output 40 MW a
Annual 3 bar bleed for district heat in reference case without CCS 50 GWh/a a
3 bar steam bleed, maximum steam need without CCS 40 MW a
Effect of 3 bar bleed to power production 0.28 MW, /MWsteam b
Heat recovered from steel mill for district heating in ref. case, average 40 MW a
Heat recovered from steel mill for district heating in ref. case 337 GWh/a a
Heat utilization for feed water preheating 30 MW b
Upper limit for district heat consumption 300 GWh/a a
Common variables for all CCS cases
CO, capture rate 90% of CO, to capture b
Additional electricity consumption incl. compression to 60 bar 0.41 M]J/Kgcaptured b
Recovered heat from CO, compression to district heating 0.11 MW/kgCO, b
CCS water usage 108 Kg/teaptured b
Recovered heat from flue gases 35.8 MW b
Solvent specific variables
Solvent regeneration energy, MEA 34 M]J/Kgcaptured b
Solvent regeneration energy, “Advanced” 2.7 M]J/Kgcaptured <
Solvent regeneration energy, “Low-T”" 3.0 M]J/Kgcaptured d
Solvent make-up consumption, MEA and “Low-T" 1.5 kg /teaptured e
Solvent make-up consumption, “Advanced” 0.2 kg/teaptured f
Solvent make-up cost, MEA and “Low-T" 1.0 €/kg €
Solvent make-up cost, “Advanced” 0.75 €/kg
General economic variables
Economic lifetime, retrofit plant 20 years
Discount rate 10%
Scale factor for investments in different scales 0.65 g
Investment for PCC retrofit in power plant (434 MWe w/o capture) 334 M€ h
Flue gas mass flow in power plant reference case 553 kg/s i
Mass fraction of CO, in flue gases to capture plant 0.38 kg/kg flue gas b
Price for district heat 50 €/MWh
Cost for CO; storage 12 €[t J
Cost for additional water usage 2 €]t
Other additional fixed operating costs due to CCS 2% Of the total investment

@ Personal communication with Rautaruukki Ltd, 2008-2011.

b Steel mill process model (model presented in Arasto et al., 2013).
¢ Siemens (2011).

d Zhang et al. (2010).

¢ Values for MEA from Abu-Zahra et al. (2007). These values were used also for Low-T solvent.

f Fortum (2010).
¢ Green and Perry (2008).

b NETL(2007)(Table 3-62, 368 million US$ excluding investments on FGD and turbine). Inflation from 2006 to 2012, 14.1%: http://www.usinflationcalculator.com/. Currency

conversion 1.256 $/€: http://www.ecb.int/stats/exchange/eurofxref/html/index.en.html.

i NETL (2007) (Table 2-1, 4,390,042 Ibm/h).
I McKinsey & Company (2008).

2.4.2. Processing, logistics and storing

As there is no capacity for permanent storage of CO; in Finland
the CO, has to be transported and stored outside Finland. The
captured CO, is assumed to be shipped to the North Sea by
ships developed especially for transporting CO,. The transport is
assumed to be purchased as a service from a separate service
provider in these studies. The storage is assumed to be an off-
shore saline aquifer and the overall storage price is set to 12€/t
CO,; (according to McKinsey & Company, 2008).

The CO, transportation costs are assumed based on the method-
ology developed in CCS Finland project (Kujanpdd et al., 2011). Eq.
(3) was fitted to the calculation results to estimate the costs of
CO, transportation [M€/a] as a function of transported (captured)
amount of CO, [Mt CO,/al.

COSTirans = COZ trans * (17-35 : COZ transio'SI) (3)

2.5. Streamlined LCA

Besides the CO, emissions from the site, the direct consequences
of CCS cases on the overall GHG emissions were also taken into
account using system modelling and streamlined LCA. The most
essential emission sources were evaluated in more detail, and
for the less essential sources (e.g. construction, make-up solvent
production) rough and general emission factors were used. The
approach included the following GHG emission sources and emis-
sions:

e CO, from power plant and hot stoves

e Stored CO,

¢ CO, from substitutive electricity production
¢ CO, from substitutive heat production
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Table 2
The modelled energy balance and GHG emissions in different cases with different solvents.
Case 1 Case 2 Case 3 Case 4 Case 5
Change in gross electricity generation [GWh/a] 14 —454 —454 -1180 -1180
Capture plant el. consumption [GWh/a]?
MEA 32 214 232 308 326
“Advanced” 40 270 292 330 330
“Low-T" 63 276 307 330 330
Heat used for solvent regeneration [GWh/a]
MEA 269 1795 1944 2581 2730
“Advanced” 269 1795 1944 2198 2198
“Low-T" 465 2041 2268 2442 2442
Captured CO, [Mt/a]
MEA 0.28 1.90 2.06 2.73 2.89
“Advanced” 0.36 2.39 2.59 2.93 2.93
“Low-T” 0.56 2.45 2.72 2.93 293
Net GHG effect [Mt/a]
MEA —-0.26 -1.17 -1.31 -1.15 -1.28
“Advanced” -0.32 -1.60 -1.78 -1.33 -1.33
“Low-T" —-0.46 -1.64 -1.88 -1.32 -1.32

2 Including compression.

® CO,, CH4 and N, O from avoided/additional production and sup-
ply of fuels

e Construction of CCS plant

e CO, transport (ship construction, fuel consumption, CO, cooling
splits)

¢ Solvent production and transportation

Relatively definite emission factors for direct CO, emissions
from substitutive external combustion processes (i.e. combustion
at a plant outside of the steel mill) are based on national fuel
classification data (Statistics Finland, 2011). More ambiguous is
the question about what type of fuels are those that in certain
cases are eventually substitutive ones. In this paper, changes in
electricity and heat sold/purchased over the system boundary are
assumed to be substituted by coal and oil, respectively. In the
Nordic electricity market (Nordpool) the base load is produced
mainly by hydropower, nuclear and combined heat and power
(CHP). Coal-fired power plants are used mostly during periods of
high electricity prices (i.e. during high consumption or reduced
hydropower). Therefore, changes in electricity consumption can be
assumed to impact mostly coal-fired power production (Nordpool,
2012). Benefits from oil substitution are minor, because already in
the reference case the steel mill could supply more district heat
than the city consumes and in the district heat network oil is used
only for reserve and peak load production (Raahen Energia, 2010).

General factors (literature sources) were used for evaluating
GHG emissions from fuel production and supply (Kirkinen et al.,
2008; Neste Oil, 2010), GWP (global warming potential) factors
for a 100-year time horizon for CH4 and N,O emissions (IPCC,
2007), CCS plant construction (Pehnt and Henkel, 2009) and MEA
(monoethanolamine) production (Ecoinvent, 2009). GHG emis-
sions from MEA production (3.4 CO,-equiv. t/t MEA) were also used
as an estimate for GHG emissions from the production of other sol-
vents due to their small contribution to the overall GHG emissions.

Emissions from ship transportation were calculated based on
the estimated ship capacity and transportation time (based on the
methodology presented in Kujanpdd et al. (2011)). The fuel con-
sumption at sea is linearly interpolated, based on the deadweight
of 220,000 m? tanker used as a reference, consuming 0.6 t of heavy
fuel oil per hour (Aspelund et al., 2006). During mooring, load-
ing and discharging, the ship engines are assumed to run on 20%
capacity. The amount of vented boil-off CO, per day from the ship
tanks is based on IEA (2004). Ship weight is calculated based on the
deadweight coefficient presented by Molland (2008) and assumed
to consist of steel only. The total CO, emissions resulting from

production of this steel is estimated to 1.97 t CO,/t steel (Hu et al.,
2006).

2.6. Studied cases

In general, the overall economics of CCS is strongly dependent
on the energy penalty due to CCS. The PCC processes considered
with three different solvents for CO, capture and two scenarios
for the heat production for solvent regeneration were presented in
Part I (Arasto et al., 2013). Those scenarios are used also as basis
for the case studies of this paper (cases 2 and 4). The solvents con-
sidered are MEA, an “Advanced” solvent based on Siemens amino
acid salt CO, capture technology (Siemens, 2011) and a solvent pre-
sented by Zhang et al. (2010), which could be regenerated in lower
temperatures than the other solvents (“Low-T").

In the steel mill studied there are several options for different
heat integrations available, leading to different energy penalties
and economics for CCS. The most economical solution is depend-
ent on, for example, the solvent considered, investments required
for heat recovery, and future prices for electricity and EUAs, which
are all uncertain. Therefore, three additional cases comparing to
heat production options presented in Part [ were studied for each
solvent. The modelled cases included increased heat recovery from
the steel mill processes suitable for solvent regeneration, result-
ing in higher CO, capture capacities. Only the recovery options
resulting water or steam streams at over 130 °C temperature were
considered.

In order to ease the reading of the results, the cases have been
put in such an order that the amount of captured CO, increases as
the number of the case increases. The cases are described as follows:

e Case 0: the reference case without CCS to which the CCS cases
are compared. In case 0 some developments to the existing steel
mill are already implemented as presented in Arasto et al. (2013).
A small, intermediate steam bleed is needed for district heating
peak loads.

e Case 1: small scale CCS application, where the capacity of the CO,
capture plantis determined by the regeneration heat available for
the solvent using the process heat recovered from steel mill pro-
cesses by additional investments (23 M€, 120 GWh/a hot water
and 146 GWh/a steam. GWh values are expressed at 60 °C refer-
ence temperature). Intermediate steam from turbine is neither
used for solvent regeneration nor for district heating, because
additional heat (in comparison to the reference case) is recovered
for district heating using the waste heat from the capture and
compression units. Therefore, power production increases and
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electricity production is higher than in the reference case. How-
ever, compression stage increases plant electricity consumption
and electricity output from the economic system boundary is less
than in the reference case.

Case 2: the capacity of the CO, capture plant is determined by
the heat consumption of the solvent regeneration, which is set
to be equal to the amount of heat in the intermediate steam
available from the turbine. Therefore, condensing power is not
produced. There are no investments in heat recovery in this
case.

Case 3: combination of previous cases. The capacity of the CO,
capture plant is determined by its heat consumption, which is
set to be equal to the sum of the heat streams of cases 1 and 2
Case 4: the capacity of the capture plant is determined by its heat
consumption, which is set to be equal to the whole steam pro-
duction of the boiler. Therefore, there is no power production.
Depending on the energy required for the regeneration of sol-
vent considered, the amount of heat may be sufficient to capture
all CO, emissions within the economic system boundary. There
are no investments on heat recovery in this case.

Case 5: the capacity of the capture plant is determined by its heat
consumption, which is set to be equal to the sum of the heat
streams of cases 1 and 4.

The net electricity production of the economic system boundary
is “sold” to the rest of the steel mill (see Fig. 1) using the given mar-
ket price for electricity, since any change in the power production at
the steel mill impacts on the steel mill’s need to purchase electricity
from the market. The entire steel mill is a net electricity consumer
in any case but in cases 4 and 5, where no electricity is produced,
also the considered economic system is a net electricity consumer.
In addition, the amount of available district heat from the economic
system boundary changes from case to case. District heat is utilized
in the premises of the mill and in the city nearby. However, there is
an upper limit given for the amount of heat that is possible to sell
from the system due to the limited heat consumption of the rela-
tively small city to which the district heat network is connected.
Heat supply is restricted to this limit in all of the cases with the
exception of case 1 with “Low-T” solvent. The amount of combusted
gases is equal in all the cases, because it is not dependent on the
(post-combustion) CO, capture process or any other case variable.

[1Electricity substitution
2.0
15

1.0

[ 1Direct combustion (captured)

Therefore, the CO, formation from combustion is also equal in all
the cases.

3. Results
3.1. Energy balance and GHG emissions

Using the earlier described parameters, assumptions and mod-
elling the energy balances and impacts on the GHG emissions were
calculated for the studied cases. The most important impacts on the
energy streams and GHG emissions are presented in Table 2 for each
of the modelled solvents. As our approach allowed investigation of
different amounts of CO, captured, the smallest amounts captured
(0.3 Mt/a) were in the cases where only recovered heat was used
for the capture processes and the largest amounts (2.9 Mt/a) in the
cases where all available fuel power was used for regenerating the
solvent.

As presented in Table 2, the same heat sources can be utilized
to a larger extent in the case of the “Low-T” solvent. This is mostly
due to abetter utilization of low temperature process heats in liquid
phase. For example, from the same 130 °C hot water stream, almost
five times more energy can be utilized for regeneration of the low
temperature solvent than for regeneration of MEA. Due to smaller
specific regeneration energy, more CO, can be captured with the
same energy sources also by “Advanced” solvent than by MEA. The
lowest overall GHG emissions are achieved using the “Low-T” sol-
vent in case 3, where recovered process heat is utilized, but only
low pressure steam is needed from the turbine. The effect of CCS
on the GHG emissions from the LCA system of the considered cases
is illustrated in Fig. 2 for the MEA solvent.

3.2. Costs of CCS

In Table 3 the effect of CCS on the annual costs and incomes
within the economic system boundary are presented using EUA
price of 50€/t and electricity price of 80 €/MWh for different cases
using the MEA solvent. The results from the calculations show that
all CCS cases are less profitable than operation without CCS.

In Fig. 3 the effect of CCS on the total costs in comparison with
the reference case are presented using an EUA price of 80<€/t and
electricity price of 100€/MWh for all three solvents. With these

[10ther -s-Net GHG

0.5

Impacts on GHG emissions, CO,eq. Mt/ a

Case 1

Case 2

Case 3 Case 4 Case 5

Fig. 2. The impact of studied cases on related system’s GHG emission levels with MEA as a solvent. The lowest overall GHG emissions are achieved in case 3, where recovered

process heat is utilized, but only low pressure steam is needed from the turbine.
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Table 3

The impact of CCS on the annual costs of the steel mill with EUA price of 50 €/t and electricity price of 80 €/MWh for different cases with MEA solvent.
[M€/a] Case 1 Case 2 Case 3 Case 4 Case 5
Electricity purchase 1.5 53.5 54.9 119.1 120.5
CO; allowances -14.2 -95.1 -102.9 -136.7 —144.5
CO; transport and storage 12.8 46.6 49.4 61.2 63.9
Other OPEX 1.9 6.6 7.5 8.9 9.6
CAPEX 8.2 19.5 232 245 275
Total 10.1 31.1 321 76.9 77.0

prices CCS cases 2 and 3, with any of the studied solvents, would
be more profitable than the reference case. Case 1 with MEA as
a solvent yields to slightly higher overall costs and other studied
solvents slightly smaller costs than the reference case. The most
economic option would be “Low-T” solvent in case 3 but in general
the results with “Advanced” solvent and “Low-T” solvent are near
to each other. With high electricity prices cases 4 and 5 would not
be feasible.

Vast uncertainty lies in EUA-electricity price interaction in the
future and under estimated price range where CCS could be feasi-
ble. However, it can be assumed that increasing EUA price leads to
climbing electricity prices. If we compare the economics of opera-
tion for different CCS cases to that for the base case steel production
as presented in Fig. 3 but with varying costs of electricity, we can
define trends for EUA BEPs where CCS turns profitable over the ref-
erence case. In Fig. 4 the EUA BEPs are presented as a function of
electricity price for MEA and “Advanced” solvents in cases 1 and 3.
The BEPs are lower with “Advanced” solvent than with MEA mainly
due to the more efficient utilization of heat sources. With high elec-
tricity prices, BEPs in case 1 reach case 3 prices and eventually
become lower. BEP values for “Low-T” solvent are close to those
of “Advanced” solvent.

In the cases studied using the “Low-T” solvent, the cost for
avoided CO, varies between 84 and 169 €/t using an electricity
price of 80 € MWh and between 93 and 192 €/t using an electricity
price of 100€/MWHh. For the MEA solvent the respective costs are
between 94-186 <€/t and 95-212 €/t. The levels of cost of avoided
CO, are heavily dependent not only on the characteristics of the
facility and the operational environment (e.g. electricity price) but
also on the chosen system boundaries and assumptions, such as the
type of substitutive electricity generation. For example, if we con-
sider natural gas-based electricity as marginal production instead

= MEA
30

20

10

-10

Change in total costs [ME/a]

-ap

-50

Case 1 Case 2

@ Advanced

of coal, the costlevel of avoided CO-, decrease, especially in the cases
with a higher amount of CO, captured, so that with an electricity
price of 80€/MWh the costs are between 72 and 113 €/t for the
“Low-T” solvent and between 84 and 119 €/t for the MEA solvent.

4. Conclusion and discussion

From a plant owner’s perspective, the EUA BEP, i.e. when CCS
turns more profitable in the most competitive studied case than
buying carbon credits in the reference case, is in the range of
58-78 €/t CO,, if only electricity prices between 80 and 150 €/MWh
are considered. The cost for globally avoided emissions is in the
range of 84-114€/t CO,, respectively, if coal is used as the fuel
to substitute the changed electricity consumption. This applies to
the larger amounts of captured CO, studied (2-3 Mt CO,/a) which
account for 50-75% of the site emissions. If a larger amount of
emissions were to be captured, the costs are estimated to rise signif-
icantly in comparison to only applying CCS for the largest emission
sources on site. This is due to the large number of small stacks
around the large production site.

The results showed that the costs for CCS are heavily dependent
not only on the characteristics of the facility and the opera-
tional environment, but also on the chosen system boundaries and
assumptions. Especially the assumed impacts on electricity pro-
duction in the network affect strongly the amount of avoided CO,
emissions. In the long term, the impacts on the electricity produc-
tion system is an ambiguous issue due to, for instance, complex
rebound effects on fuel, electricity and EUA prices and investment
decisions. On the contrast, GHG emissions from ship transportation
are only about 2% of the captured emissions and GHG emissions
due to the capture plant construction even smaller. The cost levels
obtained in this study are slightly higher than that of the literature.

