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ABSTRACT

IPCC reported in its climate change report 2013 that the atmospheric concentrations of
the greenhouse gases (GHG) carbon dioxide (CO;), methane, and nitrous oxide now have
reached the highest levels in the past 800,000 years. CO, concentration has increased by
40% since pre-industrial times and the primary source is fossil fuel combustion. It is vital
to reduce anthropogenic emissions of GHGs in order to combat climate change. Industry
accounts for 20% of global anthropogenic CO, emissions and the iron and steel industry
accounts for 30% of industrial emissions. The iron and steel industry is at date highly
dependent on fossil fuels and electricity. Energy efficiency measures and substitution of
fossil fuels with renewable energy would make an important contribution to the efforts to
reduce emissions of GHGs.

This thesis studies energy efficiency measures and fuel substitution in the iron and steel
industry and focuses on recovery and utilisation of excess energy and substitution of
fossil fuels with biomass. Energy systems analysis has been used to investigate how
changes in the iron and steel industry’s energy system would affect the steel plant’s
economy and global CO, emissions. The thesis also studies energy management practices
in the Swedish iron and steel industry with the focus on how energy managers think about
why energy efficiency measures are implemented or why they are not implemented. In-
depth interviews with energy managers at eleven Swedish steel plants were conducted to
analyse energy management practices.

In order to show some of the large untapped heat flows in industry, excess heat recovery
potential in the industrial sector in Gavleborg County in Sweden was analysed. Under the
assumptions made in this thesis, the recovery output would be more than three times
higher if the excess heat is used in a district heating system than if electricity is generated.
An economic evaluation was performed for three electricity generation technologies for
the conversion of low-temperature industrial excess heat. The results show that electricity
generation with organic Rankine cycles and phase change material engines could be
profitable, but that thermoelectric generation of electricity from low-temperature
industrial excess heat would not be profitable at the present stage of technology
development. With regard to fossil fuels substituted with biomass, there are opportunities
to substitute fossil coal with charcoal in the blast furnace and to substitute liquefied
petroleum gas (LPG) with bio-syngas or bio synthetic natural gas (bio-SNG) as fuel in the
steel industry’s reheating furnaces. However, in the energy market scenarios studied,
substituting LPG with bio-SNG as fuel in reheating furnaces at the studied scrap-based
steel plant would not be profitable without economic policy support. The development of
the energy market is shown to play a vital role for the outcome of how different measures
would affect global CO, emissions.

Results from the interviews show that Swedish steel companies regard improved energy
efficiency as important. However, the majority of the interviewed energy managers only
worked part-time with energy issues and they experienced that lack of time often was a
barrier for successful energy management. More efforts could also be put into engaging
and educating employees in order to introduce a common practice of improving energy
efficiency at the company.
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SAMMANFATTNING

Halterna av vaxthusgaserna koldioxid (CO,), metan och kvéveoxider har under de senaste
800 000 &ren aldrig varit hogre i atmosfaren &n vad de ar idag. Detta resultat redovisades i
IPCCs klimatrapport &r 2013. CO-koncentrationen har ¢kat med 40 % sedan
forindustriell tid och denna 6kning beror till storsta delen pa forbranning av fossila
branslen. Okade koncentrationer av véxthusgaser leder till hogre global medeltemperatur
vilket i sin tur resulterar i klimatférandringar. For att bromsa klimatférandringarna ar det
viktigt att vi arbetar for att minska utslappen av véxthusgaser. Industrin star fér 20 % av
de globala utsldappen av CO, och jarn- och stalindustrin star for 30 % av industrins
utslapp. Jarn- och stalindustrin ar i dag till stor del beroende av fossila branslen och el for
sin energiforsorjning. Energieffektiviseringsatgarder och byte av fossila branslen mot
fornybar energi i jarn- och stdlindustrin skulle kunna bidra till minskade utslapp av
véxthusgaser.

Denna avhandling studerar atgarder for effektivare energianvandning och méjligheter for
branslebyte i jarn- och stalindustrin. Avhandlingen fokuserar pa &tervinning och
utnyttjande av overskottsenergier och ersattning av fossila brénslen med biomassa.
Energisystemanalys har anvants for att underséka hur forandringar i jarn- och
stélindustrins energisystem skulle paverka ekonomin och de globala utslappen av CO,.
Avhandlingen studerar ocksa betydelsen av energiledning och natverkande for att uppna
en effektivare energianvandning. Fokus har har varit pa att studera hur energiansvariga
resonerar kring varfor energieffektiviseringsatgdrder genomférs eller varfor de inte
genomfors. Djupintervjuer med energiansvariga vid elva svenska stalverk genomfordes
for att analysera denna fraga.

For att ge ett exempel p& den stora outnyttjade potentialen av Gverskottsvarme fran
industrin analyserades potentialen i Gavleborgs lan. Mdjligheterna att anvénda
Overskottsvarmen som fjarrvdrme eller for att producera el analyserades. Har visar
resultaten att fjarrvarmeproduktionen skulle bli mer &n tre ganger s& stor som
elproduktionen. En ekonomisk utvérdering gjordes dar tre tekniker for produktion av el
fran Iagtempererad industriell Gverskottsvarme jamfordes. Resultaten visar att
elproduktion med organisk Rankine-cykel eller en s kallad fasandringsmaterialmotor kan
vara lénsam, men att termoelektrisk elproduktion inte &r lI6nsam med dagens teknik och
prisnivaer. Det &r mojligt att ersétta en del av det fossila kolet i masugnen med trékol och
pa detta satt introducera fornybar energi i stalindustrin. Man kan ocksa ersatta gasol som
anvands som bréansle i stalindustrins varmningsugnar med syntesgas eller syntetisk
naturgas (SNG) som produceras genom forgasning av biomassa. Under de antaganden
som gjorts i avhandlingen skulle det dock inte vara I6nsamt for det skrotbaserade stalverk
som studerats att ersitta gasolen med bio-SNG. For att uppna I6nsamhet behévs i detta
fall ekonomiska styrmedel. Hur olika atgarder paverkar de globala utslappen av CO;
beror till stor del pa hur framtidens energimarknad ser ut. Elproduktion fran industriell
Overskottsvarme skulle minska de globala CO,-utsléppen i alla scenarier som studerats,
men for de andra atgarderna varierar resultaten beroende pa vilka antaganden som gjorts.
Resultaten frdn intervjustudien visar att svensk stalindustri anser att energifrgan ar
viktig, men det finns fortfarande mycket att gora for att effektivisera energianvandningen
i denna sektor. Flera av de intervjuade arbetade bara deltid med energifrdgor och de
upplevde att tidsbrist hindrade dem fran ett effektivt energiledningsarbete. En
rekommendation till foretagen ar darfor att anstalla en energiansvarig pa heltid och/eller
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fler personer som kan arbeta med energifragor. Det bor ocksa laggas mer resurser pa att
engagera och utbilda anstallda for att pa sa satt introducera en foretagskultur som framjar
effektiv energianvandning.
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- Ahistotle (584 BC-522 BL)

“Our problems are man-made; thenefone they may
be soluved by man. o problem of thuman desting io

- ol P, Reanedy (1917-1963)
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Thesis outline

This thesis gives an introduction to and a summary of the six appended papers. The
thesis’ outline is as follow:

Chapter 1 gives an introduction to the conducted research and poses the aim and research
questions. An overview of the appended papers and co-author statement are presented.

Chapter 2 is the first chapter in the background part. This chapter presents the iron and
steel industry, its production processes, energy use and CO, emissions.