E Low-T

Case 3 Case 4 Case 5

Fig. 3. The impact of CCS on the total costs in comparison with the reference case using different solvents and electricity price 100€/MWh and EUA price 80 €/t.
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Fig. 4. The EUA break-even price for MEA and advanced solvents in cases 1 and 3.

However, the cost level in literature generally follows a rising trend
according to the publication year, which may be partly due to the
rising prices of services and material. Another reason for the higher
cost levels of the present study is the long distance to a storage
site and the assumption of using an offshore storage site. Compar-
ing the present results to those for application of CCS in coal-firing
power plantin Finland (Teir et al., 2011), that used similar approach
(system boundaries, solvents, assumptions etc.) as the present
study, the BEP for the studied steel mill application is almost 20 €/t
lower.

Capturing and storing smaller amounts of CO, (in the range of
0.3 Mt CO;/a), could be realized with very low operational costs,
due to the waste heat available at the site of the steel mill. However,
the total costs would still be in the same range as with the larger
amounts captured due to the relatively higher investment costs for
the smaller size equipment and higher transportations costs per ton
of CO,. The cost optimum depends on various factors, butin general,
heat integration is a major contributor to the overall efficiency and
economics of CCS installation.

Capture processes using more developed solvent processes were
the most feasible solutions studied. A solvent, which could be
regenerated using low temperature process heat, would probably
result in significant advantages in the overall economics of CCS in
the process industry, where substantial amounts of process heats
are available in liquid phase. The figures presented in this study are
based on the mapped heat recovery potential in the studied steel
mill. Because extensive utilization of low temperature heat streams
in the mill has not been relevant issue before, the amount of recov-
erable heat streams, especially in low temperatures, are unknown
as well as the related investments. If the studied “Low-T” solvent
could be developed and commercialized, even more low level waste
heat could be available in the mill in comparison to heat streams
above 130°C that were considered in this study. This might lead
to improvements in the feasibility of CCS if heat recovery can be
implemented with low investment.

The EUA prices and electricity prices prospected for the near
future do not turn the CCS investment profitable yet. Even if CCS
would become more feasible than operation without CCS in the
steel industry with higher EUA prices, the production costs of steel
would rise drastically in the EU member states, unless free EUAs are
given for the industry. Assuming an EUA price of 60 €/t (the lower
end of the presented BEPs), specific CO, emissions of 1.8 t/tg.e and
a market price of 500€/tge;, the EUA cost increase would raise

the price level of steel about 22% even when not taking the likely
increase in electricity price into account.

In certain applications, such as in industrial processes and com-
bined heat and power plants, significant improvements can be
achieved with heat integration, for instance, in the production of
district heat. The feasibility could also be optimized by using new
operational options that CCS brings. For instance, CO, capture could
be bypassed during periods of peak electricity prices. The optimal
solution from the mill owner’s point of view depends on multi-
ple factors with electricity price and CO, price being the dominant
ones. The final result of the cost estimation is driven by the relation-
ship between CO, emission prices and electricity prices. High CO,
prices increase the electricity prices making the CCS less profitable
because the value gained from the carbon allowances must exceed
the value of the electricity production lost in the capture process in
order to make CCS feasible.
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In this study application of OBF with and without CCS to an integrated steel mill is investigated. The
study is based on the real, Ruukki Metals Ltd.’s existing steel mill, located in the city of Raahe, Finland.
Implications of application of OBF to energy and mass balances at the site are studied. Based on the
technical evaluation, costs and feasibility for carbon capture are estimated. The energy and mass balance
basis is presented in this first part of the series of two papers. Costs, feasibility and sensitivity analysis
are assessed in the second part of the series (Tsupari et al. 2014. Int. J. Greenhouse Gas Control).

Jron and steel industry The impact of applying OBF at an integrated steel mill is evaluated based on a consequential assessment
Oxygen blast furnace following the methodology of Arasto et al. (2013). Int. ]. Greenhouse Gas Control 16 (August) pp.271-277
OBF concentrating only on the parts of the steelmaking processes affected by the deployment of OBF and CO,
capture. The technical processes, CO, capture and the steelmaking processes affected were modelled
using Aspen Plus process modelling software and the results were used to estimate the CO, emission
reduction potential with OBF technology at an integrated steel mill.

The results show that the CO, emission from an iron and steel mill can be significantly reduced by
application of an oxygen blast furnace and CCS. By applying only the blast furnace process, the emissions
can already be reduced by 1.2 Mt/a without storing the separated CO,. If captured CO; is also purified and
stored permanently, the emission can be further reduced by an additional 1.4 Mt/a. This is a significant
reduction considering that the production of the mill stays the same as in the reference case. In addition
to carbon footprint of the production, application of oxygen blast furnace also has significant impact on
coke consumption and energy balance on the site.
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Vacuum pressure swing adsorption
Aspen Plus
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1. Introduction

Iron and steel industry is a significant contributor to global CO,
emissions with up to 10% share of emissions from use of fossil fuels
(IEA, 2008). In Europe, the recently proposed more strict emission
reduction targets for 2030 also concern iron and steel production
as it is part of the ETS sector (European Commission, 2014). Due
to the high risk of carbon leakage, iron and steel industry seems
to get majority of their emission allowances for free. However the
tightening targets will bring the carbon prices higher and therefore
the reduction of emissions would also be of interest in the iron and
steel industry.

* Corresponding author. Tel.: +358 20 722 4016/+358 20 722 111/
+358 400 159 052; fax: +358 20 722 7048.
E-mail address: antti.arasto@vtt.fi (A. Arasto).

http://dx.doi.org/10.1016/j.ijggc.2014.09.004
1750-5836/© 2014 Elsevier Ltd. All rights reserved.

An oxygen blast furnace (OBF) is one technology for enabling
carbon capture and storage (CCS) to an integrated iron and steel
mill. Other options for reducing CO, emissions at the plant pro-
ducing virgin steel, based on blast furnace +basic oxygen furnace
(BF +BOF) route, are other CO, capture solutions, alternative fuels
and energy efficiency measures. CCS is one of the only means
possible for large reduction of CO, emissions from the plant site.
However, application of OBF reduces coke consumption in blast
furnace and therefore also CO, emissions even without CCS.

Recently, extensive work on development of OBF concept and
technology has been conducted in ULCOS project (van der Stel
et al,, 2013). However, in addition to results of ULCOS projects
(Birat et al., 2009; Birat and Lorrain, 2009), very few estimations
of economic impact of application of OBF in steel mills are avail-
able. Recently, IEA GHG published a study conducted together with
MEFOS and Tata Steel (IEA GHG, 2013). It should be noted that
the study presented by IEA GHG is based on comparison of dif-
ferent technological options for construction of a new steel mill
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and it includes also other notable differences in assumptions and
approach in comparison with this study, such as the use of a smaller
coking plant and a natural gas fired power plant in the case of OBF.

In this study application of OBF with and without CCS to an
integrated steel mill is investigated. The objective of the two
series paper is to compare different process configurations and
alternatives, their GHG impacts and costs related to an existing steel
mill site. First one in the series is to describe technical concept and
its direct implications. The second paper addresses the greenhouse
gas impact and costs on site level (Tsupari et al., 2014). This also
includes sensitivity analysis based on the technology described.
The study is based on the real existing steel mill, located in city
of Raahe, Finland. Implications of application of OBF to energy and
mass balances at the site are studied. Based on the technical eval-
uation costs, feasibility and sensitivity analysis are assessed in the
second part of the series. Similar methodology has been used as
in the evaluation made in the CCS Suomi project for application
of post combustion CO, capture to Ruukki Metal Oy’s Raahe Steel
Mill (Arasto et al., 2013; Tsupari et al., 2013), enabling comparison
of results, both technical and economical between that study and
the present study.

Ruukki Metal Oy’s Raahe steel mill is the largest integrated steel
mill in the Nordic countries producing hot rolled steel plates and
coils. In 2008, before the economic down term and blast furnace
revisions, the CO, emissions from the mill were 4.5 Mt/year (EMV,
2011). Replacing sinters by pellets from 2011 onwards reduced the
direct CO, emissions from the site by 0.4 Mt/a.

This paper describes the technical assessment of application of
OBF with CCS to the Raahe steel mill. In addition, background infor-
mation, used assumptions and approach for economic estimations
are presented as well as examples of results based on the selected
parameters.

2. Methods
2.1. General

The basis for the entire techno-economic assessment is the
modelling of process environment, and application of oxygen blast
furnace (OBF) with auxiliaries. Based on the energy and material
balances obtained from the modelling and the technical feasibility
of solutions the economic profitability is further evaluated (Tsupari
et al,, 2014). Emission reductions are estimated within the system
boundary (i.e. from an investor’s point of view).

The impact of applying OBF at an integrated steel mill is
evaluated based on a consequential assessment following the
methodology of Arasto et al. (2013) concentrating only on the parts
of the steelmaking processes affected by the deployment of OBF and
CO, capture. The technical processes, CO, capture and the steel-
making processes affected were modelled using Aspen Plus process
modelling software and the results were used to estimate the CO,
emission reduction potential with OBF technology at an integrated
steel mill.

2.2. Reference case

It is realistic to assume that investment in CCS applications
in Raahe would not take place before 2020. Therefore also the
reference case of this study (without OBF) includes some future
improvements, even if it is uncertain whether these improvements
take place in reality. To enable comparison with results from the
CCS Suomi project (Arasto et al., 2013; Tsupari et al., 2013), the
reference case and related background data were kept as similar as
possible to those in the CCS Suomi project and the same input data
has been utilised where applicable. However, some modifications

Table 1
Raw material consumptions for BF and OBF [kg/t hot metal].

BF OBF

kg/t Hot metal t/a kg/t Hot metal t/a

Coke 287 746,200 192 499,200
Pellets 1388 3608,800 1388 3608,800
Briquettes 100 260,000 100 260,000
Quartz 13 33,800 21 54,600
BOF slag 60 156,000 60 156,000
Limestone 44 114,400 48 124,800
PCI 180 468,000 180 468,000

to the reference case were decided for this study as described
below. The evaluation is based on a normal yearly production of
2600,000t of hot metal and the annual operation of 8600h for
most of the units. The capacity of the current two blast furnaces is
replaced by oxygen blast furnaces.

As in the CCS Suomi project, the reference case of this study is
based on the Raahe steel mills with additional improvements: the
sintering plant was stopped, collection of converter gas to a new
gas holder, and utilisation of the converter gas as mixed gas in a
new power plant. Due to these improvements the reference case is
slightly different from the present situation in the real steel plant.
For example, electricity production in reference case is higher than
at present in the real plant.

The most significant difference in comparison to the CCS Suomi
reference case is injection of coal (PCI) to blast furnace instead of
extra heavy fuel oil. This change was made in order to get a bet-
ter comparison of the results with the ULCOS project (van der Stel
et al., 2014) using experimental data provided by Ruukki based on
PCI utilisation (Nevalainen, 2011). The differences in the reference
cases have an impact on some results, but the impact is estimated to
be minor when compared with overall uncertainties related to the
impacts of OBF. However, utilisation of PCI changes composition of
top gases from blast furnaces (incl. OBF), reduces steam consump-
tion due to avoided oil heating and requires inert gas for injection
of pulverised coal.

The difference between the steam consumptions in these two
reference cases is partly compensated by different assumptions
regarding investments on heat recovery from rolling mills. In the
CCS Suomi reference case it was assumed that consumption of
30bar and 10bar steam is satisfied by heat recovery investments.
In the reference case of this study, these investments in heat recov-
ery are not executed, since 30 bar steam is not consumed because
of heavy fuel oil replacement by PCIL.

2.3. System boundary

The replacement of a normal blast furnace with OBF affects
many of the processes at an integrated steel mill, but not all of
them. The system boundary is selected to only include the pro-
cess units significantly affected by the change. This way the whole
integrated steel mill does not need to be modelled and included
in the economic evaluation. From an economic point of view, only
changes in the streams crossing the evaluation boundaries need to
be assessed. Table 1 shows the raw material consumptions used for
the reference case blast furnace (BF) and for the OBF case.

Based on Table 1 it can be concluded that the most impor-
tant impact of the OBF on the blast furnace raw materials is the
change in coke consumption. As consumptions of other materials
are not significantly changed or these streams are purchased from
external vendors or from other units or operators in the mill area
(e.g. limestone), production or processing of these substances are
not included in modelling. However, a more significant change in
consumption of some materials could have other impacts as well,
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global/society’s point of view.

for example on the amount of mixed gas sold to lime kilns
(Fig. 1).

In the case of the OBF the following three scenarios for
implications of decreased coke consumption were identified and
discussed:

1. decreased coke production in coke ovens,
2. different coal properties (higher share of volatiles) and
3. similar utilisation of coke ovens and coke selling to markets.

Options (1) and (2) would have major impacts on the gas bal-
ances of the steel plant, coking plant feedstock as well as on
operation and by-products from the coking plant. These impacts
and technical limitations are partly unknown and therefore option
(3) was chosen for modelling. However, options (1) and (2) could
offer some benefits which are further discussed in the end of this
report.

Based on the earlier presented assumptions, the system bound-
aries described in Fig. 1 can be assumed for calculations.

2.4. Technical evaluation

Technical evaluation can be roughly divided into two main
parts:

(1) Implications of the application of the OBF on a process level and
(2) implications of the application of the OBF to the mass and
energy balances on the site level.

Underlying questions on process level are different operation
assumptions of the OBF process, selection of auxiliary processes,
their energy requirements and integration to the steel mill. On site
level the essential questions are: the overall energy balance on the
site level, replacing fuel usage, replacing energy production and
energy related investments.

The technical evaluation is based on detailed Aspen Plus mod-
elling of the processes involved, such as the air separation unit,
CO, separation unit as well as compression and purification of CO,.
Vacuum pressure swing adsorption (VPSA) was the chosen CO,
separation technology in this study. The VPSA process was chosen
as the capture technology, as it was expected that the amount of
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Fig. 2. Schematic process diagram of oxygen blast furnace process with CCS.

excess steam required by MEA capture is not available on site when
removing the power production block. The results from the Aspen
Plus model were used to estimate the impacts of the OBF on site
level. For these estimations, a new steel mill application was cre-
ated in the MS Excel based toolkit CC-Skynet™. More information
about CC-Skynet™ is given for example in (Tsupari et al., 2013).

2.4.1. Detailed Aspen Plus modelling

Process units and islands were modelled with an equilibrium
model of the Aspen Plus process simulation software to get infor-
mation on the plant level implications on mass and energy balances
of the investigated. The process units and sections were modelled
following the interconnections presented in schematic flow sheet
in Fig. 1 and the information collected for balance calculations in
CC-Skynet™ [Fig. 3]. Ambient conditions of 1.01325 bar and 10°C
were utilised for the steady state modelling. Conventional compo-
nents based on PURE 24 database with PENG-ROB property method
and STEAM-TA for free water method were used in Aspen Plus
modelling.

OBF is a blast furnace fired with pure oxygen instead of oxy-
gen enriched air. The schematic picture of application of OBF on
a process unit level is presented in Fig. 2. In principle the process
resembles a conventional blast furnace process but a part of the top
gasisrecycled back to the furnace tore-use the carbonin top gasas a
reducing agent. Because of this the top gas of the blast furnace con-
tains very little nitrogen. The CO, of the top gas is separated and the
hydrogen and carbon monoxide recycled back to the blast furnace
to act as reductant and improve the energy balance. The separated
CO, is purified, compressed and sent to a permanent storage via
ship transportation. Transportation costs have been assessed in a
previous study (Kujanpdi et al., 2011).

The blast furnace and oxygen blast furnace are modelled in this
assessment as a black box with a yield block. The information about

input and output streams is based on experimental data provided
by Ruukki. The input and output gas compositions are presented in
Table 2 and utility consumptions in Tables 1, 5 and 6. The injection
temperature of recycle gas is estimated to be 900 °C.

Oxygen for the OBF is produced by an air separation unit (ASU).
The ASU is utilizing conventional cryogenic technology for oxygen
production. Similar ASUs are currently operating on the existing
site to produce oxygen, for instance, for oxygen enrichment in
the conventional blast furnaces. The current oxygen consumption
of blast furnaces is 70 Nm?3/tHM and the oxygen consumption is
estimated to rise to 220 Nm3/tHM with an oxygen blast furnace
(Nevalainen, 2011). Electricity consumption of the existing ASU is
about 400 kW h/t O,. The respective consumption of modern ASU
technologies is 260 kW h/t O, (Hannula et al., 2013). Therefore, in
OBF case, it is assumed that the new ASU is designed to fulfil the
entire O, consumption of blast furnaces, therefore also replacing
a share of the production of existing ASU. Electricity consumption
and heat recoveries are diminished accordingly. The ASU is mod-
elled with Aspen Plus process modelling software with RADFRAC
distillation blocs on three different pressure levels and intercool-
ing. It is assumed that utilisation of OBF technology does not have
an impact on the oxygen consumption of (or production for) other
processes (BOF converters etc.).

Table 2
Input gas flows and compositions (Nevalainen, 2011).
Top gas CO; rich Gas Product gas
Nm?/t HM 1276 457 819
Co% 46.1 6.3 68.3
Hy% 8.3 0.7 125
CO% 35.8 92 4.4
N2 % 9.8 1 14.7
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Fig. 3. Steel mill application built in CC-Skynet™ toolkit (OBF case study).

Cooling of process gas streams is done at three temperature
levels in this assessment. The cooling above 110°C is for steam
production and above 60 °C for district heat production. The rest
of the cooling is carried out using cooling water, typically down to
30°C.