Chapter 3 presents previous research about measures for improving energy efficiency in
the iron and steel industry and options to substitute fossil fuels with biomass. The chapter
gives a background to the issue of industrial excess heat and options to recover the heat.
Heat-driven electricity production is described.

Chapter 4 describes the processes of biomass gasification and presents an overview of
present European biomass gasification projects. Previous studies of integration of
biomass gasification with industry are presented.

Chapter 5 describes different methods of assessing CO, emissions from electricity and
biomass use.

Chapter 6 presents theory about energy management in industry and barriers to and
driving forces for improving industrial energy efficiency. European directives and policy
instruments affecting the European iron and steel industry are described.

Chapter 7 describes the systems studied in this thesis.

Chapter 8 presents the methodologies used.

Chapter 9 presents a summary and analysis of the results from the appended papers.
Chapter 10 discusses the results.

Chapter 11 provides conclusions of the thesis.

Chapter 12 gives suggestions for further work.
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Introduction

This chapter begins with a short introduction to the thesis. Then the chapter continues
with the aim of the thesis, a description of the research questions posed, the scope of the
thesis and the delimitations of the appended papers on which this thesis is based. The
chapter ends with an overview of the appended papers.

Global climate change and anthropogenic greenhouse gas (GHG) emissions have during
the last decade attracted increased attention. The main GHGs are carbon dioxide (COy),
methane (CHj,), nitrous oxide (N.O), and fluorinated gases (EPA, 2011). Total global
primary energy supply was 148.5 PWh and global CO, emissions from fuel combustion
was 30.3 Gtonnes in 2010 (IEA, 2012a). Forty-three percent of these emissions originated
from coal, 36% from oil and 20% from gas. Industry accounted for 20% of the global
CO; emissions, see Figure 1. In 2011, total Swedish primary energy supply was 577 TWh
(Swedish Energy Agency, 2013a). Total Swedish emissions of GHGs were 61.4 million
tonnes of CO; equivalents (CO,-eq) and CO, emissions were 48.7 million tonnes
(Swedish Environmental Protection Agency, 2013b). The industry sector accounted for
26% of the Swedish GHG emissions, see Figure 2.

To cut the trend of increased concentrations of GHGs in the atmosphere and to combat
global climate change, fossil fuel combustion must decrease. This could be accomplished
through energy efficiency measures, which reduce the demand for primary energy, and by
conversion to renewable energy sources. In recent years, governments have increased
their efforts to address energy-related environmental issues (IEA, 2012a). As an example,
the European Commission has set a goal for 2020 to reduce GHG emissions by 20%
compared to the 1990 level and to improve energy efficiency by 20% compared to 2005
(Eurostat, 2013). The share of renewable energy sources in final energy use should
increase to 20%.
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Residential 6%

Chemicals 3%

Iron and steel 6%

Cement 5%

luminium 1%
Ip and paper 1%

Other industries
4%

Figure 1. World CO, emissions by sector in 2010 (IEA, 2012a; IEA, 2010). “Other”
includes commercial/public services, agriculture/forestry, fishing, energy industries
other than electricity and heat generation, and other emissions not specified
elsewhere.

Residential and
public service Other
6%

n and Steel 8%

p and paper 2%
Chemicals 2%

Cement 3%

Other industries
11%

Figure 2. Emissions of GHGs (CO,-eq) by sector in Sweden 2011 (Swedish
Environmental Protection Agency, 2013a; Swedish Environmental Protection
Agency, 2013b). “Other” includes military, solvent use, and waste disposal.



Chapter 1. Introduction

World crude steel production was 1.6 billion tonnes in 2013 (Worldsteel Association,
2014). The iron and steel industry is energy-intensive and consumes large amounts of
fossil fuels and electricity. This industry sector accounted for 6% of total global CO,
emissions (IEA, 2013a). The iron and steel industry in Sweden produced 4.4 million
tonnes of crude steel in 2013 (Jernkontoret, 2014b) and accounted for about 8% of the
Swedish GHG emissions (Swedish Environmental Protection Agency, 2013a). To meet
policy demands and to maintain competiveness it is important for the iron and steel
industry to improve energy efficiency and to reduce the dependency on fossil fuels. It is
important that the primary energy demand is reduced and that excess energy generated in
industrial processes is recovered and utilised. Recovery of excess heat should be done
after any other energy conservation measures have been taken. Large amounts of heat are
generated in steel production processes and recovering the excess heat would result in
more efficient use of energy resources. Several Swedish steel companies export some of
their excess heat to district heating systems (DHS), but there is additional heat not being
recovered today. Substituting fossil fuels with biomass would introduce a renewable fuel
into the steelmaking process. The first blast furnaces (BF) used charcoal to produce iron,
but in the nineteenth-century they started to use fossil coal in the form of coke instead.
The coke was cheaper and could allow for larger BF because coke is harder than charcoal
and can sustain heavier weights without causing a collapse of the bed structure in the BF.
Additionally, countries with scarce forest resources could produce steel on a large scale
and compete on the world market. Today, the interest in charcoal production to the BF
process has increased, due to the climate change debate. Besides the BF, reheating
furnaces use large quantities of fossil fuels. Firing these furnaces with biofuels would
offer an additional opportunity for the steel industry to reduce the dependency on fossil
fuels and reduce its emissions of fossil CO,. However, biomass is a limited resource and
when the demand for the resource increases it is important that it is efficiently utilised.
This highlights the need for systems analysis in which alternative use of the biomass
resources is examined. Moreover, there are other concerns with regard to biomass that
have to be considered before implementing a fuel substitution, e.g. structural
heterogeneity of biomass, mass density, ash content, energy density, volatile matter and
0Xxygen content.

Even though technologies, methods and processes for saving energy in industry exist,
there are barriers that sometimes prevent their implementation. The gap between current
or expected future energy use and the optimal current or future energy use is called the
energy efficiency gap (Jaffe and Stavins, 1994). It is not obvious that companies act
economically rational and the paradox of cost-effective technologies not being
implemented is known as the energy efficiency paradox. The research about barriers to
and driving forces for implementing energy efficiency measures is important when
developing action plans that could reduce the energy efficiency gap.

In this thesis, energy systems analysis has been used to investigate how changes in the
iron and steel industry’s energy system would affect the steel plant’s economy and global
CO; emissions. Besides techno-economic aspects, the thesis also analyses organisational
and behavioural aspects of improving energy efficiency in the steel industry.
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1.1 Aim and research questions

The aim of this thesis is to analyse opportunities for the iron and steel industry to become
more energy efficient and to reduce global CO, emissions. The thesis studies technical
measures for improved energy efficiency and reduced CO, emissions, and the importance
of energy management and networking for the implementation of energy efficiency
measures. The study of technical measures focuses on two pathways: recovery of excess
energy and in particular excess heat, and substitution of fossil fuels with biomass.

Five research questions guide the analysis:

1. Which technologies could be used to recover excess energy from the steel
industry?

2. Could electricity generation from low-temperature excess heat be profitable?

3. Would it be technically and economically feasible for a steel plant to substitute
fossil fuels with biomass?

4. How would recovery and utilisation of excess heat, and fuel substitution affect
global CO, emissions?

5. Why are energy efficiency measures implemented or why are they not
implemented in the Swedish iron and steel industry?

Table 1 shows which research question is investigated in which of the appended papers.

Table 1. The table shows in which of the appended papers the research questions are
investigated.

Research question Paper

1 (I

1|

v,V

I, i, 1V, v

a b wWN

VI

1.2 Scope and delimitations

This thesis is based on systems studies of energy efficiency measures and fuel
substitution in the Swedish iron and steel industry. The focus is on recovery and
utilisation of excess energy and substitution of fossil fuels with biomass. The thesis also
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studies energy management practices in the Swedish iron and steel industry with the
focus on how energy managers reason about why energy efficiency measures are
implemented or why they are not implemented.