The top gas exiting from the OBF and going to the VPSA for CO,
separation is cooled down to 30 °C before the compressors. Before
cooling down, 10% of the top gas is taken to combustion to heat up
the recycle gas stream before injection to the blast furnace. Hot gas
is directed to the combustion to take advantage of the sensible heat
in the gas.

Vacuum pressure swing adsorption (VPSA) is a technology used
to separate some gas species from a mixture of gases under pressure
according to the species’ molecular characteristics and affinity for
an adsorbent material. It operates at near-ambient temperatures
and thus differs from cryogenic distillation techniques of gas sepa-
ration. In addition to the adsorption vessels operated cyclically, the
VPSA system consists of a compressor and a vacuum pump.

The VPSA process is modelled in Aspen Plus based on experi-
mental data provided by Ruukki (Nevalainen, 2011). The modelling
is explained in detail in Mondino (2013). The pressure before the
adsorption vessel is 3.5 bar and the vacuum pressure at the exit of
the vessel is 0.015 bar. The compressor before adsorption has one
stage and the vacuum pump operates in two stages.

The CO, stream exiting from the VPSA is not pure enough for
storage purposes and needs to be purified. Purification is done by
cryogenic distillation at 26 bar similar to oxyfuel CO, purification
processes developed (Pikkarainen et al.,, 2007; Tourunen, 2011).
This produces CO, with a purity of 99.0%. After purification CO5 is
compressed to meet the conditions needed in ship transportation
(=52°C, 6.5 bar). Cooling of the CO, stream is done by first pressur-
izing the stream up 64.3 bar and flashing the stream to 6.5 bar in
several stages (Arasto et al., 2013). The evaporated part is recircu-
lated back to the compressors.

Purified and recycled top gas needs to be heated before injected
into the blast furnace to secure the process conditions in the blast
furnace. The gas is heated with a pebble heater from 88 °C to 900 °C.
In Aspen Plus model, the pebble heater was modelled with a RSTOIC
combustor block with heat exchangers on the flue gas side. The gas
boiler is fuelled with blast furnace top gas (10% side stream), mixed
gas (from coke ovens and converter) and LPG for additional fuel. LPG
consumption for preheating is significant and therefore LNG may
be utilised if it will be available in the future.

The amount of mixed gas combusted in the preheater is esti-
mated to be equal to the amount of mixed gas used in the power
plant in the reference case in order to minimise changes in gas uti-
lisation on steel mill. The option to capture CO, from mixed gas, top
gas or LPG combusted in the pebble heater was not modelled in this

Table 3
High and medium pressure steam consumption in OBF case (annual basis).
T1[C] P1 [bar] qm [kg/s] H [Kk]/kg] T2 [C] P2 [bar] qm [kg/s] H [KkJ/kg] P [MW] Q[MWh]

Steam production
Coke oven line 1 479 84 5.1 3341 17 146,597
Coke oven line 2 493 79.4 7.1 3383 239 205,169
HP steam consumption
Turbo blower 519 82.2 4 3443 25 0 4 105 134 114,820
Vacuum 519 82.2 19 3443 50 1 1.9 209 6.2 52,930
8 bar Steam production 7.7 2886 222 191,292

potential from leftover HP
steam
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study. Because the recycle gas needs to be heated as hot as 900 °C,
there will be a lot of lower quality heat (below ~400 °C) available
that cannot be utilised for heating of the recycle gas. This makes
the effective efficiency (heat transferred to recycle gas divided by
heat of combustion) of the heating of the recycle gas less than 50%.
Additional heat losses in the pebble heater are assumed to be 5%.
Part of the flue gas is directed to PCI drying and the heat left in rest
of the flue gases recovered as low pressure steam. PCI drying by flue
gases would replace PCI drying by flue gases of hot stoves in ref-
erence case. The heat requirement of drying is 390 TJ/a (Sihvonen
etal,, 2012).

In the reference case one blower runs with electricity, while
the other runs with steam. Consumption of the steam driven com-
pressor is 240 GW h/a 84 bar steam (Kinnunen, 2012) leading to
compression work of 8.6 MW. It is assumed that the compression
work needed in the other compressor is similar to this. The effi-
ciency of an electricity driven compressor is assumed to be 85%,
thus leading to electricity consumption of 10.1 MW (87 GW h/a).

In the OBF case oxygen from ASU is compressed instead of air,
which leads to significant reduction in compressed volumes. The
pressure of O, exiting ASU is assumed to be 1 bar. The steam driven
compressor is assumed to be utilised for the compression of the
oxygen stream leading to both blast furnaces, as there is an over-
capacity of compressors and steam in the OBF case. As the steam
compressor is assumed to be more suitable to higher pressures
needed in the OBF, the existing electric compressor is left as a
redundant one. This is at least a reasonable approximation for the
utility consumption of turbo blowers [Table 5]. The pressure for
oxygen going to OBF is 6 bar.

2.4.2. Implications on site level

The implications on site level (also taking into consideration
processes excluded from the Aspen model) were assessed using
the steel mill application built into the CC-Skynet™ toolkit [Fig. 3]
in the CCS Suomi project (Tsupari et al., 2014). The fuel gas and
heat de Kinnunen, K., 2012. Personal communication with Ruukki
Metals by e-mail19.10.2012 mands of the processes outside the sys-
tem boundaries were assumed equal between the reference case
and OBF case. Based on this assumption and the results from the
Aspen model (e.g. gas demand in OBF preheating and steam bal-
ance), overall demands for steam and additional fuels could be
calculated.

The energy content of the mixed gas originates to 81% of energy
from coke oven gas (COG) and 19% from converter gas (CNG). The
mixed gas includes also 50 TJ/a of blast furnace gas in the reference
case (Arasto et al., 2013). In the OBF case the amount of available
mixed gas is therefore smaller because of the utilisation in heat-
ing the recycle gas. This is assumed to increase LPG consumption
in rolling mills by 50 TJ/a. The amount of mixed gas combusted in
power plant in reference case (4507T]/a) is utilised for preheating
of recirculation gas in OBF case. Most of the mixed gas is used in
processes outside the system boundary of this study (rolling mills,
coking plant). These processes are considered unchanged.

In the OBF case, the steel mill power plant will be significantly
impacted. The amount of combustible gases will collapse and steam
demand on site may be changed. In this study, high and medium
pressure steam balances (82 bar and 8 bar, respectively) are esti-
mated for the OBF case [Table 3] on an annual basis. Low pressure
steam and heat consumptions are not studied in detail because
there are already several sources of low pressure steam available
in the mill and even more heat recovery can be utilised if an OBF
with CCS is applied [Table 4]. The amount of steam available for
reduction to 8bar was calculated by decreasing the steam con-
sumption of turbo blowers and reduction for vacuum from available
HP steam. This was compared with 8 bar steam demand for which
the same value as in the CCS Suomi project (130 GW h/a) was used

Table 4
Potential for heat recovery and cooling demands (MW as average power).

Potential for heat recovery and needed additional cooling

Reference case OBF
Flue gases
PCl drying 12.6 12.6 MW
Steam 16.2 285 MW
DH 7 3.0 MW
VPSA compressors
Steam 0 4.7 MW
DH 0 8.2 MW
Cooling 0 4.4 MW
CPU cooling
DH 0 134 Mw
Cooling 0 319 Mw
Topgas cooling
Steam 0 9.8 MW
DH 0 53 MW
Cooling 0 3.1 MW
ASU cooling (extra unit)
DH 0 6 MW
Cooling 0 3 MW
Steam total 16.2 44.2 MW
DH total 7 359 MW
Cooling total 0 423 MW

(Arasto et al., 2013). The amount of steam available from the coking
plant is enough to respond to the demand around the site [Table 3]
and even some surplus high pressure steam would be available on
an annual basis.

Steam production values from the coking plant are considered as
net output and therefore internal steam consumption of the coking
plantis not taken into account separately in the steam consumption
assessment [Table 3].

2.5. Scenarios

Based on the approach and values presented in the previous
section, the energy balance and CO, emissions could be calculated
for the steel mill with three scenarios resulting in different CO,
emissions and economics:

2.5.1. Scenario 1: Reference

This is the baseline scenario, with no carbon capture process in
place. The plant operates according to business as usual, and the
power and heat are produced based on average demand.

2.5.2. Scenario 2: Application of oxygen blast furnace

The conventional blast furnaces are replaced with oxygen blast
furnaces dimensioned to maintain the current production levels of
the plant. The coking plant remains as it is in the reference case.
CO, is being separated from the recycle gas stream only for the
operational requirements of the OBF, but there is no compression
and transportation to permanent storage. There is no electricity
generation on the site.

2.5.3. Scenario 3: Application of oxygen blast furnace with CCS

CO, removed from the top gas stream in Scenario 2 is puri-
fied, compressed, and transported to permanent storage to mitigate
climate change.

3. Results

The implications from the deployment of technologies on the
energy consumption and production within the system are pre-
sented in Tables 5 and 6. The electricity production within the
system is reduced from 137.2 MW to zero when applying oxygen
blast furnace. The largest new energy consumers in Scenario 3,
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Table 5
Changes in process gas streams.
Impacted gas streams Reference case OBF OBF with CCS
Oxygen to BF 70 220 220 Nm3/tHM
7.6 239 239 kg/s
270 0 0 MW
BF/OBF gas
—to power plant 270 0 0 MW
—to preheaters 129 53 53 MW
—flaring/vent gas 3.2 0 0 MW
—to mixed gas 1.6 0 0 MW
LPG (or LNG)
—to OBF preheaters - 349 34.9 MW
- 0.7 0.7 kg/s
—replacement of BF - 1.6 1.6 MW
gas in mixed gas
Coke oven gas (COG)
—to power plant 11.8 0 0 MW
0.3 0 0 kg/s
—to OBF preheaters 0 11.8 11.8 MW
0 03 03 kg/s
Converter gas (CNG)
—to power plant 2.8 0 0 MW
0.4 0 0 kg/s
—to OBF preheaters 0 2.8 2.8 MW
0 04 04 kg/s
Table 6
Changes in energy balances on process unit level.
Reference OBF OBF with
case CCs
Electricity consumption
Oxygen production 11 224 224 MWe
VPSA 0 219 219 MWe
BF air blower 10.1 0 0 MWe
Recirculation gas 0 3.5 3.5 MWe
compressors
CPU 0 0 21.8 MWe
Impacted 21.1 69.6 69.6 MWe
processes, total
Electricity production
137.2 0 0 MW
Steam consumption
Turbo blower 279 134 134 MW
Heating required
Heat to recycle gas 0 534 534 MW

oxygen blast furnace with carbon capture and storage, are oxygen
production, CO, separation, CO, purification and CO, compression.
However, some savings can be made with blowers pressurising the
blast as explained in Section 2.4.1. The heat utilisation for district
heating remains the same in all scenarios as new consumption can-
not be justified (there is already a surplus of heat production in the
reference case).

The implications on CO, emissions of the system are presented
in Table 7 and closer break-out of the emissions from recycle gas
heating are presented in Table 8. In Scenario 2, the direct CO,
emissions from the system are reduced from 3.2 Mt/a in Scenario
1 to 1.96 Mt/a by only applying the oxygen blast furnace (i.e.
no transportation or storage of CO;). This is mainly due to the
reduced coke consumption in the blast furnace. Nevertheless the
on-site electricity production is also reduced to zero at the same
time. With application of CCS to the system the emissions can
be further reduced to 0.55Mt/a. This is a significant reduction
considering that the production of the mill stays the same as in
the reference case. The major emission source in Scenario 1 is the
blast furnace gas utilised in the power plant and in the hot stoves.
In Scenarios 2 and 3, the blast furnace gas remains as the main
origin of the CO, emissions to the air, being significantly smaller in
Scenario 3.

4. Discussion

An integrated steel mill is a very complicated process. Applica-
tion of an OBF would require a larger modification of the processes
of the existing steel mill than the application of post combustion
capture would require. However, it also enables several different
solutions for how to apply the OBF. In theory, concept optimisation
is possible taking into account hundreds of details and depending
on prices and investments. In this study, only one technological
solution for application of an OBF was modelled and one approach
presented.

In addition to the approach and technological solution mod-
elled in this study, at least the following configurations could be
reasonable to investigate:

New or rebuilt power plant with alternative fuels.

Application of CCS also for other sub processes.

Oxygen enrichment in power plant.

Alternative scenarios for coking plant.

Minimisation of N, /air feed to OBF process.

Optimisation of recirculation gas preheating.

Site level optimisation of utilisation of surplus steam.
Replacement of only one BF by OBF.

Potential in changing the recycle gas composition to be utilised for
value added products.

These configurations are shortly discussed below.

In the case of the OBF, the power plant can be completely
replaced by electricity purchase from the market (as in this study)
or it could be rebuilt for different fuels. A rebuilt or new power plant
could be smaller than the existing one and based at least partly
on renewable fuels, which would probably improve economics in
comparison to fossil fuels assuming high prices for CO, emission
allowances in the future. Anyhow, at least some kind of reserve
power plant may be required due to temporal variation in produc-
tion and consumption of power and heat, and to secure steam and
electricity supply in the mill.

Oxyfuel combustion and CCS facilities could be applied for other
sub processes than only for the OBF, for example for OBF preheaters
(and the power plant if utilised), bringing some potential benefits
from the economy of scale and avoided CO, emissions. On the other

Table 7
CO; emissions from the system boundary.

Reference  Oxygen blast Oxygen blast

case furnace w/o CCS furnace with CCS
Captured COy 0 0 1418 kt/a
CO; to air from 3161 1814 396 kt/a
utilised BF gas
CO; to air from 26 15 15 kt/a
flared/vented BF
gas
CO; to air from 47 34 34 kt/a
mixed gas
combustion
CO; from increased - 76 76 kt/a
LPG consumption
Total 3.234 1.939 0.521 Mt/a
Table 8

Fuel utilisation in heating of recycle gas and related CO, emissions [kg/s].

Fuel use CO; emissions
Top gas 11.2 12.8
CoG 03 0.5
LPG 0.7 1.9
CNG 0.4 0.5
Total 12.6 16.2
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hand, investment and electricity consumption would increase and
some processes may become more complicated. Utilisation of
partial oxyfuel (oxygen enrichment) in the power plant would
bring some benefits with fuels with low heating value and smaller
post combustion equipment for power plant flue gases.

It could also be possible to optimise the temperature of pre-
heated gas or even to avoid preheating of recirculation gas
preheating entirely. This depends on the OBF process design. In
this study, only one configuration was investigated with 10% of the
top gas utilised for preheating. The optimal solution is dependent
on for example prices of LPG and CO, emissions, but the share of
top gas utilised in preheating could be larger to reduce the need for
purchasing LPG.

In the modelled case, some surplus high pressure steam would
be available in annual level. However, due to temporal peak
demands of steam, a steam boiler or power plant may be required.
On the other hand, some electricity could be produced by this
high pressure steam. In that case, the modelled high pressure
steam reduction to 8 bar could be replaced by expansion of the
steam in a turbine to produce electricity. On the other hand,
also other modelled electricity-driven compressors or blowers
could be replaced by steam-driven compressor using the surplus
high pressure steam. These options are not taken into account in
this study and these could improve economics, especially with
high electricity prices. In the case of the OBF, more surplus
steam would be available also in low pressure levels. Utilisa-
tion of this energy in, for example, district heating or biomass
drying would benefit the OBF case in terms of economics. How-
ever, the low heat consumption in the city located nearby the
plant is limiting the potential utilisation of district heating and
therefore additional benefits in comparison to reference case are
not taken into account. Also additional heat recovery from, for
example, rolling mills is possible. With high electricity prices it
might be feasible to produce additional steam by recovered heat
and invest in steam-driven compressors instead of electricity-
driven.

5. Conclusions

In general, it is possible to significantly reduce greenhouse
gas emissions from an integrated iron and steel mill by applying
an oxygen blast furnace and CCS. However the OBF technology
does not seem yet to be ready to be commercially applied in
full scale to a steel mill. The largest capture amounts in the sce-
narios (1.8 Mt/a) account for 35% of the direct emissions from
the whole steel mill site. In total the direct emissions could be
reduced by up to 68%. Further reduction of the emissions would
be technically and economically very challenging, as the remaining
emissions are of smaller and from various different sources around
the site.

The means for significant greenhouse gas emission reductions
for an iron and steel mill producing steel from virgin raw materi-
als are limited. Emission reduction could be obtained by deploying
biomass as fuel and raw material for the processes, but in order
to reach the levels discussed here, a very large amount of sustain-
able biomass would have to be deployed to the site, with additional
costs associated to the raw material supply (Suopajarvi et al., 2014;
Norgate et al., 2012). In addition, the suitability of bio-coke (coke
produced from biomass) as a blast furnace raw material is not
proven as several properties regarding compounds and strength
are required. Risk-taking regarding the blast furnace of an inte-
grated steel mill is not easy, as it is the single most important and a
very expensive component of the mill. Therefore solutions involv-
ing CCS are in practice the only significant technological means

to reduce the on-site emissions from virgin steel production of
existing mills.
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This article is part II of the series of two papers regarding the application of oxygen blast furnace (OBF)
in Ruukki Metals Ltd.’s existing steel mill, located in city of Raahe, Finland. The economic assessment
presented in this paper is based on the technical modelling presented in part I of the study. OBF with
CCS would lead to large reductions in CO, emissions but also OBF without CCS would decrease emis-
sions significantly due to decreased coke consumption. From economic point of view, other important
consequences of OBF process are increased LPG or LNG (liquefied petroleum gas or liquefied natural
gas) consumption, decreased electricity production (increased purchase from markets), required invest-
ments and CO, transportation and storage costs. As CCS processes typically, especially application of OBF
is a trade-off between decreased electricity production and decreased emissions. Therefore a correlation
between CO, price development and electricity price development is of interest. In this paper, several sen-
sitivity analyses are presented with different prices for CO,, electricity and other parameters. The results
present the sensitivity of different options in terms of economic feasibility for large CO, reductions in
the integrated steel mill based on blast furnace process.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

This article is part Il of the series of two papers regarding
the study about application of oxygen blast furnace (OBF) in
Ruukki Metals Ltd.’s existing steel mill, located in city of Raahe,
Finland. The OBF process utilizes oxygen separated from air and
in the process blast furnace gas is recycled back to blast fur-
nace. Therefore the process is also known as Top Gas Recycling
Blast Furnace (TGRBF) or Nitrogen free BF process. OBF with CCS
would lead to large reductions in CO, emissions but also OBF
without CCS would decrease emissions significantly. Both of these
options are included in the analysis. Background information and
technical description is published in part I of the study (Arasto
et al,, 2014) including the results of the technical concept analy-
sis. In this article, methodology used in the economic assessment is
described and selected results of economic analysis are presented.

* Corresponding author at: VTT Technical Research Centre of Finland, Koivuran-
nantie 1 P.0. Box 1603, FI-40101 Jyvdskyld, Finland. Tel.: +358 40 720 7363.
E-mail address: eemeli.tsupari@vtt.fi (E. Tsupari).

http://dx.doi.org/10.1016/j.ijggc.2014.11.007
1750-5836/© 2014 Elsevier Ltd. All rights reserved.

The results include also comparison of feasibility of OBF with
authors’ previous study regarding application of post combus-
tion CO, capture (PCC) in Raahe steel mill (Arasto et al., 2013;
Tsupari et al.,, 2013). The objective of the study was to compare
the feasibility of different technologies for large CO, emission
reductions in Raahe mill with sensitivity analyses for main market
variables.

In the literature, break-even prices (BeP) and costs per avoided
CO, emissions are the most common indicators used for the eco-
nomic feasibility of CCS (e.g. ZEP, 2011; IEA, 2008). In this study,
BeP is used as one of the main indicators and it is defined as the
required average price of CO, emission allowances in EU emissions
trading scheme (EU ETS) during the considered time-frame to turn
studied CO, emissions reduction option as feasible as the refer-
ence case. Some results of publications regarding feasibility of CCS
in steel mills are presented in Tsupari et al. (2013) and those are
not repeated here. In general, a rising trend in the cost estimations
as a function of publication year was noticed, and the range of the
estimations varied significantly, being typically between 30-80 €/t
avoided CO, (IEA, 2008; GCCSI, 2009; IEA, 2011; WorleyParsons,
2011; Hooey, 2011; Wiley et al., 2011).
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Recently IEA GHG published a study conducted together with
MEFOS and Tata Steel including extensive cost analysis (IEA GHG,
2013). They presented cost analysis for two post combustion cap-
ture cases as well as for OBF with MDEA/Pz CO, capture. Estimated
costs (by default values) per avoided CO, tonne without trans-
portation and storage costs are US$ 74-81/t CO, for PCC cases and
US$ 57/t CO, for OBF case. The cost evaluation was developed in
2010 US$ with exchange rate 1.34US$/€ (IEA GHG, 2013). Thus
the respective costs as €/tonne CO, are 55-60 for PCC and 43 for
OBF. The study includes also some sensitivity analysis and there-
fore also much broader possible cost range is presented. However,
it should be noted that the study presented by IEA GHG is based
on comparison of different technological options for construction
of a new steel mill and it includes also other notable differences in
assumptions and approach in comparison with this study, such as
the use of a smaller coking plant and a natural gas fired power plant
in the case of OBF. These fundamental differences have significant
impact on the results and therefore all the results of these studies
are not comparative as such.

Another recent study regarding CCS in iron and steel industry
was presented by Ho et al. (2013). Wide range of costs was pre-
sented for various steel production and CCS technologies, including
also different CO, sources of the mills. Application of CCS in some
sources was identified expensive for example due to the lack of
the economy of scale (cost per avoided CO, over A$200/t). Typical
cost range for PCC with MEA process was 60-80 A$/t CO, exclud-
ing costs of transportation and storage. Capture costs with VPSA for
the respective processes were lower, about A$40/t avoided. TGRBF
process was identified more economical than conventional blast
furnace with PCC in both cases, utilizing MEA and VPSA. Ho et al.
(2013) reported costs in 2010 dollars. According to Bank of Finland
(BoF, 2014), the average exchange rate in 2010 was about 1.44
AUD/€. Consequently, the presented costs as €/t CO, avoided are
42-56 for MEA process and 28 for VPSA.

In addition, steel mill CCS has been included in broader studies
regarding emission reductions of different regions and countries.
For example, recently Saygin et al. (2013) estimated future CO,
abatement potentials of energy efficiency and CCS for the Dutch
industry. The range of 39-94 €/t CO, avoided was presented for
the iron and steel sector.

2. Methods

The impacts of applying OBF at an integrated steel mill are
evaluated based on a consequential assessment following the
methodology presented in, for example, Arasto et al.(2013), Tsupari
et al. (2013) and Arasto et al. (2014). The approach is to focus only
on the parts of the steelmaking processes affected by the deploy-
ment of OBF and CO, capture and exclude rest of the steel mill
from the analysis. The boundary definition is multi-dimensional,
as for example unchanged labour costs, facilities and equipment
are excluded from the study even if for example employers would
physically work with the processes inside the drawn system bound-
ary. Obviously, required additional labour expenditures due to
application of OBF are included in the study.

The economic assessment is based on the technical modelling
presented in part I of the study (Arasto et al., 2014). The back-
ground data presented in part I is significantly based on the results
of ULCOS Programme. In addition, some background data obtained
from Ruukki’s experts are used regarding for example prices. The
idea of the economic assessment is to recognize the significant dif-
ferences between the OBF process and reference case from the
economic point of view and focus on these differences. Several
cost categories, which may be very significant in terms of annual
incomes or outcomes of steel mill operation, are excluded from the

Table 1
Annual net balance of the most impacted substances in system boundary.
BF OBF w/o CCS OBF with CCS
LPG [GWh/a] 0 -314 -314
Coke [GWh/a] 0 2010 2010
Electricity [GWh/a] 1094 -316 -504
CO, emissions [Mt/a] 3.2 1.9 0.5
CO; trans.&stor. [Mt/a] 0 0 14

Negative values mean net consumption inside the boundary, positives mean net
production.

study or estimated roughly, if the difference in these categories is
assumed to be minor between OBF case and the reference case.
Emission reductions are estimated within the system boundary
including only impacted CO, emissions relevant in EU ETS from
the operator’s point of view, i.e. any kind of life-cycle-analysis is
not included. More detailed definition for the reference case is pre-
sented in Arasto et al. (2014).

This paper mainly focuses on two CO, emission reduction
options, namely

(1) OBF with CCS
(2) OBF without CCS

These technologies are compared with reference case but in
addition also with one post combustion CO, capture option pre-
sented in authors’ previous study (Arasto et al., 2013; Tsupari et al.,
2013). BeP’s have been calculated by Eq. (1).

_ (Profityeference — Profitcase)

BeP
(CO, —CO%yee)

(1)

reference

where, Profit means operator’s profit excluding the purchase of CO,
allowances and CO, stands for on-site CO, emissions (in respect of
EUETS). The incomes and expenditures not impacted by application
of considered CO, reduction options are subtracted from Eq. (1).

2.1. Important cost categories

From the economic point of view, the most important results
from technical modelling of OBF process are:

- increased LPG (Liquefied Petroleum Gas) or LNG (Liquefied Nat-
ural Gas) consumption

- decreased coke consumption (increased coke selling)

- increased electricity purchase

- decreased CO, emissions

- captured (transported and stored) CO,

Electricity purchase is increased due to both, decreased pro-
duction and increased consumption. Significant new consumption
points are for example new air separation unit (ASU) and CO,
processing unit (CPU). The impacts of OBF on these categories are
presented in part I of the study (Arasto et al.,, 2014). Assuming
annual operation time of 8600 h/a for average capacity, the fol-
lowing annual net balance of these substances can be calculated
(Table 1).

The economic impact of the changes presented in Table 1 is
strongly dependent on the prices of these substances. Prices should
include all related variable costs, for example in the case of elec-
tricity also taxes and transmission fees but exclude fixed costs,
such as constant monthly charges, if these are not changed from
case to another. As the feasibility of OBF processes are very sen-
sitive for prices of CO, allowances, electricity, LPG and coke, and
relatively long timeframe (large uncertainty) is considered, results
are presented as graphs rather than by single values. Some default
values for used prices are presented in this section but the values
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for other important variables are presented in conjunction with
figures. Prices are presented as 2013 Euros without any inflation
corrections. For CO, transportation and storage a fixed value of
27 €[tis used in the figures, based on the same equation that used in
earlier studies for Raahe mill (Tsupari et al., 2013). Originally, the
equation is based on the modelling work presented by Kujanpaa
et al. (2011). The cost of CO, transportation and storage is highly
uncertain and dependent on several factors, for example the loca-
tion of storage site, the development of Nordic CO, transportation
infrastructure and available options for (partial) utilization of CO,
(including enhanced oil recovery, EOR), mineral carbonation etc.
The default value is based on transportation to North Sea. How-
ever, it should be noted that storage potential for example under
Baltic Sea is under research (Nieminen et al., 2011). Storage under
Baltic Sea would decrease transportation costs from Finland.

Other significantly changing cost categories in the case of OBF
are:

- Additional investment for OBF (incl. new ASU, CPU, etc.)
- Operation and maintenance (O&M) costs of the new processes

This study is based on the assumption that OBF is built when
BF renovation is needed. Therefore for example production losses
during construction time are not accounted for and the invest-
ment is defined as additional investment in comparison with BF
renovation in the reference case. The investment on OBF itself can
be even smaller than investment on BF in the reference case due
to smaller dimensions of OBF (IEA GHG, 2013) but OBF with CCS
requires large investments also on other units, such as ASU and
CPU. Therefore overall investment is probably significantly greater
in OBF case (with and without CCS) than in the reference case.

In the figures presented in this article the default value of
370 M€ is used for the additional investment required for OBF
with CCS in comparison to the reference case. This is based on the
experience of Ruukki regarding blast furnace renovations as well
as unpublished estimations presented by ULCOS and equipment
suppliers. The value is uncertain and therefore some sensitivity
analysis is included in this article. The higher the assumed invest-
ment is the greater is the impact of given interest rate and economic
lifetime on the feasibility of OBF. In this article, 10% interest rate and
20years economic lifetime are used. The default value for additional
investment required for OBF without CCS was assumed to be 60%
of the additional investment of OBF with CCS. The presented values
for additional investments are assumed to include all required aux-
iliaries. For example dust removal from blast furnace top gas and
the separation of the gas components are important parts of OBF
process.

The difference between consumption of BF and OBF feedstocks
were presented in part [ (Arasto et al.,, 2014). These feedstocks
are a major cost in steel mills but only the difference in coke
consumption impacts significantly on the economics between BF

(Capexccs + OtherOPEXc(cs)

2.2. Less impacted cost categories

The examples of cost categories, which are not changed signif-
icantly and are therefore modelled roughly (or excluded from the
system boundary) are:

- district heat selling

- O&M costs of the existing processes
- other labour costs

- feedstocks to other processes

- production and selling

At Raahe mill, district heating is produced by recovering heat
from processes but during the peak demands also by steam bleed
from the power plant. Heat is utilized by the buildings and service
water in mill area and by selling heat to city of Raahe. There is poten-
tial to increase the amount of heat recovery in the mill but annual
heat demand of the city is limiting the feasibility of the needed
investments.

It is assumed that O&M costs of the existing processes, other
labour costs and feedstocks to other processes are not changed due
to OBF. This is based on the assumption that production (quan-
tity and quality) and selling of steel products are not changed. This
assumption is fundamental.

2.3. Correlations between prices

There are some correlations between the development of prices
of fuels, electricity and CO, emission allowances. These correlations
should be taken into account even if the correlations are ambigu-
ous. In general, if fuel prices or CO, emission prices increase, also
electricity price will increase.

In this study, upper and lower estimations are used to illus-
trate the impact of CO, price development on electricity price.
Upper limit is estimated based on the CO, emissions from a coal
fired power plant with moderate efficiency, representing higher
end of the CO, emissions from typical marginal electricity pro-
duction in Nordic electricity market (Nordpool) at present. Specific
CO, emission of 850 g/kWh is assumed for this limit (correspond-
ing about 40% net efficiency if marginal production is assumed to
be solely coal firing). Therefore increase of 1 EUR/tonne in CO,
price would increase electricity price by 0.85<€/MWh. Lower limit
is assumed to be 20% of the upper limit. This can be considered to
represent energy system where impact of CO, emission allowances
on electricity price is small. Such a system could be for example
future energy system where share of renewables (and/or nuclear)
is increased and/or share of natural gas in marginal production
is higher. It can also be considered to simulate the impact in the
existing energy system if it is assumed that the impact on electric-
ity price is not directly dependent on the emissions of coal power,
especially with high CO, prices. However, the impacts of these cor-
relations on steel production costs are presented in Fig. 1, where
the production costs (Psieegrs) are calculated by Eq. (2)

Psteel, ETs =

and OBF case. The market price of coke has varied significantly
(Steelonthenet.com, 2013) and therefore some sensitivity analy-
sis is presented also for coke prices in the figures of this article. The
default price used for selling of surplus coke is set to 300 € /t. Other
impacted O&M costs are mainly fixed costs (labour, etc.). The addi-
tional annual fixed O&M costs are assumed to be 4% of the additional
CAPEX.

SteelProd. + POseel + Eccs * POElectricity + PCOZ # (correlation  Eyora) + CO;y, total

(2)

where, Capexccs is the annual capital expenditures due to required
CCS investments [M€/a]; OtherOPEXccs is the impact of CCS
on other operational expenditures than electricity purchase and
CO, emissions, such as LPG consumption, coke selling and CO,
transportation & storage (described in previous sections) [M€/a];
SteelProd. is annual steel production [Mt/a as crude steel]; POgee iS
reference steel price, i.e. the steel production cost without the costs
related to CO, emissions [€/t]; Eccs is the additional electricity con-
sumption due to CCS [MWHh/t crude steel]; POgjectricity iS electricity
price without the impact of CO, prices [€ /MWh]; Pco; is the price
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Fig. 1. Production costs of steel with different CO, prices and different impacts of CO, price on electricity price, in reference case and in the case of oxygen blast furnace
(OBF) with CCS. Price for LPG purchase 60€/MWh and for coke selling 300 €/t. Note: Production costs are based on the earlier presented general market price and therefore

these costs do not present directly the production costs in Raahe mill.

of CO, emissions for steel mill (e.g. in EU ETS) [€/t CO,; correlation
is the electricity price dependency on CO,, price (described above);
Etotal is the overall electricity consumption of the steel mill in each
case [MWh/t crude steel]; CO (o, is the overall CO, emission from
steel production in each case [t CO,/t crude steel].

In the reference case, Capexccs, OtherOPEXccs and Eccs are zero
and can be neglected.

Other correlations between the most significant prices, for
example between LPG, coke and electricity are not taken into
account in this article as obvious correlations do not exist. Correla-
tions between the development of prices of CO;, LPG and coke are
considered too ambiguous to be taken into account in this study.

3. Results

From the steel mill point of view, the production cost of steel
may be the most important indicator about the feasibility of dif-
ferent future options. In Fig. 1 the production cost of steel in the
reference case and in the case of OBF with CCS are presented with
different CO, allowance prices and different impacts of increas-
ing CO, price on electricity price. Steel price without costs of CO,
allowances is set to 530 €/t based on general market prices during
2013 (Worldsteelprices, 2013). Cost of electricity purchase without
the impact of costs of CO, allowances is set to 60 €/MWh.

As presented in Fig. 1, production costs in the reference case
reach production costs with OBF at CO, price about 50 €/t if lower
correlation between CO, price and electricity price is used. If higher
correlation is used, large difference in electricity purchase leads to
higher BeP for CO,, about 90€/t.

The BeP for CO, emission allowances can be presented also as a
function of electricity price (Fig. 2). Because in the case of OBF the
difference in net electricity consumption is large in comparison to
the reference case, unknown future electricity price is probably the
most significant factor of uncertainty in terms of OBF feasibility.
In Fig. 2, also the sensitivity of BeP for the selected LPG price, coke
selling price and investment can be seen. In addition, the sensitivity
for the interest rate or economic lifetime can be estimated based
on the sensitivity for investment.

In authors’ previous study (Tsupari et al., 2013) feasibility of
post combustion CO, capture in Raahe mills was estimated. Based
on case 3 of (Tsupari et al., 2013) and default values of this study,
the following figure (Fig. 3) can be drawn. From the previous study,
case 3 with advanced solvent was chosen for comparison because it

was typically the most feasible option within the varied parameters
in sensitivity analysis.

Fig. 3 shows that any of the considered technologies may be the
most feasible option in future, depending on electricity price and
CO, allowance price. For example, even if the area for OBF without
CCS is relatively small, the respective range for CO, price is more
realistic in near future than the prices where other considered tech-
nologies for large CO, emission reductions would be feasible. The
figure does not show the consequent steel production costs, which
obviously would increase if prices of electricity or CO, allowances
would significantly increase. Increase in production costs can be
estimated for example based on Fig. 1.

The results are very sensitive for many of the parameters. There
are several sources of uncertainty and ambiguous questions in the
approach, technical modelling and economical assessments. For
example, even if uncertainties of approach and technical modelling
are not taken into account, by changing only few economic param-
eters the results look very different. In Fig. 4, similar graph than
presented in Fig. 3 is drawn but with the following changes in
parameters:

- Additional investment on OBF with CCS (over the reference case
blast furnace renovation) would be 20% lower than default value
(296 M€). This can be the consequence of technology develop-
ment, investment subsidies, etc.