In the economic studies, required investments for auxiliary equipment, such as new
distribution systems, were not included in the analysis. These costs are site-specific and
the results in this thesis present investment opportunities for such investments.

In the study of production of bio-syngas and bio-SNG to the steel plant’s reheating
furnaces, only wood fuel pellets was considered as feedstock to the gasifier.

In the analysis of GHG emissions, only CO, emissions were considered since they
represent the major part of the iron and steel industry’s GHG emissions (World Steel
Association, 2012b). Moreover, CO; is the most important anthropogenic GHG in the
atmosphere and contributes approximately 64% to radiative forcing by long-lived GHGs
(WMO, 2013). 1990 to 2012 radiative forcing by long-lived GHGs increased by 32% and
CO, accounted for 80% of this increase.

Externalities such as health benefits and other environmental impact besides CO,
emissions were not included in the analysis.

The studied systems are Swedish, but the energy systems analysis has a European
perspective because it was assumed that in the time frame studied there will be a
European market for electricity and fuels. However, the market for heat will be local and
therefore two different DHS were analysed, representing a small Swedish heat system and
a large Swedish heat system respectively.

1.3 Paper overview

This thesis is based on the following six papers.

Paper |

Maria Johansson, Mats Soderstrom

Options for the Swedish steel industry — Energy efficiency measures and fuel
conversion

Energy 2011; 36:191-198, Elsevier

This paper identifies different options for the iron and steel industry to improve energy
efficiency and reduce CO, emissions. The paper investigates technologies for efficient
energy use and technologies for substitution of fossil fuels with renewable alternatives.
Options are presented for iron ore-based as well as scrap-based steel production. Excess
energy can e.g. be used for electricity generation, space heating, production of syngas
from coke oven gas and heat delivery to district heating systems or other facilities in an
industrial symbiosis. Reductions in CO, emissions if fuel substitution is implemented are
calculated for two Swedish steel plants, one iron ore-based and one scrap-based. The
study showed that there are great potentials to reduce direct emissions of COs.
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Paper 11

Sarah Broberg Viklund, Maria Johansson

Technologies for utilization of industrial excess heat — potentials for energy recovery
and CO;, emission reduction

Energy Conversion and Management 2014; 77:369-379, Elsevier

This paper presents technologies for recovery and utilisation of industrial excess heat.
The technologies are divided into four categories: heat harvesting technologies, heat
storage technologies, heat utilisation technologies, and heat conversion technologies.
Conversion efficiency, temperature of heat source, medium of heat source and stage of
development are studied. Industrial excess heat utilisation potential in Gévleborg County
and its effects on global CO, emissions are calculated.

Paper 111

Maria Johansson, Mats Soderstrom

Electricity generation from low-temperature industrial excess heat — an opportunity
for the steel industry

Energy Efficiency 2014; 7(2):203-2015, Springer

In this paper three technologies for generation of electricity from low-temperature
industrial excess heat are compared and evaluated. The technologies chosen for
evaluation are thermoelectric generator (TEG), organic Rankine cycle (ORC) and phase
change material engine (PCM-engine). The technologies are evaluated with regard to
preferred temperature range of heat source, efficiency, capacity and economy. Potential
electricity production from low-temperature excess heat from a steel plant is calculated.
Reductions in global CO, emissions as a result of this electricity production are presented.

Paper IV

Maria Johansson, Mats Soderstrom

Bio-syngas as fuel in the steel industry’s heating furnaces — a case study on
feasibility and CO, mitigation effects

Proceedings of ECOS 2011, Novi Sad, Serbia, July 4-7, 2011.

This paper is a feasibility study of the substitution of LPG with bio-syngas as fuel in steel
industry reheating furnaces. Effects on CO; emissions in case of a fuel substitution are
also calculated. Two cases are studied: a full-scale fuel substitution and a partial fuel
substitution. A fuel substitution would require larger gas flows and therefore gas
distribution systems and exhaust gas cleaning systems must be dimensioned to handle
larger flows. Moreover, burners in the reheating furnaces have to be replaced with
burners designed for gases with low heating value.

Paper V

Maria Johansson

Bio-synthetic natural gas as fuel in steel industry reheating furnaces - A case study
of economic performance and effects on global CO; emissions

Energy 2013; 57:699-708, Elsevier

In this study four future energy market scenarios predicting 2030 are used to analyse if it
could be profitable for the steel plant Sandvik in Sandviken to invest in a biomass gasifier
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and substitute liquefied petroleum gas (LPG) with bio-synthetic natural gas as fuel in the
reheating furnaces. Moreover, effects on global CO;, emissions are analysed from a
perspective where biomass is considered a limited resource. Results show that investment
in a biomass gasifier and fuel substitution would not be profitable in any of the scenarios
studied. Effects on global CO, emissions depend on who is the marginal user of wood
fuel.

Paper VI

Maria Johansson

Improved energy efficiency within the Swedish steel industry — the importance of
energy management and networking

Submitted to Energy Efficiency

In this study, energy managers at eleven Swedish steel plants are interviewed in order to
investigate energy management practices and to understand why energy efficiency
measures are or are not implemented. The study also analyses how networking affects the
work with improving energy efficiency. According to the respondents, barriers to
improved energy efficiency are e.g. too long a pay-back period, lack of personnel, lack of
time, lack of personnel with higher education in the energy field, people with no
commitment to energy savings and risk of production disruption. Networking contributed
to knowledge transfer and inspiration, but unfortunately lack of time often prevented new
ideas from being implemented in practice.

1.4 Co-author statement

Paper | and Papers I11-VI were written entirely by this thesis author and Mats Séderstrém
contributed valuable comments on the drafts of the papers.

Paper Il was planned and written in collaboration with PhD student Sarah Broberg
Viklund. The input data about industrial excess heat in Gavleborg County was taken from
a questionnaire developed and completed by Sarah Broberg Viklund and Sandra
Backlund, Linkdping University. All parts of the paper were written jointly with Sarah
Broberg Viklund.

The work in Paper I-Il1l and Paper IV was supervised by Associate Professor Mats
Sdderstrom. Associate Professor Magnus Karlsson supervised the work in Paper Il and
Paper V, and Professor Jenny Palm supervised the work in Paper VI.

1.5 Other publications not included in the thesis

Hanna Ljungstedt, Daniella Johansson, Maria Johansson, Kersti Karltorp

Options for increased use and refining of biomass — the case of energy-intensive
industry in Sweden

Publication in Linkdping Electronic Conference Proceedings, No. 57. World Renewable
Energy Congress 2011, Link6ping, Sweden, May 8-13, 2011.
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Maria T. Johansson, Magnus Karlsson

Bio-SNG as fuel in steel industry heating furnaces — integration of a biomass gasifier
with a steel plant.

Proceedings of Asia Steel International Conference 2012, Beijing, China, September 23-
26, 2012.

Maria Johansson

Systemanalys av industriella symbioser — potentialer for VSM, fallstudier och
MIND. (Systems analysis of industrial symbiosis — potentials for VSM, case studies
and MIND) In: Karlsson, M & Palm, J (Eds.) Pa spaning efter systemteori och
tvarvetenskaplig metod.

Arbetsnotat Nr 41. Program Energisystem. Linképing University. 2009. (In Swedish)

Daniella Johansson, Maria Johansson, Kersti Karltorp, Hanna Ljungstedt, Julia
Schwabecker

Pathways for increased use and refining of biomass in Swedish energy-intensive
industry — Changes in a socio-technical system.