- Investment on OBF process without CCS would be 50% of the

investment required for OBF with CCS (instead of 60% assumed

in Fig. 3).

LPG or LNG could be purchased by the price of 40€/MWh. At

present natural gas is not available in Raahe, but this could be the

case for example due to published plans to invest on LNG terminal

in Northern Finland (Torniomangalng, 2013).

According to Fig. 4, OBF without CCS would be economically the
most feasible option at CO, allowance prices from about 20€/t to
45 €t, if electricity price remains relatively low. This can be con-
sidered as realistic range of CO, prices for the future. If CO, price
would increase over 50 €/t, OBF with CCS would be the most fea-
sible option according to Figs. 3 and 4. In this kind of scenarios, it
could be possible to invest first on OBF process without CCS and
if CO, price increases further, complete the investment with CCS
when feasible.
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Fig. 2. Break-even price for CO, emission allowances, where Oxygen Blast Furnace (OBF) with CCS turns feasible over the reference case as a function of electricity price.
Default values for LPG purchase 60€/MWh and for coke selling 300 €/t. Default additional investment (in comparison to investments required in reference case) 370 M€.
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Fig. 3. The map of the most feasible technology options considered for Raahe mills with different market prices for electricity and CO, emission allowances in the future.
OBF stands for Oxygen Blast Furnace, with or without (w/o) CCS. Default prices and investments (OBF with CCS 370 M€, investment without CCS 60%, LPG 60€/MWh, coke

selling 300 €/t).

However, the selling price for coke could be also lower than
assumed 300 < /tonne, especially in the case of high CO, prices. If
the selling price for coke would be 200 <€ /tonne, the feasibility of
OBF would be much lower (Fig. 5). However, in that case differ-
ent scenarios regarding coking mill and consequent impacts on the
steel mill would be reasonable as well. In addition, LNG and lower
investments could take place also in the scenario where coke price
is low, improving the feasibility of OBF.

4. Discussion

Integrated steel mill is very complicated process and several
technical scenarios with thousands of details are possible to ana-
lyze. Some potential improvements are listed in Part I of the study
(Arasto et al., 2014) which would impact on the economics as well.
In this part of the study, the focus was on the economics which
introduces an additional dimension of the complexity and uncer-
tainty on the results. Blast furnace investments are made for 20-30

years and prospects of future prices for, for example, CO, emission
allowances, electricity, LPG/LNG and coke are extremely uncertain.
In this article, only selected scenarios are possible to present.

As presented in the results of this study, BePs are very sensitive
for several factors which are uncertain regarding the timeframe of
large investments. Therefore results are presented as Figures rather
than single numbers and the range of possible BePs is large. Large
ranges are reported also in the literature presented in the intro-
duction of this paper. In addition, details of integrated steel mills
are very much site-specific and system boundaries selected for the
studies vary. Therefore the comparison of the studies is difficult.
However, the results of this study seem to fit well in the typical
ranges presented in the cited studies. Taking into account relatively
high costs of CO, transport and storage included in our estima-
tions, the presented BePs can be considered even relatively low. If
only capture costs would be included, BeP’s would decrease sig-
nificantly. For example in Fig. 3 with electricity price 80 €/MWh,
BeP for OBF would decrease from 57 €/t to 44 €/t. The difference
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Fig. 4. Example of the sensitivity of the economics of different technology options for large scale CO, reductions (“Optimistic price scenario for Oxygen Blast Furnace, OBF”:
OBF with CCS 296 M€, investment without CCS 50%, LPG/LNG 40 € /MWAh, coke selling 300 €/t).

in OBF case is not directly the cost of transportation and storage
(27 €/t) as CO, emissions are decreased also due to decreased coke
consumption in OBF.

The break-even prices presented in the figures of this paper are
typically the most feasible cases of numerous considered options.
Despite of that, the presented cases may not be optimal, as sev-
eral potential improvements were identified. Among the potential
improvements listed in part|, electricity production by surplus high
pressure steam available in the mill after the changes assumed due
to application of OBF was discussed. By this steam, electricity pro-
duction of about 122 GWh/a would be possible, if suitable turbine
is available. If the turbine assumed for reference case could be uti-
lized (no additional investment is assumed) the feasibility of OBF
would improve as presented in Fig. 6.

At the moment, transportation and storage of CO, would be
a significant cost factor for all Finnish CCS cases as there is no
suitable storage capacity in Finland. In this study, the focus was
on the CO, capture and steel mill process and therefore only one
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price for transportation and storage was used for OBF case. This
value is highly uncertain and the results are very sensitive for this
assumption. The uncertainty of transportation and storage costs is
emphasized due to potential to decrease the costs significantly. For
example storage potential under the Baltic Sea and the potential to
utilize mineral carbonation is under research in Finland (Nieminen
etal, 2011; Fagerlund et al., 2009). If remarkable development will
take place with these opportunities or with CO; utilization options
in Finland, the economics of presented CCS cases would be much
better.

In this study, both of the existing blast furnaces at the mill
are replaced by OBF. If only one BF would be replaced, the solu-
tion could be more economic with moderate CO, prices and with
low coke selling price. The required investment (and risk) would
be lower and blast furnace gas would be available for preheating
and power (and steam) production. This would lead to significant
savings in LPG consumption and electricity purchase. In addi-
tion, also electricity consumption would be smaller due to smaller

100 120

Fig. 5. Example of the sensitivity of the economics of different technology options for large scale CO, reductions (“Pessimistic price scenario for Oxygen Blast Furnace, OBF":
OBF with CCS 370 M€, investment without CCS 60%, LPG 60€/MWHh, coke selling 200 € /t). PCC means post-combustion capture.
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Fig. 6. The impact of additional electricity production by surplus steam available from coking plant and Oxygen Blast Furnace (OBF) preheater. Solid lines presents the
break-even prices with default values as in Fig. 3 and dashed lines break-even prices with additional electricity production. PCC means post-combustion capture.

oxygen consumption and smaller amount of processed CO,. How-
ever, smaller size of ASU, VPSA and other CO, processing equipment
would result some drawbacks in terms of economy of scale and
smaller reduction in CO, emissions and coke consumption would
be achieved in comparison to modelled case. However, it is possible
that replacement of both blast furnaces by OBF is more economical
solution only with very high CO, prices.

Due to new ASU, it could be possible to gain some additional
income from sold argon and nitrogen. This is not included in the
economic analyses of this study. However, this impact is probably
small in comparison to main cost categories of this study (Perander,
2010).

In theory, chemical looping combustion (CLC) could be appli-
cable for blast furnace air or OBF recirculation gas preheating or
for oxygen production to blast furnace. There are different options
which could be applicable in steel mill with or without CO, capture.

Even if direct CO, emissions are decreased significantly due to
OBF and CCS, indirect CO, emissions due to increased electricity
consumption are higher in OBF cases. However, these emissions are
not taken into account in economical assessments as these emis-
sions are not from the processes of Ruukki and thus not equally
relevant in terms of feasibility of OBF from investor’s point of view.
From LCA basis, impacts on the electricity production and conse-
quent emissions are the major factor in terms of CO, emissions.
Also the impact of coke selling may result in significant substitu-
tion credits. LCA and broader system analysis are ambiguous and
strongly dependent on selected system boundaries, timeframes,
etc. For example, emissions related to electricity purchase are very
ambiguous, and the challenge is emphasized in Nordic countries.
The average CO, emission of electricity production in Nordpool
electricity market varies depending on seasonal precipitation but
is typically very low, between 50 and 200 g/kWh. This estimate
is based on country specific emissions presented by Soimakallio
and Saikku (2012). Average specific emissions are low due to high
shares of hydropower, biomass, other renewables and nuclear in
the system. However, even if hydropower is used for short term
regulation, coal fired plants are typically operating in marginal
production and therefore the changes in electricity consumption
impact mainly on the coal consumption in annual level. Specific
CO, emissions up to 900 g/kWh have been presented for typical
current marginal electricity production in an average precipitation
year in the Nordic electricity markets (Soimakallio et al., 2009). Of

course, Nordic energy markets are not isolated but imports and
exports need to be taken into account as well. Relatively high
specific CO, emissions are realistic to assume for marginal pro-
duction also for example in Central Europe and Russia. The impact
of selection of average or marginal emission factor for electricity
is therefore significant (multifold) in all system and LCA studies
considering Nordic countries, especially in the case of CCS where
electricity penalty plays important role. This can be the case also in
Central Europe in the future if share of renewables in the system
increases. Further analysis about the complexity of determination
of CO, emissions of purchased electricity is presented for example
in Soimakallio et al. (2009).

However, from one point of view, CO, emissions within EU
ETS cannot be decreased by individual actions as the amount of
allowances to be released during the ETS period is fixed. There-
fore the impacts on CO, emissions from other processes within
EU ETS are not reasonable to estimate and direct CO, emissions
have only the economic value, namely the price of CO, emission
allowance. This approach was applied in this study. From broader
perspective, more focus should be paid on any impacts outside of
EU ETS, where emission reductions can be considered more valu-
able, whether those would take place in Europe in sectors excluded
from ETS or regions outside Europe.

In the case of OBF there would be even more low temperature
steam and hot water available for district heating than in the refer-
ence case. Benefit of the additional heat from OBF and CCS processes
is that the heat would probably be available with relatively con-
stant capacity. Heat has relatively high economic value in Finland
but the consumption of the city is limiting the amount of district
heat selling and therefore this potential is not taken into account
in this study. However, during the previous years there have been
plans about integration of biomass drying terminal to the steel mill
(Cleantech News, 2012). This is an example of the processes where
additional low temperature heat could be utilized.

5. Conclusions

As presented earlier, the feasibility of OBF (or CCS in steel indus-
try in general) is very sensitive for the prices of CO,, electricity
and replacing fuels. In OBF process, electricity production decreases
and consumption increases in comparison with the reference case.
Also consumption of LPG or LNG increases. OBF process enables
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selling of coke due to smaller coke consumption and further sav-
ings are achieved from reduced CO, emissions even if CCS would
not be applied. If CCS is applied, economic savings due to avoided
purchase of CO, emission allowances would be significant, depend-
ing on price of the allowances. However, utilization of CCS would
introduce additional costs due to electricity consumption in CO,
compression and costs of transportation, which is emphasized in
Finland.

There are very different estimations available for the invest-
ments required for CCS processes. Therefore sensitivity analyses are
presented also for the investments. Depending on assumed invest-
ments and used market prices for fuels, electricity and CO, emission
allowances, any of the considered technology options may result
on lowest steel production costs in the future. Essential question is
also the correlation between CO, price development and electricity
price development.

Finally, it is important to notice, that increasing CO, prices will
have a significant impact on steel production costs, whether CCS is
applied or not. If these costs are increased only for some players in
global markets, investment on OBF or CCS may not be feasible even
if it would be less unprofitable than the operation in the reference
case.
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The potential for implementing carbon capture in Nordic industry sectors such as iron and steel pro-
duction, cement and lime production, onshore and offshore oil and gas activities and pulp and paper
production has been addressed. In Norway, much of the CO, is emitted from the oil and gas sector.
In Denmark the power and heat production comprises the largest share while in Sweden and Finland
biomass based industry such as power and heat production in CHP plants and pulp and paper produc-

Keywords: tion generates most of the CO, emissions. Iceland emits most CO, from metal industry, in particular
ccs . . R X X . X

0, non-ferrous metal production. In a Nordic perspective, the oil and gas industry has a high potential for
Nordic implementation of CCS along with iron and steel production and cement production. Only cement pro-
Industry duction and pulp and paper production industries seem to have potential to decrease the CO, emissions
Potential close to zero. Capturing biogenic CO, from pulp and paper production could remove CO, from the atmo-

Costs sphere and create a carbon sink. Clustering of emission sources and implementing a joint CCS (Carbon
Capture and Storage) chain could possibly lower the CCS unit costs. Process alterations and industry spe-
cific solutions due to the implementation of CCS in industry could improve existing processes. However,
the possibility for carbon leakage could decrease the competitiveness of Nordic industries significantly
as long as there is no global agreement on reduction of CO, emissions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction to reduce emissions by 20% below 1990 levels by 2020 (European
Commission, 2013).
In the Energy Technology Perspectives from IEA (Energy

Technology Perspectives, 2014), various approaches are suggested

During the last 200 years the atmospheric concentration of CO,
has increased from about 280 ppm to around 400 ppm (Scripps

Institution of Oceanography, 2014), of which an approximate
increase of 80 ppm has taken place within the last 40 years alone
(NOAA, 2013). As a response to increased concern about the ensu-
ing climate change, several nations have committed to strategically
prioritise the reduction of CO, emissions, among other greenhouse
gas emissions. For instance, the European Union has committed

Abbreviations: ASU, air separation unit; BAU, business as usual; BF, blast furnace;
BOF, basic oxygen furnace; CA, chilled ammonia; CCS, carbon capture and storage;
CHP, combined heat and power; CLC, calcium looping cycle; DRI, direct reduced iron;
EAF, electric arc furnace; EOR, enhanced oil recovery; GHG, greenhouse gases; LPG,
liquefied petroleum gas; MEA, monoethanolamine; Mt, million tonne; MtC, metric
tonne carbon; NGCC, natural gas combined cycle; NGL, natural gas liquids; NIMBY,
not in my backyard; OBF, oxygen blast furnace; t, metric tonne; ULCOS, ultra-low
CO, steelmaking.

* Corresponding author. Tel.: +358 40 176 3129.
E-mail address: kristin.onarheim@vtt.fi (K. Onarheim).

http://dx.doi.org/10.1016/j.ijggc.2015.02.009
1750-5836/© 2015 Elsevier Ltd. All rights reserved.

in order to constrain global warming to 2 °C. Of these, Carbon Cap-
ture and Storage (CCS) accounts for about 21% of the required
reduction. Beyond the oil and gas industry, where capture technolo-
gies were mainly developed for the purpose of enhanced oil and
gas recovery, coal-fired power production has traditionally been
the target of research and development of CO, capture. However,
other industries also emit significant amounts of CO,. In the Nordic
countries there are four major industrial CO, emission sectors in
addition to power and heat production: pulp and paper production,
oil and gas activities, iron and steel production and cement and lime
production. Waste treatment incineration, the chemical industry
and non-ferrous metal production also emit significant amounts of
CO, each year in the Nordic countries (NORDICCS, 2014).

In the Nordic Energy Technology Perspectives (IEA, 2013), the
IEA states that “Decarbonisation is vital in the areas of electric-
ity generation and energy use in industry, transport and buildings;
it also requires deployment of carbon capture and storage (CCS)
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for cost-effective reduction of greenhouse-gas (GHG) emissions”
and “Carbon capture and storage (CCS) accounts for more than 25%
of industry emissions reduction and is also applied in electricity
generation”.

The only industrially implemented full CCS chain in the Nordic
countries to be found today is in the Norwegian oil and gas industry,
where initiatives to capture and store CO, were prompted by the
national carbon taxes implemented in 1991.

The purpose of this paper is to discuss the potential and gen-
eral challenges of implementing CCS in industrial sectors typical
for the Nordic countries. The objective is to bridge the gap between
system analysis and regional targets in EU and scenario work (IEA,
2013; Lehtild et al., 2014) and technical assessments on applica-
tion of CCS. The focus for the industry sectors in this discussion
will be on large plants in the Nordic context. The additional value
of combining information of solutions on different industrial sec-
tors, national industrial structures and national targets is to enable a
holistic view of the opportunities and prospects in Nordic countries
in the medium and long term perspective. The power and heat sec-
tor has not been the focus in this discussion, as other industrial
sectors seem to be the source of fossil CO, in Nordic countries in
the longer perspective (IEA, 2013). However, as part of the whole
picture, the power sector has occasionally been referred to for com-
parison or information. An introduction to the different carbon
capture technologies is outside the scope of this discussion.

National policies and energy strategies differ significantly in
the Nordic countries. Denmark aims to reduce GHG emissions by
30% by 2020 relative to 1990 levels and has indicated an approach
towards the EU objective of 80%-95% reduction by 2050. CCS is not
regarded as an important tool for CO; reduction initiatives towards
2020 in Denmark, partly due to the planned phase out of fossil fuels
in the energy sector. Onshore storage of CO, in Denmark is not
an option at least until 2020. There is, however, some interest in
enhanced oil recovery (EOR), and permitting offshore CO, storage
in the North Sea is currently ongoing (Anthonsen, 2014; The Danish
Government, 2013; DOEA, 2014; The Danish Government, 2011).

Finnish energy policy is largely consistent with EU climate tar-
gets. Finland aims to use 38% renewable energy by 2020, including
a 20% share of liquid biofuels in transport fuels. The overall polit-
ical target for reduced GHG emissions by 2050 is 80%. The main
approach to reaching this target is to reduce the use of coal by
replacing it with renewable fuels for energy production. Further-
more, Finland is currently expanding its nuclear power production.
As a consequence, and because the majority of industrially related
CO, emissions in Finland are biogenic, the need for CCS is regarded
as small and consequently not specifically supported by govern-
ment policies. Finland has in addition no possibilities for domestic
large scale storage of CO, and will have to rely on export of CO,
for storage from any large scale capture facility (Nieminen, 2014;
FMEE, 2013).

Sweden has a national target of 40% reduction in GHG emis-
sions relative to 1990 levels, including a 50% share of renewable
energy in the energy mix and a 10% share of renewable energy in
transportation fuels. For 2050, the target is a near-zero net GHG
emissions scheme, including a fossil free transportation fleet by
2030. With power production mainly based on hydropower and
nuclear power, a significant share of CO, emissions in Sweden are
generated by industry. CCS is regarded as one of the requirements
for reaching the 2050 goal, however, no large scale onshore storage
of CO, is allowed in Sweden. This means that Sweden is currently
dependent on transportation of captured CO, to offshore storage
sites, both national and international (Johnsson, 2014; The Swedish
Government, 2012; Riksdag, 2014).

Norway has committed to a renewable energy share of 67.5%
of overall energy consumption (equivalent) by 2020 (Ministry of
Petroleum and Energy, 2013), a GHG reduction of 20% by 2020 and

Table 1
Nordic CO, emissions by sector in 2011 (NORDICCS, 2014).

Sector CO; emissions (Mt/a)
Pulp and paper production 444
Oil and gas activities 22.6
Iron and steel production 11.8
Waste treatment and incineration 7.7
Cement and lime production 6.5
Non-ferrous metal production 3.8
Production of chemicals 3.6

to be carbon neutral by 2030 (Rekke, 2014). Norway is in a slightly
different situation than the previously mentioned Nordic countries,
as most of its power production is based on hydropower (Ministry
of Petroleum and Energy, 2013; Rokke, 2014). In addition, being
heavily dependent on the oil and gas industry, the offshore CO, tax
imposed in 1991 has spurred research into CCS. Norway currently
has two full scale CCS plants storing about 1.5 Mt CO,/a plus two
testcentres (catch and release) in operation (Rokke, 2014). The Nor-
wegian government has a history of funding CCS projects through
various sources although the full-scale CCS in the natural gas-fired
cogeneration plant at Mongstad is currently cancelled.

Iceland is also in a unique situation compared to the other Nordic
countries. Most of the energy production in Iceland is based on
renewable geothermal energy. Some 80% of the primary energy
supply is renewable (Ministry of Industries and Innovation, 2014),
but there are still CO, emissions both from energy production
and industrial processes. Historically, the Icelandic government has
funded CCS research, partly ambitiously, but the current govern-
ment is unclear in its policy and government funding is limited.
Iceland, as part of the North Atlantic ocean ridge, has significant
reactive basalt where CO, can be stored as solid magnesium or
calcium carbonates, and extensive field scale CO, injection is cur-
rently ongoing in connection to the Hellisheidi geothermal power
plant (Matter et al., 2009; Orkuveita, 2015). No capture or storage
initiatives have been made for industrial CO, emissions in Iceland.

2. Industrial CO, emissions

In 2011 the total CO, emissions from point sources larger than
100,000t/a reached more than 100 Mt/a in the Nordic countries
alone (NORDICCS, 2014). Power and heat production is not included
in these numbers and was out of the scope of this discussion. As
shown in Table 1, the single largest industrial sector in terms of
CO, emissions is pulp and paper production. The Nordic countries
produce around 58-64 Mt of pulp and 45-47 Mt of paper yearly
(FAOSTAT, 2013), accounting for 47% and 12.4% of the global pro-
duction, respectively (Finnish Forest Industries Federation, 2013).
The majority of the Nordic pulp and paper industry is located in
Finland and Sweden, with a few plants in Norway. More than 90%
of the CO, emissions related to the pulp and paper sector are of
biogenic origin (NORDICCS, 2014). Table 2.

Table 2
The ten largest industrial point source emissions in the Nordic countries (>1 Mt/a)
in 2011 (NORDICCS, 2014).

Facility Sector Location CO; emissions
(Mt/a)

SSAB Europe Iron and steel Raahe, Finland 4.0

Neste Oil Oyj Oil and gas Porvoo, Finland 3.0

Stora Enso Oy Pulp and paper Imatra, Finland 2.6

SSAB Oxel6sund AB Iron and steel
Statoil ASA Mongstad Oil and gas

Oxel6sund, Sweden 2.2
Mongstad, Norway 2.1

Sodra Cell Monsteras  Pulp and paper Monsterds, Sweden 1.9
Preemraff Lysekil Oil and gas Lysekil, Sweden 1.7
Cementa AB Cement and lime Slite, Sweden 1.7

Aalborg Portland
UPM-Kymmene Oyj

Cement and lime Aalborg, Denmark 1.7
Pulp and paper  Pietarsaari, Finland 1.7
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Fig. 1. Nordic CO, emissions by sector and size, including emissions from fossil, inorganic and biogenic sources (NORDICCS, 2010).

Although Norway is the main exporter of fossil fuels, oil and gas
activities, including both offshore activities and onshore refineries,
are present in all Nordic countries except Iceland. About 62 Mt of
crude oil is processed each year at refineries in the Nordic countries
(Refinery home pages, in press). Offshore oil and gas recovery activ-
ities are located mainly in the North Sea (Norway and Denmark).
Sweden also has a small share of offshore oil and gas activity in the
Baltic Sea. Onshore oil and gas refineries comprise the majority of
CO, emissions from this sector.

The average production of crude steel in the Nordic countries
amounts to about 10 Mt each year (2010) (World Steel Association,
2013). The main steel product is hot rolled plates. There are two
major steel works in the Nordic countries: The SSAB Europe Raahe
steel mill in Finland and the SSAB EMEA mill in Lulea, Sweden. Situ-
ated geographically close to each other and with similar production
processes, these plants could potentially create a platform for a CO,
transport cluster in the northern reaches of the Gulf of Bothnia.
In addition, there are few smaller plants in Finland, Norway and
Sweden and one plant in Iceland.

Approximately 7.4Mt of cement is produced in the Nordic
countries annually (USGS, 2013). The total production capacity is
slightly higher than this reported amount, as production rates vary
according to demand. The largest cement production plant, owned
by Aalborg Portland A/S, is situated in Aalborg, Northern Jutland
in Denmark. In Norway, the largest plant is owned by Norcem AS,
located just across the Skagerrak Strait. In Sweden there is a large
cement plant on the east coast of the island of Gotland. The plant is
owned by the same corporation as the Norcem AS plant in Norway,
Heidelberg Cement Group.

The cement plants in Norway and Denmark, together with the
Preemraff refineries on Sweden’s west coast, could potentially
incorporate a larger CO, transport cluster as all plants are situ-
ated on the coast, which facilitates transport both by pipeline and
tanker. Distance to potential storage sites below the sea bed in

the North Sea would be relatively short for this cluster. In addi-
tion to the Utsira formation in the North Sea a potential storage
site, Gassum, has recently been identified in the Skagerrak Basin
(CCS in the Skagerrak/Kattegat Region, 2012). For this potential
cluster the average transport distances would be approximately
180-560km for storage in the Gassum formation and approxi-
mately 560-1650 km for storage in the Utsira formation (Kjarstad
etal, 2014).

A major issue concerning the implementation of CCS in indus-
try is the potential for carbon leakage. This is of special concern
for industries that operate and compete for market shares world-
wide such as iron and steel production, pulp and paper production,
non-ferrous metals and chemical production. The additional cost of
CCS will be met by the consumer, either directly through taxes or
through subsidy schemes. This will potentially lower the competi-
tiveness of Nordic industries in the market unless same regulations
apply globally. Oil and gas activities and waste treatment and
incineration are also vulnerable to additional production costs.
Combined power and heat production, as well as cement and lime
production, are targeted mostly at local markets within the indi-
vidual countries or neighbouring countries. As a consequence, the
effect of additional costs for CCS implementation in these indus-
try sectors is smaller. Market prices will increase as a consequence,
but there will not be the situation where there are competition
advantages for some of the producers. Fig. 1.

3. Nordic industry sites

In this paper the major industrial CO, emitting sectors in the
Nordic countries have been identified and evaluated. The sectors
identified are: iron and steel production, cement and lime produc-
tion, oil and gas activities, pulp and paper production, aluminium
production and the chemical industry.
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3.1. Iron and steel

Globally, iron and steel production accounts for around 6% of
anthropogenic CO, emissions each year (IEAGHG, 2013a). The iron
and steel industry is one of four major emitters of industrial CO, in
the Nordic countries, with a total of almost 12 Mt CO,/a. The largest
single source emission of CO, in the Nordic countries is an iron and
steel mill.

There are two main methods for producing steel: by extracting
iron from iron ore through a reduction process or recycling steel
scrap through a melting process. Steel production from crude iron
ore is preceded by iron production. The major refining process for
iron production is via the blast furnace and basic oxygen furnace
method (BF + BOF), accounting for 95% of global iron production and
about 70% of global steel production (IEAGHG, 2013a). The direct
reduced iron (DRI) method accounts for about 5% of global iron
production (World Steel Association, 2011). Steel scrap and steel
recycling is performed in an electric arc furnace, where the steel
or solid iron from a direct reduced iron process is melted by elec-
tric power. Around 30% of global steel is produced via this method
(IEA Clean Coal Centre, 2012; Bureau of International Recycling,
2012). Currently, the main iron production process represented in
the Nordic countries is the BF+BOF route in an integrated steel
mill. In the future, the Nordic iron and steel production technolo-
gies might change for more novel concepts, such as the plan is for
the TiZir ilmenite upgrading facility in Tyssedal, Norway, (Grande,
2013), but only blast furnace based processes have been considered
in this paper.

The blast furnace process extracts iron from crude iron ore
(Fe;03) by heating the ore and melting the metal fractions to lig-
uid pig iron. In order to extract the oxygen from the iron ore, an
efficient reduction process is required. This is obtained by adding
a reducing agent, typically coke, to the blast furnace. The carbon
reacts with the iron oxide and produces carbon monoxide, which
again reduces the iron oxides to pure iron during a combustion pro-
cess (Fe;03 +3C0O — 2Fe +3C0,). The coke is typically coal that has
been pyrolyzed in an oxygen-free atmosphere in order to drive off
volatile matter.

Iron and steel production processes vary significantly and
depend on production site, quality of iron ore and fuel availability
and cost (mainly natural gas and coal). A modern, integrated steel
mill is a complex system consisting of various individual process
steps. The result is a number of scattered CO, emissions sources,
which makes the capture of CO, more challenging compared to CO,
capture from a single stack. Typically, about 1.8t of CO,; is gener-
ated per tonne of liquid steel produced (ArcelorMittal, 2011). The
majority of the CO, emissions are generated during iron produc-
tion and end up in the flue gases. This allows for the possibility of
implementing post-combustion CO, capture without altering the
existing processes. However, the different off-gases vary widely in
composition and conditions and as a consequence, the flue gases
cannot be directly accumulated into one central CO, capture unit.
Typical CO, concentrations in process and flue gases in an inte-
grated steel mill are 20-25 vol% in blast furnace off-gas, 16 vol%
in converter off-gas, 25-30 vol% in power plant flue gas and +30
vol% in hot stoves flue gas. Off-gas from coke ovens contains little
or no CO; at all. Additional carbon content in flue gases is found
mainly in the form of CO. Typical CO concentrations are 20-25 vol%
in blast furnace off-gas, 60-70 vol% in converter off-gas and around
5 vol% in coke oven off-gas. Coke oven off-gas contains in addition
around 20-25 vol% methane (Arasto et al., 2013). Off-gases from
blast furnaces, coke ovens and converters are usually not emitted
directly, but combusted in the power plant for production of power
and heat. As aresult, the most significant CO, streams from an inte-
grated iron and steel plant are flue gases from the power plant, the
hot stoves and possible CCS processes.
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_~—+ Others4 %
/% HotStrip Mill 5 %
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Coal 94 %

Fig. 2. Carbon flow in a typical integrated steel plant.

The major source of CO, originates from the coal used as reduc-
ing agent in the blast furnace. As of today, there are no real
alternatives to reducing agents. Torrefied biomass could be utilised
to replace coal injection and even coke to some extent, but cur-
rent costs exceed coal prices. Theoretically, it is possible to use
hydrogen instead of CO, but the technology is not currently ready
for industrial implementation. Experiments with waste plastic and
animal waste have been performed, but substituting conventional
coal will in any case alternate the furnace balance and might affect
the production process. Fig. 2.

3.2. Cement

The main raw material of cement is limestone (CaCO3). After
being quarried, the limestone is transported to the cement plant,
ground to powder and mixed with correction materials. This is to
ensure the right quality of the cement end-product. The powder
mix is heated to 1000 °C in multistage cyclone pre-heaters by hot
exhaust gas. In the precalciner, the powder mix is heated further
and the limestone is reduced to CaO and CO,. The mixture then
enters the rotating kiln where it is heated gradually as it moves
down the kiln, finally reaching a temperature of 1450 °C. The pow-
der mixture is sintered together and small balls called clinker are
formed during this process. After cooling, the clinker, together with
additives like plaster, lime, slag and fly ash, is ground to cement in
mills. The CO, concentration of the exhaust gas depends on the air
leakage in the process and can consequently vary between 12-30
vol%.

In addition to being the raw material of cement, limestone has
many other uses, for instance in the manufacture of steel, paper,
glass, and as a neutralising agent. The quality of the limestone will
in some cases dictate its use. For instance, the limestone quarried
at Nordfrakalk’s facility in Norway is utilised in the making of high
quality paper due to its white colour and purity, while the lime-
stone quarried in Brevik, Norway, is used in cement production.
Between 0.6-1.0t of CO, is generated per tonne of cement pro-
duced (IEA Clean Coal Centre, 2012; OECD/IE.A, 2007). The emission
rate will vary depending on the limestone quality, type of fuel used,
energy efficiency and on the share of clinker in the cement (type
of cement). Generally, about 60% of CO, emissions originate from
the calcination process, while the remaining 40% is related to fuel
consumption, usually coal. The future demand for cement in the
Nordic region is difficult to predict as it is highly dependent on the
activity level in the construction market, which again is depend-
ent on the global economic situation. A recent survey by IEAGHG
(IEAGHG, 2013b) showed that there is awareness towards CCS and
an understanding of the relevancy of CCS in the cement industry.
This is also reflected in the number of past and current research
and pilot projects on CCS in the cement industry. Fig. 3.

Limestone 60 % Coal Mill 10%
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Fig. 3. Carbon flow in a typical cement plant.
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3.3. Oil and gas refineries

There are CO, emissions related to oil and gas recovery opera-
tions offshore, mainly from the combustion of natural gas for power
generation. In addition to emissions directly connected to recov-
ery operations, there are also emissions related to the refinement
of crude oil and natural gas. These emissions are the focus of this
paper.

Crude oil refineries are complex processing plants, and defin-
ing a standard layout is challenging as the type of processing
units at a refinery will depend on the composition of the crude
oil received and the number of refining steps involved. The prod-
ucts are mainly used for fuel, but some are processed further
in petrochemical plants to produce chemical products. Different
hydrocarbon molecules have different chain lengths, and they can
be separated based on their boiling points. As a result, the major
unit in a refinery is the crude oil distillation tower. Heat is gen-
erated as a result of superheated steam, and the distillation takes
place at atmospheric pressure. The crude oil is heated up to just
below 400 °C and starts to boil before it enters the distillation tower.
In the tower, the lighter hydrocarbons evaporate and are sepa-
rated by condensing out the vapours at different stages as they
rise up the tower. The lightest fractions with the lowest boiling
points exit at the top of the tower while the heavy hydrocarbons are
removed as bottom fractions. Commonly, the bottom fractions are
further treated through vacuum distillation. The different fractions
are treated further to remove impurities. Many of the distillates
need further processing, or cracking, in order to produce the desired
petrochemical products. Cracking is a process that breaks longer
complex hydrocarbons down into simpler fractions. The most com-
mon cracking methods are thermal (temperature about 800 °C),
catalytic (fluid catalysts, temperature about 500°C) and hydroc-
racking (combination of catalytic cracking and hydrogenation in
the presence of hydrogen).

CO, emissions related to oil refining depends on many factors
such as crude oil composition, the refining process method, energy
efficiency and the type of fuel. CONCAWE (CONCAWE Refinery
Management Group, 2011) reported that on average, 200kg of
CO, per tonne of crude oil is emitted from European refineries. An
investigation into CO, emissions from oil refineries in the Nordic
countries yielded a widely varying result; 63-153 kg CO, emission
per tonne of crude oil processed (CCS in the Skagerrak/Kattegat
Region, 2012).

In addition to the crude oil distillation tower and vacuum dis-
tillation, Preem’s refinery in Lysekil, Sweden also has catalytic and
hydro cracking. The final products are gasoline, diesel, propane,
propylene, heavy fuel oil and bunker oil. CO,, is generated from the
burning of fossil fuels to produce the energy needed for the various
refining steps. Some 97% of the CO, is emitted through four stacks
and the CO, concentration of the flue gases varies between 6.7 to
24 vol% (CCS in the Skagerrak/Kattegat Region, 2012).

Natural gas mainly consists of methane. However, other hydro-
carbons and impurities may be present to a varying degree,
depending on the gas field from which it is extracted. The
processing of natural gas is less complicated than crude oil refining.
Nevertheless, several operations are required before the natural gas
is ready for sale. Before the hydrocarbons in natural gas are sepa-
rated, impurities like CO,, H,S and water are reduced to achieve the
required specifications. Natural gas liquids (NGL) can then be recov-
ered through cryogenic absorption or adsorption, the former being
most frequently used. NGLs are absorbed using absorption oil. The
methane and ethane exit from the top of the tower and the NGLs
exit from the bottom of the tower together with the absorption oil.
The oil is recovered by heating the mixture to above the boiling
point of the NGLs. In cryogenic extraction, the natural gas is cooled
down to approximately —85 °C. The temperature drops rapidly and
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Fig. 4. Carbon flow in a typical oil refinery.

all of the hydrocarbons except methane and some of the ethane
are condensed out. After this first separation process, the NGLs are
fractionated by utilising the difference in boiling point of the hydro-
carbons as the hydrocarbons are boiled off one by one. These steps
are called de-ethanisation, de-propanisation, de-butanisation and
de-isobutanisation.