Arbetsnotat Nr 43. Program Energisystem. Linkdping University. 2009.

Maria Johansson, Daniella Johansson, Kersti Karltorp, Hanna Ljungstedt.

Réacker biomassan till svensk energiintensiv industri? (Will the amount of biomass
be sufficient for Swedish energy-intensive industry?)

Energimagasinet EM7/2011, Argéng 33, 2011. (In Swedish)

Jean-Christian Brunke, Maria T. Johansson, Patrik Thollander

Improving energy efficiency in the Swedish iron and steel industry - barriers,
drivers, energy management and energy services

Submitted to Journal of Cleaner Production, Elsevier

Maria T. Johansson, Joakim Wren, Mats Soderstrom

Quantification and recovery of excess heat from cooling beds: A case study at a steel
plant

To be submitted



Iron and steel industry

This chapter presents a description of the steelmaking processes, energy use and CO;
emissions in the iron and steel industry and some of the ongoing research on break-
through technologies for iron and steelmaking.

2.1 Steelmaking processes

There are two main routes for the production of steel; iron ore-based steel production and
scrap-based steel production. The most common process for iron ore-based steel
production in the world is the blast furnace-basic oxygen furnace (BF-BOF) route, but
there is also the less common direct reduced iron—electric arc furnace route (DRI-EAF).
The most common route for scrap-based steelmaking is the scrap-based EAF route. Two-
thirds of the steel production in the world uses the BF-BOF route (EIA, 2013). Figure 3
shows a schematic flow sheet over the steel production processes. A steel plant which has
all the processes for iron and steelmaking, i.e., coke production, ironmaking, steelmaking,
casting and rolling is called an integrated steel mill.

In iron ore-based steelmaking, steel is produced from iron ore. The first step is
ironmaking and the main route for iron production is the BF process; 95% of the world’s
iron production in 2012 (World Steel Association, 2012a). In the BF process, iron ore is
fed to the BF in the form of pellets or sinter, together with coke and limestone. The coke
acts as a fuel and a reducing agent in the process when iron oxides in the ore are melted
and reduced into liquid iron at high temperatures; there are different reaction zones in a
BF with temperatures ranging between 200°C (at the top) and 2100°C (at the tuyeres®).
Coal in the solid coke and reducing gas reacts with oxygen in the iron oxides forming
metallic iron and carbon oxides. Many steel mills inject pulverised coal, natural gas, oil or
sometimes plastics into the BF to reduce the demand for coke and improve energy
efficiency of the BF process. However, it is not possible to substitute all of the coke
because the coke acts as a physical support material in the BF and ensures gas
permeability and process drainage. The added limestone serves as a fluxing agent and
removes silica impurities in the iron ore when calcium oxides in the limestone react with
silica and silicon dioxide in the iron ore. Limestone, gangue material in the iron ore and
ash from the coke form a slag that floats on top of the molten iron. The molten iron
dissolves some carbon and also other elements such as silicon, phosphorous and
vanadium which comes with the gangue. The liquid iron is transferred to a BOF and

! Tuyéres are the nozzles in the BF where hot blast (air + additional O,) is blown into the furnace
together with additional reductants, e.g. pulverised coal, oil or natural gas, to facilitate generation
of hot reducing gas.
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oxygen is blown into the vessel. The main objective of the BOF process is to reduce the
carbon content of the liquid iron. In the process, oxygen reacts with carbon in the liquid
iron forming carbon oxides, and when the carbon content of the iron is reduced to below
2% the iron becomes steel. Silicon, phosphorous and vanadium are also oxidized, forming
a slag. Because the decarburisation process is highly exothermic, some amount of steel
scrap can be added and melted in the BOF without additional energy supply. The crude
steel from the BOF is transferred to ladle metallurgy where the temperature and chemical
composition of the steel is adjusted to fit subsequent processes. The steel is then cast and
transported to rolling mills for shaping and forming into finished products (Ekerot, 2000).

Coal

Coke oven
Matural gas (coal)

Coke| Limestone

Iron ore

Direct

Coal, S
3 teel scra
natural gas, Blast reduction P
oll'ete. furnace Direct reduced Electricity
Electric arc Electric arc
. " furnace furnace
Steel BOF

scrap converter
natural gas

Electricity Electricity Electricity, oil, LPG, natural gas
Beams
Bars
Sheet
Etc.

Alloying Ladle Slabs, billets, Rolling
elements metallurgy mill

Figure 3. Flow sheet over the steelmaking processes. Steel can be produced from
iron ore or from scrap. The reuse of process gases is not included in the flow sheet.

In the direct reduction (DR) process, iron oxides in the ore are reduced to metallic iron in
solid state at lower temperatures (900-1000°C) compared to the BF process. The reducing
agent is coal or a gas comprised mainly of hydrogen and carbon monoxide produced from
natural gas. The DRI is charged into an EAF and melted. The carbon content of the liquid
iron is reduced by blowing oxygen into the EAF or adding some amount of iron ore.
Limestone is also added to remove phosphorus in the iron. To improve efficiency and
reduce melting time, additional energy is supplied through oxy-fuel burners fuelled with
oil or natural gas. The temperature and composition of the crude steel is then adjusted in
ladle metallurgy where e.g. the sulphur content is reduced and different alloys are added.
After casting, the steel is formed into finished products in rolling mills. Advantages with
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DRI are that DRI plants have no need for coke ovens and the DRI can be charged directly
into an EAF. For small-scale iron production (< 1 million tonnes per year) it would be
more economically advantageous to invest in DRI production than in a new BF (Ekerot,
2000). Moreover, it is possible to use natural gas which makes it an attractive production
route in areas with natural gas reservoirs and cheap natural gas. Instead of charging the
DRI into an EAF, the DRI can be charged into a BF to improve productivity or a BOF as
cooling agent instead of scrap.

In scrap-based steelmaking, steel is produced from steel scrap. The steel scrap is melted
with electricity in an EAF. The principles of the EAF are described in the section about
DRI production above. The liquid steel is transferred to ladle metallurgy where the
temperature and composition of the crude steel is adjusted to satisfy specified demands.
The steel is then cast and transported to rolling mills (Widmark, 2000).

In the production of stainless steel from scrap the main decarburisation process is the
argon oxygen decarburisation (AOD) process. Liquid crude steel from the EAF is charged
into the AOD converter and oxygen and argon are blown through the steel bath producing
steel with very low carbon and sulphide content (Widmark, 2000).

Recycling of steel scrap to produce new steel products is a well-established business.
However, the steel consumption is so large that the recycled steel cannot cover more than
30% of the steel demand in the world (Stalkretsloppet, 2012). To cover the remaining
steel demand, steel must be produced from iron ore.

2.2 Energy use and CO; emissions in the iron and steel

industry

The iron and steel industry is the second-largest user of energy in the world industrial
sector. It accounted for 15% of the energy distributed to the industrial sector in 2010
(EIA, 2013). In Sweden, the iron and steel industry accounted for 14% of the industrial
energy use and was the second-largest industrial sector regarding energy use (Swedish
Energy Agency, 2013b). The energy intensity of steelmaking depends on the production
route, type of iron ore and coal used, the steel composition of the steel products, operation
control technology and material efficiency (World Steel Association, 2008). In addition,
8% of the total life cycle energy required to produce the steel is used for mining,
preparation and transportation of material. Iron ore-based steel production is more energy
intensive than scrap-based steel production due to the chemical energy required to reduce
iron ore to iron.

Figure 4 presents energy intensity of steel production in different EU-272 countries. The
average value of energy use of hot rolled products from the BF-BOF route in Europe is
5.8 MWh/tonne, whereas the average energy used in the scrap—EAF route is
1.2 MWh/tonne (European Commission, 2010). The apparently high energy intensity of

2 Belgium (BE), Denmark (DK), France (FR), Germany (DE), Greece (EL), Ireland (IE), Italy
(IT), Luxembourg (LU), Netherlands (NL), Portugal (PT), Spain (ES), United Kingdom (UK),
Austria (AT), Finland (FI), Sweden (SE), Cyprus (CY), Czech Republic (CZ), Estonia (EE),
Hungary (HU), Latvia (LV), Lithuania (LT), Malta (MT), Poland (PL), Slovakia (SK), Slovenia
(SI), Bulgaria (BG) and Romania (RO).
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Swedish steel production, shown in Figure 4, can be explained by the fact that Sweden
has niched its steel production into advanced steel grades, e.g. high-strength steel, which
requires higher specific energy use than conventional steel. Moreover, the steel is
processed into specialised steel products, which requires high energy use per tonne
product. There is an ongoing research project in Sweden, funded by the Swedish Energy
Agency, with the aim to define energy indicators that would better reflect the actual
energy intensity in the steel industry, taking into account high value-added products.
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Figure 4. Energy intensity of steel production in different EU-27 countries in 2010,
taking into account the relative share of EAF steel production. The red line shows
energy intensity of best available technology (BAT). 1 toe=11.63 MWh.
Source: European Environment Agency (EEA, 2012)

The iron and steel industry relies to a large extent on fossil fuels and electricity. In 2011,
5% of the world coal production was consumed in BF (IEA, 2013b). Table 2 shows the
main energy inputs to steel production and their applications as energy and reducing
agents. By-product gases from coke ovens, BF and BOF can be reused as fuel in furnaces
and for electricity and heat production. Typically, these gases contribute about 40% of
total energy use in the iron and steel industry (World Steel Association, 2008). As an
example, in Sweden 2007, 4.6 TWh of by-product gases were used internally in steel
processes and 2.8 TWh was used for electricity and heat production externally
(Jernkontoret, 2013b). This was about 32% of the total energy used by the iron and steel
industry in Sweden in 2007 (Swedish Energy Agency, 2009). A rough description of the

12



Chapter 2. Iron and steel industry

energy flows in an integrated steel plant® is (Lindestrém et al., 2008): 95% of the energy
input is coke and coal to coke ovens and BF, 3% is electricity and the rest is chemical
energy in scrap. Approximately 35% of the energy input in BF-BOF production is bound
in the steel slabs, 20% in energy-rich process gases, 10% in energy-rich by-products (tar,
benzene etc.) and 35% is heat. The heat constitutes of 30% cooling water, 25% hot steel
products and slag, 25% steam and exhaust gases and 20% unidentified sources. With
regard to scrap-based steel production in EAF*, approximately 80% of the energy input is
electricity and the rest is fossil fuels such as oil, LPG and natural gas (Abyhammar and
Ostergard, 2001). About 30% of the energy input in the scrap-based EAF production is
found as heat in cooling water, hot materials and exhaust gases. Detailed Sankey diagram
of energy flows in an integrated iron and steel mill can be found in Remus et al. (2013).

Table 2. Energy input to the iron and steel industry and its application. Energy
carriers generated in production processes e.g. energy-rich process gases are not
presented. Source: (World Steel Association, 2008; Jernkontoret, 2013b)

Energy source Application as energy Application as energy and
reducing agent

Coal - Coke production,
pulverised coal injection
into BF, DRI production

Natural gas Furnaces BF injection, DRI
production

LPG Furnaces -

Oil Furnaces, steam production  BF injection

Electricity EAF, rolling mills, motors, -

oxygen production

During the time period 2007-2011, average CO, emissions from the iron and steel
industry were 1.8 tonnes CO,/tonne crude steel (World Steel Association, 2012b). Only
CO; emissions were reported since these make up approximately 93% of the steel
industry’s GHG emissions (World Steel Association, 2012b). According to Birat (2010) a
benchmark integrated steel plant has specific direct fossil CO, emissions of 1.81 tonnes
per tonne of product (hot rolled coils, bars etc.) and when including emissions from
electricity production the emissions are 1.84 tonnes of CO,/tonne product (1.66
COy/tonne crude steel). In this case, a European electricity mix generating
370 g CO2/kWh electricity was used. A benchmark steel plant based on the scrap-EAF
route has direct specific fossil emissions of 0.10 tonnes of CO; per tonne of product and if
CO, emissions from electricity production (European mix) are included the emissions are
0.30 tonnes of CO,/tonne product (0.27 tonnes of CO,/tonne crude steel).

® Energy use in rolling mills is not included.
* Energy use in rolling mills is not included.
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2.3 New technologies for steelmaking

There are extensive investments in research to find alternative steelmaking processes with
less CO, emissions. ULCOS (Ultra—Low Carbon dioxide Steelmaking) is a European
cooperative research and development initiative to find new steelmaking technologies that
will enable drastic reduction in CO, emissions from steel production (Birat et al., 2012;
ULCQOS, 2013). ULCOS is supported by the European commission and consists of all
major EU steel companies, energy and engineering partners, research institutes and
universities. The programme is planned to continue at least until 2025. Since the ULCOS
programme started in 2004, over 80 technologies have been studied and four
breakthrough technologies have been identified to reduce CO, emissions by at least 50%
compared to best practice of 2004. These technologies are (ULCOS, 2013):

1. Top Gas Recycling Blast Furnace with CO, Capture and Storage (CCS) —
Separation of the BF off-gases and recycling of useful components to be used as
reducing agent in the BF. Injection of O, instead of air into the BF. CO; in off-
gases are captured and sent to storage.

2. Hilsarna with CCS — Technology based on bath-smelting. Uses pre-heated coal
instead of coke. Iron ore is melted and the iron oxides in the melted iron ore are
reduced to metallic iron. CO; in off-gases is captured and sent to storage.

3. ULCORED with CCS - Direct reduction of iron ore with reducing gas produced
from natural gas. CO; in off-gases is captured and sent to storage.

4. Ulcowin and Ulcolysis — Production of iron through electrolysis.

The American Iron and Steel Institute (AISI) is investing in a research and development
programme called the AISI CO, Breakthrough program. This programme is currently
funding two projects (AlSI, 2013):

1. Molten Oxide Electrolysis (MOE) — Reduction of iron ore through electrolysis.
2. Hydrogen Flash Smelting — Reduction of iron ore in a suspension, with hydrogen
as reducing agent.

The Japan Iron and Steel Federation initiated a research programme called CO, Ultimate
Reduction in Steelmaking Process by Innovative Technology for Cool Earth 50
(COURSE 50) with the aim to develop technologies that can reduce CO, emissions from
steelmaking by 30%. New technologies that are investigated in this programme are CCS
and reduction of iron ore with hydrogen (JISF, 2011).

The POSCO CO; Breakthrough Framework programme in Korea aims at developing
technologies for reduced CO, emissions from steel industry. Projects within this
programme are: CCS using ammonia and excess heat, CO, fixation using marine bio-slag,
hydrogen production from by-product gases from the steelmaking process, and heat
recovery from sintered ore (POSCO, 2013).

The research programmes mentioned above involve several actors and large investments.

It is noticeable that a majority of the programmes mentioned rely on the development of
the CCS technology.
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Energy efficiency and fuel
substitution

This chapter presents previous studies on energy efficiency potentials, when introducing
energy-efficient technology in existing steel plants. The chapter also discusses fuel
substitution options and the availability of biomass resources. A short introduction to the
subject of industrial excess heat is given and technologies for electricity generation from
excess heat are described.