CO, is currently separated from two installations on the Nor-
wegian Continental Shelf. The Sleipner West field produces natural
gas with a CO, content of between 4-9 vol%, which is above the
sales specification at 2.5%. The excess CO, is removed and injected
into the Utsira formation at a maximum annual injection rate of
0.9 Mt CO,. The other installation is at Melkgya, where natural gas
from the Snehvit field is cooled and compressed to liquefied natu-
ral gas (LNG). Before cooling, the CO, (5-8 vol%) is removed from
the natural gas. The CO, is stored offshore in the Tubden formation
at a maximum annual injection rate of 0.7 Mt CO,.

It is likely that there will be an increased need for separation
of CO, from the natural gas if fields with a CO, content higher
than 2.5% is to be produced. The Norwegian Petroleum Directorate
(Halland, 2014) reports that gas fields discovered on the Norwegian
Continental Shelf can vary greatly in CO, concentration, up to 20
vol%, with the majority being below 10 vol%. Fig. 4.

3.4. Pulp and paper

The majority of pulp produced in the Nordic countries today
is produced via the chemical pulping process, or more specifically
by the Kraft process. The Kraft process emits about three times as
much CO, as the mechanical pulping process and is also the main
process used in Nordic pulp and paper mills. Consequently, only
Kraft process pulp production has been assessed in this paper.

In the Kraft process, raw wood chips are digested under elevated
temperature and pressure in an alkali environment typically apply-
ing sodium sulphide (Na,S) and sodium hydroxide (NaOH). After
dissolving most of the wood fibres, the pulp is extracted and further
processed for paper or cardboard production. The spent cooking
liquid, together with dissolved lignin and hemicellulose fractions,
is concentrated by evaporating most of the water. The remaining
black liquor is combusted in the recovery boiler, converting the
organic partinto energy (heat) while the inorganic partis recovered
as sodium sulphide and sodium carbonate (Na,COs3). Sodium sul-
phide can be directly returned to the wood chip digesters, while the
sodium carbonate reacts with calcium hydroxide (CaO) to regen-
erate sodium hydroxide. This enables the recovery of the cooking
chemicals and the energy content in the cooking residues. A by-
product of the causticising process is calcium carbonate (CaCOs3).
This is converted into reusable calcium hydroxide and CO, under
high temperatures in the lime kiln.

Depending on the installation, CO, emissions from pulp and
paper mills are scattered around the site in several stacks, but the
recovery boiler is usually the major source of CO, emissions. Typ-
ically, 1t of CO, is generated per tonne of pulp produced (ZEP,
2012). Contrary to most other industrial processes, up to 90-100%
ofthe total CO, emissions from a Kraft pulp mill are biogenic (Carbo,
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Fig. 5. Carbon flow in a typical modern integrated pulp and paper mill.

2011).The biogenic CO, emissions mainly originate from the recov-
ery boiler. Fig. 5.

3.5. Aluminium

Aluminium is a light-weight metal and is the most widely used
non-ferrous metal. Approximately 2 Mt is produced in the Nordic
countries annually (USGS, 2013). The raw material of aluminium is
bauxite from which alumina (aluminium oxide) is extracted. Alu-
mina has a high smelting point (about 2000 °C), and aluminium
production is therefore a highly energy intensive process. The
energy comes in the form of electric power. The current technol-
ogy is based on the electrolytic smelting of alumina, known as
the Hall-Héroult process. In this process, alumina is dissolved in
molten cryolite, Na3AlFg (electrolyte), and reacted with carbon in
cells at temperatures of between 950°C and 980°C. The number
of cells varies depending on the size of the plant. A typical alu-
minium plant usually has hundreds of cells. The carbon acts as an
anode with negative charge, which is continuously depleted. As
a consequence, it has to be replaced. The aluminium is deposited
in pots that are lined with carbon. These act as cathodes and
are positively charged. The reaction equation for the reduction is
2Al,03 +3C+energy — 4Al +3C0,. According to the equation, the
process gas from aluminium production should mainly consist of
CO,. However, this is not the case. The current cell design requires
that a large amount of air is supplied to the cells as a mean of
temperature control. Consequently, the process gas is diluted and
typically has a CO, concentration of only 0.8-1 vol% (Arasto et al.,
2013). Fig. 6.

CO, emissions from aluminium production are process-related
due to the continuously depletion of the carbon anode. Approxi-
mately 4t of CO, equivalent is produced per tonne of aluminium.
Of this, about 2.2t CO, equivalent originates from the anode pro-
duction, electrolysis and anode effects. In addition, the process
is very energy intensive as it is based on electric power input.
Hydro Aluminium (Gassnova and Mott MacDonald, 2012) reports a
typical electricity consumption of 13.5kWh per kg of aluminium
produced. In Norway and Iceland this electricity is taken from
the national grid. The electricity supplied to the grid is gener-
ated almost exclusively from hydropower or geothermal power.
As a consequence, there are no CO, emissions associated with the
energy consumption for aluminium production in these countries.
Aluminium plants that do not have the option of connecting to
the national grid generate their own electricity in dedicated gas
or coal-fired power plants. In such cases, the CO, emissions will be
10 and 17.5 t per tonne of aluminium for gas and coal, respectively
(Gassnova and Mott MacDonald, 2012).
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Fig. 6. Carbon flow in a typical aluminium plant.
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Fig. 7. Carbon flow in a typical ammonia plant.

3.6. Chemical industry—ammonia

Ammonia has many uses, but is mostly used in fertilisers. The
first step in an ammonia plant is the cracking of natural gas
(methane) or liquefied petroleum gas (LPG) into hydrogen gas in a
process called catalytic steam reforming. Before the gas enters the
reformer it is preheated to 520°C and pressurised to 34 bar. Out of
the reformer the temperature is 800 °C and the pressure is 29 bar. In
the next step, the gas enters a secondary reformer together with air.
In this step, the temperature in the flame zone reaches 1300 °C. In
the reactions taking place in the flame zone, CO is formed and nitro-
gen is released. The gas then passes through a catalyst layer where
the reactions yield Hy, CO and CO,. CO is converted to CO,, which
takes place over several steps. CO reacts with water and produces
CO,, Hy and heat. After this step, the CO, is removed. There are
several methods that can be used, such as absorption by aqueous
amine solutions and pressure swing adsorption. At the Yara plant
in Porsgrunn, Norway, CO, is removed from the syngas (CO, con-
centration 20 vol%) in a water wash (CCS in the Skagerrak/Kattegat
Region, 2012). The water absorbs CO, from the H, and N5. The CO,
is then released from the water in an air stripping tower. Further
processing might be needed for final removal of CO and CO,. Finally,
H, and N are converted to ammonia through the Haber-Bosch pro-
cess. The conversion takes place at high pressures, 150-300 bar,
and at temperatures between 350-650 °C, depending on the design
used.

Between 1.5 and 3.1t of CO, is emitted per tonne ammo-
nia produced, depending on the feedstock (OECD/IE.A, 2007). The
Yara plant emits approximately 825,000t CO,/a (Gassnova and
Mott MacDonald, 2012). The CO, recovered from the water wash
amounts to about 200,000t and is purified and sold as food grade
CO; (the CO, concentration is between 95-97 vol% before purifi-
cation). Not all of the CO, recovered from the water wash is sold
and the rest is vented to the atmosphere. The other CO, emissions
are off-gas from the air stripping tower with a CO, concentration
of 8 vol% and the CO; originating from the steam production for the
reformers with a typical CO, concentration of 13 vol% (CCS in the
Skagerrak/Kattegat Region, 2012). Fig. 7.

Fig. 8 shows the annual Nordic CO, emissions from the industry
sectors covered in this section. Speculations about the future emis-
sions in these sectors are hard to make as both the cement industry
and metal industries are especially sensitive to the activity level in
the construction market, which again depends on the current eco-
nomic situation. Also the pulp and paper industry is sensitive to the
global market situation.

4. CCS potential

The industry sectors covered in this paper are the main emit-
ters of CO, in the Nordic countries. The production processes of
each sector vary significantly and require individual CCS solutions
for optimal CO, capture. Table 3 summarises the main industrial
sectors and provides a general overview of the reduction poten-
tial and associated costs. As shown in the table, the costs can vary
significantly, and the comments below the table should be taken
into consideration when assessing the costs. The cost range refers
to the CO, reduction potential. Generally, large scale capture of
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Table 3
General overview of CCS technologies applicable to industrial sectors and costs related to the CCS implementation.
Technology Carbon intensity Reduction Costrange €/t Costrange €/t References
without CCS t potential with  stored avoided
CO,/t prod. CCS, %>°
Iron and steel BF +BOF 1.5-2.2 85-95 17.5-40'0:12.13 26-150°, (IEAGHG, 2013a; IEA Clean Coal
Top-gas recycling 0.7-0.8 60 55-25026:27, Centre, 2012; ArcelorMittal, 2011;
55-8529 Fujita et al., 2010; IEA, 2006; Farla
45-5528 etal,, 1995; Gordon et al., 2012)
(Gielen, 2003; IEA ETSAP, 2010;
IEA, 2009; Ho et al., 2013; Tsupari
etal, 2012)
(IEAGHG, 2013a; Meier and
Zeilstra, 2011; Gordon et al., 2012;
Gielen, 2003; van der Stel, 2011;
Midrex Technologies Inc., 2013;
Asia Pacific Partnership for Clean
Development and Climate, 2010;
IEAGHG, 2013c)
Cement and lime Lime, shaft kiln 0.75 85 34.3-59.6>:68 40.2-107.4>6 (OECD/IE.A, 2007)
Cement, dry process 0.6-1 (OECD/IE.A, 2007; World Business
Council for Sustainable
Development, 2012; Tel-Tek, 2009;
IEAGHG, 2008)
0il and gas/refineries  Oil refining 0.063-0.224 80%7 67-847,74.5% 90-120"" (CCS in the Skagerrak/Kattegat
Gas processing 698 40-263"" Region, 2012; CONCAWE Refinery
Management Group, 2011; Tel-Tek,
2009; van Straelen et al., 2010)
(Gassnova and Mott MacDonald,
2012; Tel-Tek, 2009; Johansson
etal,, 2013)
Pulp and paper Kraft process pulping 0.1-1.4"2 85°1:32.9131.33  19-264215 20-6514b.15.16.17. (QECD/IE.A, 2007; Vos and Newell,
18a,19,20,21,22,18b  2009; CEPI, 2007; Méllersten et al.,
2004; Ekstrom et al., 1997; Hektor,
2008)
Aluminium Hall-Héroult process 1.83:30 0-85% 758, 60.4%3 (OECD/IE.A, 2007; Gassnova and
renewable electricity Mott MacDonald, 2012; Tel-Tek,
2009; Mathisen et al., 2012)
Chemical industry, Ammonia Haber-Bosch ~ 1.5-3.1 85 558.11_gg!1 (CCS in the Skagerrak/Kattegat
ammonia process Region, 2012; OECD/IE.A, 2007;
Gassnova and Mott MacDonald,
2012; Tel-Tek, 2009)
! When energy is supplied from CHP plants applying on average 50% bio-based fuels.
2 Coated paper production.
3 CO, equivalent.
4 With current production technologies CO, capture is probably unrealistic, but future alternative methods may offer new possibilities.
5 Five stage pre-heater with pre-calciner dry process.
6 Five stage pre-heater with pre-calciner dry process, oxy-combustion in pre-calciner only.
7 Depending on the complexity of the refinery and level of cooperation with other emitters on capture and storage.
8 Capture cost only.
9
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Based on Selexol capture and implementation of a shift reaction to convert CO into CO, and Hy, including electricity consumption, investment, operational and management
costs, storage and CO, emission electricity production costs. Enriched H, is used for power production.
Does not include the capture of the near pure CO; flow.

Capture only in new-design, oxy-fuel BF, physical adsorption.

Capture from BF, including transport and storage.

Integrated pulp and paper mill (MEA post-combustion), ¢ Transportation distance 500 km,  Transportation distance 700 km.

Market pulp mill (MEA post-combustion).
Pre-combustion.

Four different scenarios for energy market parameters including near future, BAU, moderate change and sustainable. Scenarios are described further in (Adahl and Harvey,
2007).

Biofuel boiler (* MEA, ® CA).
NGCC-CHP (MEA).

Excess steam, biofuel (MEA).
Excess steam, NGCC (MEA).
Heat pump (MEA).

Capture cost only, modified process with a flue gas CO, concentration of 4 vol%.
Electricity consumption in the cells only, excluding energy consumption related to alumina and anode production, and casting/rolling.

The reduction potential is based on a realistic evaluation of direct emission capture from the entire site (technically the number will be higher, but this would be
economically unrealistic).
Commercial MEA solvent in conventional iron and steel mill, all point sources.
Depends largely on the specific site and process configuration.

MEA post-combustion capture.

MEA post-combustion capture from on-site power plant and blast furnaces.
The CO; that originates from the aluminum production only and emitted through the process gas.

Including CO, emissions originating from increased fuel consumption due to CO, capture.
Integrated pulp and paper mill with biofuel or coal boiler using MEA.

NCGG CHP configuration.
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Fig. 8. Nordic industrial point source CO; emissions (>100,000 t/a) by country. Numbers are based on emissions from 2011 (Onarheim et al., 2014; EEA, 2014).

site-specific CO, emissions requires more energy than capturing
smaller shares of emissions. Costs must also be seen in light of the
time of research. For details on the CCS chain costs the original
reference should be addressed.

Nordic iron and steel mills are highly efficient compared to
global steelmaking plants (Kerkhoff, 2011), and the waste heat
available has usually already been profoundly exploited. This
leaves fewer opportunities for profitable heat integration when
implementing energy-intensive CO, capture technologies. Pre-
combustion and oxy-fuel combustion would in theory be possible
at an integrated steel mill, but the effect of these capture tech-
nologies on overall CO, emissions would most probably be smaller
than with post-combustion capture. The reason is that these
technologies can only be applied to a limited part of the steel
making process. Additionally, the long life expectancy of a blast
furnace and the major modifications needed for implementing pre-
combustion into a conventional steel production route would not
favour this transition. Major modifications are also needed for tran-
sition into an oxy-fuel based production process. In addition, the
oxy-blast furnace concept still has technology issues that must
be resolved before industrial implementation. Combustion with
oxygen instead of air would, however, benefit an amine-based
post-combustion capture system by excluding most of the amine-
degrading nitrogen from a conventional process.

The iron and steel industry in the Nordic countries has made
significant efforts to reduce CO, emissions. The European ULCOS
Consortium has identified breakthrough technologies that com-
bined with conventional CCS technology can significantly reduce
CO, emissions from iron and steel production. One of these tech-
nologies is the top-gas recycling process, where part of the blast
furnace off-gas is purified and returned to the blast furnace as a
reducing agent. As a result, the coke input to the iron production
process is reduced (ULCOS, 2013). A pilot plant has tested the pro-
cess successfully at SSAB in Lulea, Sweden, but plans to construct a
demonstration plant in Florange, France, through the NER300 were
discontinued in 2012 (Reuters, 2012).

Another promising technology for reducing CO, emissions in
the iron and steel industry is the HIsarna process, also developed in
the ULCOS project. The Hlsarna process is based on direct feed-
ing of powdered coal and iron into a modified blast furnace, a

Hlsarna bath smelter. This omits the need for coal coking and
pig iron production (ULCOS, 2013). A process pilot has been con-
structed at Tata Steel in Jmuiden, the Netherlands, which shows
indications that when combined with conventional CCS technol-
ogy, the process could reduce CO, emissions by up to 80% (20%
without CCS technology) (Meier and Zeilstra, 2011).

Cement production is a highly CO,-intensive industry. In addi-
tion to being an energy-intensive process, the raw material for
cement production contains CO,. The industry is favourable for
post-combustion CO, capture due to the high concentration of CO,
in the flue gas (15-22 vol%). A challenge concerning implementa-
tion of post-combustion capture in cement plants is the need for
additional energy, mainly in the form of steam, as there is usually
no power plant at a cement production site. Flue gas contaminants,
especially dust, will also represent a significant challenge for cer-
tain capture technologies. Reduction methods to cope with these
challenges are available and in some cases already installed due to
national CO, emission constraints.

Some cement plants are continuing to increase the share of bio
and waste fuel to reduce the CO, footprint. Other options for CO,
reductions are increased energy efficiency and clinker substitution
(limited by the type of cement), i.e. using less carbon-intensive
components with similar properties. Fly ash is commonly used
for this purpose. Excess energy can be extracted from the process
and utilised to cover part of the energy demand for CO, capture
processes.

Tests have shown promising results from oxy-fuel combus-
tion in cement production. An additional air separation unit (ASU)
would be required, increasing capital expenses. Due to the nature
of the cement production process, it is also possible to implement
a calcium looping cycle (CLC) for CO, capture. This is believed to
have a lower efficiency penalty than amine-based post-combustion
capture, since the heat for calcination is offset by heat released dur-
ing carbonation. In addition, it is possible to exploit lime purge
materials from the CLC process as a raw material substitute. A
natural limitation with the CLC process is the upper limit of the
capture efficiency, connected to the carbonation reaction equilib-
rium. Pre-combustion is a possible CCS technology for capturing
CO, from the combustion process, but not from the calcination
process.
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The European Cement Association (ECRA) started a CCS research
project in 2007. The project has five phases, of which phases I, II
and Il have been completed. Phase IV is currently on-going (ECRA,
2007). The focus of phase IV is oxy-fuel combustion. The previ-
ous studies concluded that post-combustion (considered for both
retrofit and greenfield plants) and oxy-combustion (considered for
greenfield plants only) capture technologies are the best options
for cement plants, while pre-combustion technologies will need
fundamental changes in the clinker burning process (ECRA, 2013).
There is experience with oxy-enriched combustion in both Russia
and the United States. In these cases the purpose was to increase
production capacity rather than to reduce CO, emissions. Skyonic’s
SkyMine technology has been pilot tested at Captiol Aggeregates’
cement mill in Texas, United States. The post-combustion pilot
plant project at the Norcem Heidelberg cement plant in Brevik,
Norway, was granted funding in early 2013. In this project, one
to three CO, capture technologies relevant for cement production
will be tested (Global CCS Institute., 2013).