The definition of improved energy efficiency is “reduction in the energy used for a given
service (heating, lighting, etc.) or level of activity” (Eichhammer, 2004; World Energy
Council, 2008). Therefore, the concept of improved industrial energy efficiency implies
that the use of primary energy is reduced and that excess energy is recovered and recycled
into the industrial processes or used in other processes. Improved industrial energy
efficiency can be accomplished by for example (1) production planning, (2) energy-
efficient technology, (3) recovery of excess heat, and (4) energy-efficient behaviour or
energy conservation.

3.1 Energy efficiency potential in existing steel plants

Best available technology (BAT) is defined in the EU Council Directive 96/61/EC
(Council of the European Union, 1996) as “the most effective and advanced stage in the
development of activities and their methods of operation which indicate the practical
suitability of particular techniques for providing in principle the basis for emission limit
values designed to prevent and, where that is not practicable, generally to reduce
emissions and the impact on the environment as a whole”. BAT for the iron and steel
industry has been identified by the European Commission (Remus et al., 2013) and by
deploying these technologies, energy savings could be accomplished. The deployment of
BAT at all existing steel plants in Europe would result in improved energy efficiency of
about 10-15% in the next 15-20 years (European Commission, 2010). However, further
improvements demand the development of breakthrough innovative technologies,
because the BATs used today have already been improved and developed and operate
close to their thermodynamic limits (European Commission, 2010). Worrell et al. (2010)
completed an energy guide that presents energy efficiency practices and energy-efficient
technologies that are available today and could be implemented at iron and steel plants.

There are several recent studies that have investigated energy efficiency potential in the
iron and steel industry, see for example (Hasanbeigi et al., 2013; Morrow lii et al., 2013;
Moya and Pardo, 2013; Pardo and Moya, 2013). Hasanbeigi et al. (2013) investigated
cost-effective fuel and electricity saving technologies and they concluded that by
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implementing these in the Chinese iron and steel industry, in total 3.3 PWh fuel and
251 TWh electricity could be saved during the time period 2010-2030. Morrow lii et al.
(2013) estimated the total cost-effective energy saving potential for the Indian iron and
steel industry at 213 TWh for the same time period. The study by Moya and Pardo (2013)
showed that regardless of payback period (1-16 years) the reductions in specific energy
use (GJ/tonne crude steel) would be 5% in EU27 iron and steel industry in 2020
compared to 2010. This moderate decrease was explained by the maturity of the
integrated route in Europe. Pardo and Moya (2013) simulated the evolution of the EU27
iron and steel industry up to 2030. They analysed the implementation of BAT and
diffusion of innovative technologies, and how the evolution would be affected by
increased energy and resource prices and CO, emissions charges. Their results showed
that in the integrated steel production route, BAT has low impact on energy use and CO,
emissions, while innovative technologies could substantially reduce both; up to 12%
decreased specific energy use and 21% reduction in CO, emissions. For the scrap-based
route, the corresponding specific energy use and CO, emissions would decrease by 6%
and 11% respectively in 2030 compared to 2010.

During 2006-2011, the Swedish steel producers’ association (Jernkontoret) organised an
energy research programme. The programme was supported by the Swedish Energy
Agency. The goal of the research programme was to reduce total energy use, the use of
fossil fuels and CO, emissions (Jernkontoret, 2013a). It was expected that within a ten-
year period the programme would result in energy savings of about 4.5-5% of the
Swedish steel industry’s total energy demand. There were eight research projects within
the programme and they can be summarised as: lowest possible coke consumption in the
BF, control and monitoring of slag formation in EAF, energy-efficient refining of pig
iron, development of soft-cooled mould for continuous casting of slabs, energy-efficient
operation for rolling advanced steel profiles, faster reheating and annealing, furnace
control and process analysis, high-temperature biomass gasification and substitution of
fossil fuels in the steel industry. The successor of this research programme is a
collaboration programme between Jernkontoret and the Swedish Energy Agency called
“The iron and steel industry’s energy use — research and development”. This research
programme will run from 2013-2017 and the purpose is to support projects that will
increase the steel industry’s energy efficiency, to maintain excellence research groups at
Swedish universities and research institutes, and to disseminate program results to the
industry.

3.2 Biomass as reducing agent and fuel

Fuel substitution and reductant substitution in the iron and steel industry would have the
potential to significantly reduce CO, emissions from steel production. As mentioned in
Section 2.1, some amounts of coke in the BF can be replaced by injection of auxiliary
reductants like pulverised coal. To increase the BF productivity, it is advantageous to
have a reducing agent with low ash content; high ash content means that the BF has to be
charged with more fluxing agents and hence the slag volume will increase. It is also
desired to have a reducing agent with low sulphur content in order to reduce the amount
of sulphur which is dissolved in the liquid iron. Biomass has low ash and sulphur content,
but high moisture and oxygen content. High moisture content means that energy is needed
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to vaporise the water. Fuels with high oxygen content reduce the flame-temperature in the
BF, which limits the amount of biomass that can be fed into the BF without increasing the
energy use. Another concern is the heterogeneous structure and low mass density of
biomass, which obstructs its feed into the BF.

Several studies have analysed injection of pulverised charcoal into the BF (see e.g. (Helle
et al., 2010; Helle et al., 2009; Gupta, 2003; Suopajarvi and Fabritius, 2012; Suopajarvi et
al., 2013) . Helle et al. (2010) and Helle et al. (2009) simulated partial substitution of
fossil reducing agents with biomass in the BF. They concluded that the biomass had to be
pre-processed through pyrolysis, because the high oxygen content and low heating value
of raw biomass would reduce the productivity of the BF. Partial pyrolysis of the biomass
at 250°C, prior to injection into the BF, was shown to be the most economical option.
Gupta (2003) discussed advantages and limitations with biomass use in iron and
steelmaking and predicted future technologies for steelmaking from 2020 to beyond 2041.
Advantages discussed were that charcoal is excellent as reducing agent because of low
sulphur and ash content, it is a renewable resource, and biomass handling and charcoal
production would provide jobs. Reported limitations with biomass use were land
management (conflict with agriculture), high moisture content, lower physical strength of
charcoal compared to coke, and economy. According to Suopajérvi and Fabritius (2012),
injection of pulverised charcoal into BF would reduce direct fossil CO, emissions by up
to 26% compared to a scenario with heavy oil injection. In this case charcoal production
was integrated with iron production and off-gases from the pyrolysis process were used
together with BFG and COG to generate electricity. Suopajarvi et al. (2013) reviewed
options to replace part of the fossil reducing agents in the BF with different bio-based
reducing agents. The bio-reducers evaluated were charcoal, bio-oil, bio-syngas and bio-
SNG. The review included technological concerns, economy, biomass availability and
policy instruments. Results from the study indicated that the most promising bio-based
reducing agent in the BF would be charcoal. The implications of charcoal use were
reduced CO, emissions, better quality of metal, enhanced productivity and decreased slag
amounts. Bio-oil produced from wood had high water and oxygen content which made it
less suitable as reducing agent in the BF. In order not to reduce the productivity of the
BF, auxiliary reducing agents should not be diluted with e.g. nitrogen or CO,. Therefore,
bio-syngas as auxiliary reducing agent would require upgrading of the product gas to
reach a gas composition of at least 90 vol% CO and H, (Suopajérvi et al., 2013). Injection
of bio-SNG would be comparable with the injection of natural gas, which is applied at
several BF processes worldwide.

There are options to replace fossil reductants in the production of DRI from iron ore. For
example, Buergler and Di Donato (2009) investigated integration of biomass gasification
with the production of DRI. The bio-syngas was used as reducing agent in the direct
reduction process. Requirements were that the bio-syngas should be free of tar, dust,
sulphur and nitrogen.

The iron and steel industry is energy-intensive and to convert its energy system from
fossil fuels to biofuels would require large volumes of biomass. Substitution of coke with
charcoal in the BF has been studied within the ULCOS programme, but the process route
was considered unfeasible within a reasonable time horizon; large-scale charcoal
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production would require large land plantations (Birat et al., 2012). It was considered that
competition for land between charcoal production, food production and other industrial
biomass utilisation would leave the charcoal production with insufficient volumes of
biomass. However, Suopajarvi and Fabritius (2013) analysed the biomass availability in
Finland and they concluded there would be sufficient amounts of wood energy available,
both for current users and for charcoal production to iron and steelmaking in Finland.
Several studies have addressed the issue of future primary energy demand and the
potential of renewable energy. Moriarty and Honnery (2012) reviewed publications which
estimated global technical potential of renewable energy in 2050. The results showed that
the estimates for global renewable energy potential in the reviewed studies ranged
between 68 and 1,345 PWh, while biomass potential was estimated at 8-417 PWh.
Forecasts for estimated primary energy demand in 2050 ranged between 118 and
326 PWh. In conclusion, the estimates of technical potential of biomass energy differed
greatly between the reviewed publications.

Production of methanol from iron and steel industry by-product gases has been studied
(Lundgren et al., 2008; Lundgren et al., 2013; Ghanbari et al., 2011; Ghanbari et al.,
2012). Ghanbari et al. (2011) and Ghanbari et al. (2012) studied a polygeneration system
comprised of an integrated steel plant with top gas recycling BF and CCS, a combined
heat and power (CHP) plant and a methanol plant. Their results showed that the costs of
producing liquid steel were reduced when the steel plant was integrated with methanol
production and that process integration and increased top gas recycling could reduce CO,
emissions from the system. The latter study also included analysis of injection of
auxiliary fuels (biomass, natural gas and oil) into the BF and the results showed best
performance for biomass injection. Lundgren et al. (2008) and Lundgren et al. (2013)
studied methanol production at an integrated steel plant, where the by-product gases were
used together with bio-syngas as feedstock to the methanol production. The production
was integrated with the DHS system. The studies showed that the polygeneration system
could be economically feasible, and result in reduced energy use and direct emissions of
CO..

3.3 Recovery of industrial excess heat

Industrial excess heat is defined in this thesis as heat energy that is generated in an
industrial process and wasted to the surroundings without being recovered. Low-
temperature excess heat is defined as heat sources with temperatures below 230°C (US
Department of Energy, 2008; Crook, 1994).

The excess heat can be differentiated into high-grade heat and low-grade heat. Ammar et
al. (2012) defined high-grade heat as heat which is possible to reuse in the industrial
processes, while low-grade heat was defined as heat which is not viable to recover within
the processes. They presented high-grade heat recovery methods, such as pre-heating feed
water or combustion air through heat exchange. They discussed different heat exchangers
as well as heat integration based on pinch analysis and total site analysis. Their study also
described options for low-grade heat recovery. Some of these options were heating
buildings and greenhouses, heat delivery to a DHS, cooling by adsorption and absorption
cooling processes, electricity generation and desalinating water. There are several DHS in
the world which import industrial excess heat and then distribute the thermal energy to
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customers (Rezaie and Rosen, 2012). Supply temperature in DHS varies in different part
of the world. For example, in Sweden the supply temperature varies between 70° in
summer to 120°C in winter (Ericsson, 2009).

Bendig et al. (2013) presented a method for identifying, characterising and quantifying
industrial excess heat that would be viable to recover. They distinguished between
avoidable and unavoidable excess heat and stated that the avoidable excess heat should
not be used for external applications, because it could prevent investments in energy
efficiency measures. They defined “true” excess heat as “the sum of the exergy that is
available in a process after pinch analysis, heat recovery, process integration and energy
conversion (hot and cold utility) integration with the help of exergy analysis”. Energy
conversion utilities in the study were e.g. gas boilers, cooling water and heat pumps. The
definition may guide engineers in quantifying the potential for excess heat recovery for
external use without using avoidable excess heat. However, in this thesis no distinction
between avoidable and unavoidable excess heat has been made.

In another study, Law et al. (2013) reviewed BAT for recovery of industrial excess heat
and they concluded that the most economical option would be heat exchange in the
industrial process or with nearby processes. Other options such as electricity generation,
cooling through absorption chillers and heat pumps were found to be less economical.

Villar et al. (2012) analysed technologies for excess energy recovery in continuous
process industries, with the focus on the iron and steel industry. Options for excess heat
recovery presented were: excess heat to DHS, coke dry quenching (CDQ) to recover heat
for on-site use or electricity generation, recuperation system in the BF, regenerative
burners in furnaces, exhaust gas cooling system with steam recovery boiler, and scrap
preheating.

A case study at a Chinese integrated steel plant was performed by Zhang et al. (2013a)
and they estimated excess heat recovery potential at 26% of the steel plant’s total energy
use. They suggested for example utilisation as DH and heat-driven electricity production.
Slag is a large source of excess energy in the iron and steel industry. The slag is tapped at
temperatures of up to 1650°C and the heat energy is generally not recovered (Barati et al.,
2011). Energy recovery from high-temperature slag in the iron and steel industry has been
studied by e.g. Barati et al. (2011); Zhang et al. (2013b). Options analysed were recovery
as thermal energy (steam and hot air), utilisation of the heat in endothermic chemical
reactions to produce CO and H; from coal and methane (gasification and methane
reforming), and production of electricity. Slag has low thermal conductivity and to
achieve efficient heat recovery the slag must be granulated to increase the surface area.
Gutiérrez Trashorras et al. (2013) designed a heat recuperator for heat recovery from
molten slag and calculated its performance. They concluded that the recuperator could
have an efficiency of about 92%.

3.4 Electricity production from excess heat

There are different technologies that can be used to produce electricity from industrial
excess heat (Goswami and Kreith, 2007). Power cycles convert heat energy into
mechanical energy and then the mechanical energy is converted into electricity. Examples
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of power cycles are Stirling cycle, Rankine cycle, organic Rankine cycle (ORC), Kalina
cycle and phase change material (PCM) engine.

The Stirling cycle features a closed system in which a working gas (air, helium or
hydrogen) is alternatively heated and cooled when moving between different
temperatures locations in the engine (Goswami and Kreith, 2007; Keveney, 2013). There
are different configurations of the Stirling engine and the main forms are alpha, beta,
gamma and double-acting Stirling engines (Electropaedia, 2014). In a two-cylinder
Stirling engine (alpha configuration), one cylinder is kept hot and the other is kept cold
and the working gas contracts at the cold cylinder and expands at the hot cylinder
resulting in a movement of the gas. The transfer of working gas between the hot and cold
cylinders makes the pistons in the cylinders move. The kinetic energy is converted to
electricity in a generator. The working principle of a two-cylinder Stirling engine is
shown in Figure 5.
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Figure 5. A schematic picture of the working principle of a two-cylinder Stirling
engine. A working gas, e.g. air, is enclosed within two cylinders. One cylinder is

kept hot and the other cold and the working gas moves between these two. (1) The
working gas in the hot cylinder is heated and expands, pushing the piston down. This

causes the crank shaft to move, generating mechanical energy. (2) A momentum of a
flywheel on the crank shaft pushes the piston in the hot cylinder up and the gas is

forced into the cold cylinder pushing the piston in the cold cylinder down. (3) The
gas in the cold cylinder contracts as its temperature drops. This causes the piston to
rise and the momentum of the flywheel forces the gas back to the hot cylinder.