In a report on carbon capture and storage in the Skagerrak
region (CCS in the Skagerrak/Kattegat Region, 2012), three Nordic
oil refineries were evaluated for CCS. The CO, concentrations of
the flue gases from heaters (furnaces and boilers) that provide the
energy needed to refine the crude oil varies between 7 vol% and
24 vol%, and up to nine different emission points were identified at
one plant. Oil refineries are generally complex plants and typically
have limited space available for a CO, capture plant. Still, post-
combustion CO, capture can be implemented, but site-specific
considerations must be taken into account. A flexible approach to
the implementation of CCS should be adopted, including captur-
ing the CO, from the easiest accessible emission points. As energy
in the form of heat is generated on-site at the refinery, it could
be possible to increase the capacity of the energy production to
cover energy needed for CO, capture as well. The report also found
that in some cases a considerable amount of excess energy can
be extracted from the existing process. However, with the current
focus on energy efficiency, work is ongoing to increase the effi-
ciency internally while other plants sell this energy in the form of
district heating.

The Test Centre Mongstad (TCM) is in operation in Norway and
currently both amine-based and ammonia-based post-combustion
capture technologies are being tested on a pilot scale. The flue gas
is supplied both from the refinery and from a gas-fired power plant.
At the Valero Port Arthur Refinery in the United States, about 1 Mt
CO, from two of the existing methane steam reformers began oper-
ation in April 2013 (Air Products, 2013). The CO, will be utilised in
enhanced oil recovery (EOR).

The Nordic pulp and paper sector has a significant potential for
CO; reduction in Sweden and Finland based only on emission rates.
As the majority of CO, from pulp and paper production is biogenic,
the sector theoretically has the potential to function as a carbon
sink and to produce zero-emission paper leading to negative emis-
sions. This could possibly be more profitable than fossil CCS under
specific conditions (Arasto, 2013). However, there is currently no
incentive for pulp and paper producers to implement CCS (ZEP,
2012; Directive, 2003) and taking into account the status of global
market competition the potential for CO, capture from pulp and
paper production on a Nordic and European level is estimated to
be moderate (Arasto et al., 2011).

As the major CO, emissions from a Kraft mill originate from
combustion processes, all major capture technologies (pre- and
post-combustion and oxy-fuel combustion) are theoretically pos-
sible to implement. Of these, post-combustion capture is probably
the most viable option, as both pre- and oxy-fuel combustion would
require significant process modifications, both in the case of retrofit
and greenfield plants. In favour of the post-combustion capture
option is the potentially high CO, concentration in the flue gases

(10-25 vol%) and the possibility of retrofitting without affecting the
core process. In addition, there is typically both process water and
steam available at the mills. One drawback with post-combustion
capture is the presence of significant amounts of amine inhibitors
such as dust, NOx, SOx and heavy metals in the flue gases. Fur-
thermore, the point sources are small, and joining the recovery
boiler and lime kiln flue gases into a central capture unit would
have to take into account the fact that the flue gas compositions
are relatively different. The site-specific treatment of odorous gases
may also affect a possible post-combustion CO, capture process. A
high concentration of sulphur components is harmful to the amine
solvent and would require a desulphurization process upfront.

With current production processes, the implementation of CCS
in the aluminium industry is unlikely due to the very low CO,
concentration. However, CO, can be captured from the power
plants that generate electricity for the production process. Further
development on the Hall-Héroult process to lower electricity con-
sumption (10 kWh per kg of aluminium) is being undertaken by
Hydro Aluminium. In addition, methods of increasing the CO, con-
centration up to 4 vol% are being explored which will make the
implementation of CO, capture more attractive. There are technical
challenges associated with this as an increase in the CO, concen-
tration will lead to increased temperature in the cell, which again
affects the mechanical and automation equipment and components
of the process. An advantage of the increased temperature could be
to recover the excess energy from the flue gas for utilisation in CO,
capture (Gassnova and Mott MacDonald, 2012). Developing a CCS-
ready production process for aluminium is likely to take time, but
it might become a viable alternative in the future.

For ammonia, capturing the high CO, concentration emission,
which is not sold as food grade CO,, could be a low threshold
opportunity; however, the volume is small. The impact of captur-
ing this amount is limited, but could still be a starting point for CCS
in ammonia production. It should be noted that the capture costs
reported in Table 3 for ammonia production do not represent the
cost of capturing this concentrated CO, flow. As removal of CO; is
an integrated part of the ammonia production process these plants
have experience in capturing and handling CO,.

Alimited number of studies have been carried out on the imple-
mentation of CCS in industry and evaluating the cost associated
with these processes. An overview of these costs is presented in
Table 3. As there are currently few implemented CCS processes,
these studies have been compiled based on assumptions and to
a large extent theoretical principles. As a result, evaluation results
can be highly hypothetical and studies can lead to results that devi-
ate significantly from each other. Furthermore, even if assumptions
were to be quite similar, both industry processes and carbon cap-
ture technologies are different in nature. Even within the industry
sector, conditions may be very different from site to site. Most
industrial processes are sensitive to local conditions (physical,
political and socio-economic), raw material, plant age, fuel costs
and fuel availability, to mention a few. Different ways of inte-
grating a plant, either individually or in combination with other
plants/processes, also affect the outcome. As a consequence, cost
estimations can be rather uncertain so it is important to be aware
of the preconditions for the studies. The cost of CO, capture is also
a question of energy cost, which again is affected by the type and
degree of integration, and in the MEA post-combustion case also on
the absorbent performance (Hektor, 2008; Rao and Rubin, 2006).

From Table 3 it can be concluded that the Nordic industry sec-
tors represent a variety of different technologies. Only pulp and
paper production and cement production have similar technolo-
gies across the borders. The target when implementing carbon
capture technologies is typically to reduce the CO, emissions by
90% or more. The cost estimations in Table 3 are on the lower end
of CCS cost estimations in general, and depending on technology
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Table 4

Potential of CCS implementation in different industries.
Sector Conclusions Potential Impact
Iron and steel Current processes are dependent on coal 8% of Nordic emissions’ Difficult

Cement and lime

0il and gas

Pulp and paper

Aluminium

Chemical industry

Scattered emissions on site
Waste heat available (?)
Complex integrated plant

Little effect on existing processes

No alternative to raw material
High CO; concentration
Waste heat available

Both onshore and offshore activities are limited by
space for installations

Refineries usually have scattered emissions
Potentially high CO, concentration

Waste heat available

Potentially high CO, concentration
Scattered emissions on site
Lack of incentives for biogenic CO,

Current process is dependent on carbon cathodes
Potential for limited number of emissions on-site
Low CO; concentration

Hydrocarbon feedstock

Scattered emissions

Potentially high CO, concentration
Waste heat available

Mainly Sweden and Finland

Large point source emissions

Combustion with O facilitates CCS
Alternative reducing agents

Alternative process routes
Biomass/biogenic CO,

5.1% of Nordic emissions’

All Nordic countries except Iceland

No project experience

Post-combustion pilot in operation at Norcem
Brevik

Biomass/biogenic CO,

23.7% of Nordic emissions’

Onshore activities in all Nordic countries except
Iceland

Offshore activities in Norway and Denmark
Large emissions

Some project experience

28% of Nordic CO, emissions’

Mainly Sweden and Finland

Carbon sink/Biogenic CO,

Alternative process routes

3.8% of Nordic emissions (non-ferrous metal
production)

Mainly Norway, Iceland and Sweden

No project experience

Alternative process methods

3.2% of Nordic emissions

Mainly Norway, Sweden and Finland

Some project experience

Limited industrial initiative

Possible, individual
considerations needed

Difficult, individual
considerations needed

Possible

Difficult with current
technology

Limited, individual
considerations needed

" Industrial CO, emissions >0.1 Mt/a.

the cost per tonne avoided can be very different per tonne stored.
It is also difficult to make a conclusion for the cost of per tonne
avoided, because the presumptions regarding the energy systems
vary significantly from case to case. Additionally, transportation
and storage might have been assessed individually. This shows that
there is a need for studies that are comparable in spite of the differ-
ent nature of these industry sectors, where common presumptions
are clearly laid out.

Individual considerations are needed when assessing the oppor-
tunity for CO, capture in the different industrial sectors, as the
number of emissions and their size can vary from plant to plant
within the same sector. Such examples can be found in the oil
refining and cement sector. While it can generally be said that oil
refineries have scattered emissions, there are plants (often newer
ones) that have dedicated energy plants that supply energy to all
the refining steps. At such sites it is easier to facilitate CO, capture.
In the cement industry, plant sizes vary greatly. Larger plants usu-
ally have several emission points, many of these substantial. Table 4
gives an overview of the potential of implementing CCS in different
industry sectors. The impact column describes whether it is possi-
ble to decrease the CO, emissions, taking into account both social,
economic and technical aspects.

5. Discussion

In general, Nordic industry sites might be less suitable for CCS
than industry sites in other regions. In Sweden and Finland there
are no options for CO, storage, except from a theoretical possibility
in the Faludden formation located in the southern Baltic Sea. This
storage site is, however, unlikely to be realised in the near future.
The formation has not yet been fully mapped and assessed for stor-
age capacity and the location and its geological features extend over
several national borders. Disregarding this option, CO, captured in

Sweden and Finland will have to be transported over long distances,
either to the North Sea, Skagerrak or to the Barents Sea.

Norway has a range of possible storage locations with very high
storage capacities, such as the Utsira Formation. Norway, on the
other hand, has lower CO, emissions from industrial sources than
other Nordic countries.

Denmark has little heavy industry. Only about 8-9 Mt yearly CO,
emissions originate from industry processes, the rest is to a great
extent from power and heat production. As a result, most of the CO,
sources in the ETS sector are power plants, which makes industrial
CCS less relevant in Denmark.

More than half of the point source CO, emissions from Finland
originate from heavy industry processes, and several large indus-
trial emission sources would be suitable for CCS application. The
largest emitters are the iron and steel industry and the pulp and
paper industry. Both industries trade commodities globally, and
thus transferring the costs to end-product prices would be a sig-
nificant burden on competitiveness and viability. In oil refining the
transfer of costs could possibly be slightly easier, as these producers
typically take advantage of their geographiclocation and serve local
markets. Emissions from the pulp and paper industry are mainly
biogenic and are thus considered to be carbon neutral. This has
reduced the interest in capturing CO, to low or non-existent lev-
els. Finland’s geographic location and the lack of large scale storage
capacity will increase transportation costs. With no possibilities
for EOR, this could possibly make the total cost of CCS higher than
in other Nordic countries. Cement production sites in Finland are
small-scale installations that also increase the costs of capture and
transportation.

Large industrial CO, emissions in Sweden resemble the emission
profile of Finland, with similar problems in transferring CO, prices
to global markets. Potential offshore storage sites within the coun-
try’s borders could make CCS more attractive for Sweden. Most of
the large industrial installations, such as many of the pulp mills, are
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situated at the coast, unlike in Finland, which makes transport of
CO,, easier than for sites located inland. Cement manufacturing is on
a larger scale than in Finland and thus offers a larger potential and
less expensive application targets than the corresponding Finnish
cement production sites. Considering the storage potential, refiner-
ies on the west coast of Sweden are better situated than most of the
other Swedish industrial CO, emitters. If storage in the southern
Baltic Sea were to become an option, this could lower transporta-
tion costs from the east coast of Sweden and from southern Finland
as well (Elforsk/SLR Global Environmental Solutions, 2014).

Industrial CO, sources in Norway are large-scale oil refineries
with sufficient capacity to consider CCS. Most of the remaining
emissions originate from offshore oil and gas activities. These are
technically and economically less advantageous targets for apply-
ing CCS. The only advantage considered is the proximity to storage
sites, and distance to the population that could facilitate the imple-
mentation with regard to “Nimbyism”. Currently, there are two
full-scale CCS projects in operation in Norway as a result of the
CO, tax on Norwegian offshore activities. Natural gas from some
of the fields on the Norwegian continental shelf contain more CO,
than the limit of 2.5% and consequently the excess CO, must be
removed before it can be sold to Europe. In order to avoid the CO,
tax, CO, is removed from natural gas and injected for permanent
storage in the Utsira Formation and in a formation in the Snghvit
reservoir. In 2013 this CO, tax was 450 NOK/t CO, (~54.5€]t
in September, 2014) (Norwegian Directorate for Oil and Energy,
2013).

6. Conclusion

All the industrial sectors considered in this paper represent large
installations and are thus large CO, point sources with technical
potential for deploying CCS. These sectors are also the largest indus-
trial sectors in the Nordic countries from an economic perspective.

Typical industrial emission point sources in the Nordic countries
are larger than emissions from power production plants (except
some cases in Denmark). Technically it would be possible (and per-
haps also attractive) to implement CCS in these industry sectors. It
could even be economically more attractive and/or technically eas-
ier to implement CCS in some of these industries than in power and
heat production in the Nordic countries. At any rate, it is clear thatin
order to be able to compare the different industries in terms of the
cost and realistic GHG impact of CO, capture (as far as the sectors
can be compared), new studies are needed where an open, con-
sistent approach to presumptions concerning for instance energy
systems enables a relevant comparison.

From a Nordic perspective, the most significant technical poten-
tial is in the oil and gas sector, iron and steel production and in
cement production. The pulp and paper industry has also a signif-
icant potential if biogenic emissions are considered. The national
distribution of industry segments and storage sites varies signif-
icantly between the Nordic countries. Finland and Sweden are
closely situated and more alike with an extensive heavy industry
sector. The iron and steel industry and the pulp and paper industry
are the most significant and highest-potential industries in Finland
with regard to CCS, although the majority of CO, emissions from the
pulp and paper industry are of biogenic origin and therefore consid-
ered climate-neutral. Capturing and storing biogenic CO, emissions
would theoretically enable the removal of CO, from the atmosphere
and create a carbon sink. The largest CO, emitter in Norway is the oil
and gas industry, including oil refineries and natural gas processing.
CO, capture and storage has been implemented at two production
sites due to the CO, tax on Norwegian offshore activities. Industrial
CO, emissions in Iceland originate mostly from aluminium produc-
tion and in Denmark the oil and gas sector is the largest emitter
together with cement production.

A significant reduction of CO, emissions from large Nordic
industry sectors is currently not possible without the implemen-
tation of CCS (Nordic Energy Technology Perspectives, 2013; Teir
et al,, 2010). There are different technologies that can be deployed
in relation to different industries, and although the principles are
similar, these technologies and their implications might differ sig-
nificantly from the ones considered for application in the power and
heat production sector. Technology-wise industrial solutions could
provide opportunities, along with technologies that cannot be con-
sidered in connection with power and heat production, as these
might offer opportunities for new process inventions. These pro-
cess alternatives, or other industry-specific solutions, might also
improve the existing production process and therefore bring other
than negative effects due to the financial and energy-consuming
penalty of capture processes.

There is a significant potential for carbon leakage and decrease
in the competitiveness of Nordic industries in connection with
the implementation of CCS. Most of these industries compete in
global markets where any additional CO, cost burden is unac-
counted for due to the lack of a global CO, emission reduction
treaty. This concerns the iron and steel, pulp and paper and oil and
gas sectors in particular, as they primarily operate in global mar-
kets. Norway is at this point the only Nordic country with sufficient
fiscal incentives in place to enable the implementation of CCS in at
least some emission sources. Furthermore, EU ETS prices and future
price estimations do not currently motivate for investment in CCS
technology.

Although only the largest CO,-emitting industry sectors have
been covered in here, these emission sources are still small in
terms of CCS. They are also geographically spread over a large
area with varying physical challenges such as mountain ranges
and large sea areas, in many cases complicating or even prohibit-
ing a straightforward CCS chain. Establishing smaller clusters for
cooperation on CO, transport and storage would clearly be an
advantage in terms of CCS chain operation and associated costs,
in particular concerning transport and storage. This could facili-
tate the CCS operations for smaller emission sites that have little
or no experience with CO, transport and storage and that require
access to international storage sites. However, this coordination
of CCS could also lead to risks in competitiveness. The energy
strategies and policies on CCS and/or CO, emissions differ in all
the Nordic countries, and industries remain heavily dependent
on a common Nordic political will to cooperate and coordinate
the Nordic CCS chains in order not to lose their competitive-
ness.
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Techno-economic evaluation of significant CO:
emission reductions in the iron and steel industry
with CCS

In this dissertation, the methodology of consequential concept
assessment was applied to an evaluation of CCS technologies
deployed in an iron and steel mill. Two different carbon capture
technology solutions were considered: a post-combustion solvent-
based capture as a pure retrofit solution, and a more advanced
and technically challenging technology combining an oxygen blast
furnace with top gas recirculation and CO, separation.
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These two solutions were assessed in two steps following
engineering and investment analysis principles. First, a technology
concept was developed that was customized for the site at hand.
Mass and energy balance calculations were carried out for the
concepts using the Aspen Plus® process simulator. In the second
step, the economic impacts of the deployment of technologies in
varying operational environments were evaluated with the CC-
Skynet™ tool.

Based on the assessment it can be concluded that significant CO,
emission reductions can be obtained with these technologies at a
site level. The optimal technological solution depends on the price
of electricity and carbon allowances, which were identified as the

most influential parameters.
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