(4) The gas is heated again and expands, pushing the piston in the hot cylinder down
and the cycle starts again. The regenerator between the two cylinders is not necessary
but improves the efficiency of the engine. Reprinted with permission from

Electropaedia (2014).

The Rankine cycle, the ORC and the Kalina cycle have the same energy conversion
mechanism, but use different working media; the Rankine cycle uses water, the ORC uses
an organic liquid with lower boiling point than water, and the Kalina cycle uses a mixture
of ammonia and water. The working medium circulates in a closed loop and one power
cycle can be described as (Goswami and Kreith, 2007): (1) the working medium is
pressurised and pumped into a boiler where it is heated and vaporised; (2) the gaseous
working medium expands in a turbine; (3) the mechanical energy is converted into
electricity in a generator; (4) the working medium is cooled into liquid form in a
condenser; and (5) the working medium is pumped back to the boiler. Figure 6 presents
the working principles of an ORC.
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Figure 6. A schematic picture of the organic Rankine cycle. The organic working
medium circulates in a closed loop. In a power cycle, the fluid is pumped to a boiler
where it is heated to above boiling point under pressure. The gaseous working
medium is then expanded in a turbine and the mechanical energy is converted into
electricity in a generator. The working medium is cooled in a condenser and the fluid
is again pumped into the boiler.

The PCM engine uses a paraffin mixture as working medium and its power cycle can be
described as: (1) the solid paraffin is heated into liquid form in an energy cell and
expands under high pressure; (2) the liquid paraffin is cooled into solid form and
contracts; (3) the mechanical energy in the form of volume expansions and contractions
are captured in a hydraulic system; and (4) the mechanical energy is converted into
electricity in a generator. The technology requires cooling water to operate. A schematic
picture of the PCM engine system is presented in Figure 7.
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Figure 7. In the energy cell in the heat engine system, heat is absorbed by a paraffin
mixture which changes from solid to liquid phase under high pressure. This results in
a volume expansion. The liquid paraffin is then cooled and changes back to solid
state and the volume is reduced. The work of volume expansion and contraction is
captured in a hydraulic system and the mechanical energy is then converted into
electricity in a generator.
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There are also solid state energy converters. TEG is a solid state energy converter that
uses the Seebeck effect to generate electricity (Rowe, 1995; Minea, 2012). A TEG is
comprised of a cooling system with air or water and one or more thermoelectric modules.
The modules are comprised of a large number of thermocouples connected electrically in
series and thermally in parallel. A thermocouple consists of two semiconductors with
different Seebeck coefficients®. When one side of the thermocouple is heated and the
other side is cooled, electrical power is generated because electrons at the hot end become
more energetic and start to move towards the cold end. The optimal TE material is a good
electrical conductor and a poor thermal conductor. Figure 8 shows the working principle
of electricity generation in a semiconductor thermocouple.

Figure 8. A semiconductor thermocouple. Heat energy causes the charge carriers
(electrons in the n-type material and holes in the p-type material) at the hot end (T)
to be transferred to the conduction band. The charge carriers start to repel each other
and move towards the cold end (T¢), which produces a current flowing from the cold
side to the hot side in the n-type material and from the hot side to the cold side in the

p-type material. By connecting the two junctions, a current will flow in an external
circuit. Several thermocouples can be connected forming a module.

Another solid state energy converter is thermophotovoltaic (TPV) (Chubb, 2007). This
technology produces electricity from heat radiation emitted from a high-temperature
material (1000-1800°C) (Bauer et al., 2004). The photovoltaic (PV) cell is made of a
semiconductor material. Photons can excite electrons from the valence to the conduction
band in the PV cell, thus producing electricity. The gap between the valence band and the
conduction band is called the band gap. In order to excite electrons to the conduction

® The Seebeck coefficient is the thermoelectric potential difference developed per unit
temperature difference in the material.
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band, the photons must have higher energy than the band gap energy. A TPV generator
consists of a heat source, an emitter, a filter and an array of PV cells (Ferrari et al., 2014).
In addition, there is a cooling system which prevents the PV cells from being overheated,
which would reduce the efficiency of the TPV generator. The cooling water (or air) could
be used as heat source in other heat recovery options. A schematic picture of a TPV
generator is shown in Figure 9.

Figure 9. The principles of a thermophotovoltaic generator. The hot surface, the
emitter, sends out radiation energy which is filtered in an optical filter. The optical
filter selectively lets photons with energy higher than the PV cell band gap pass
through and blocks photons with energy lower than the PV cell band gap. In the PV
cell, the photons excite electrons to the conduction band, generating a current. An
inverter transforms the DC current into AC current. Heat energy generated by the PV
cell is absorbed by cooling water which can be used for other applications, e.g. DH,
ORC or TEG. (Adapted from (Ferrari et al., 2014))
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Biomass gasification

This chapter gives an introduction to biomass gasification and describes the different
steps in the production process from biomass feedstock to final product. An overview of
European biomass gasification projects and some recent research about integration of
biomass gasification in industry are presented.

Gasification is thermochemical conversion of carbonaceous material into an energy-rich
gaseous fuel. The cleaned and upgraded product gas is called syngas or synthesis gas.
Gasification and combustion are closely related, but in the gasification process the
oxygen supply is reduced, resulting in a partial combustion of the feedstock. Syngas
produced through gasification of biomass consists of carbon monoxide (CO) and
hydrogen gas (H,), with smaller amounts of CO,, methane (CH,), heavier hydrocarbons
and steam. Gasification of fossil feedstock is a well-established technology that has been
used commercially for decades, but biomass gasification for advanced applications is still
at the development stage.

There are a number of reasons for the increased interest in the development of the
biomass gasification technology (Spellman, 2011):

e A gaseous fuel is more flexible than a solid fuel as it can be used in many
applications, e.g. boilers, turbines, engines, fuel cells. It can also be blended with
other gaseous fuels like natural gas.

e Gasification can produce a clean fuel and remove contaminants found in the
biomass.

e Gasification can handle a wide range of biomass feedstock without any major
changes in the process.

o Waste fuels containing hazardous compounds and heavy metals can be gasified
and the hazards can be safely removed.

Some of the disadvantages with biomass gasification are the high investment cost and the
large building area required for reactors and biomass handling. Other concerns are that
biomass is inhomogeneous material and fuel size, moisture content etc. have to be
controlled to fulfil requirements for the specific gasifier. This heterogeneity of the
biomass feedstock may also result in that chemical and physical properties of the product
gas, such as energy density, gas composition and impurities, vary over time.

25



Maria Johansson

Thermochemical conversion of biomass into syngas principally includes four steps:
1) pre-treatment of biomass; 2) gasification; 3) gas-cleaning; and 4) gas upgrading. The
bio-syngas can be used as fuel for electricity and heat production, but can also be
converted into a number of products such as Fischer Tropsch (FT) diesel, SNG, methanol,
ethanol, dimethyl ether (DME) and ammonia. This thesis studies a gasification system
with production of bio-SNG and therefore a description of the conversion of syngas into
SNG (methanation) is presented. Bio-SNG is bio-methane produced from bio-syngas and
should not be confused with biogas produced through anaerobic digestion of biomass.

4.1 Pre-treatment

Biomass is a heterogeneous material and the group includes both solids and liquids.
Sources of biomass are virgin terrestrial and aquatic biomass but also organic waste such
as forest residues and agricultural, municipal and industrial wastes. The performance of
the gasification process is influenced by physical and thermodynamic properties of the
biomass. For example, uneven structure and high moisture content cause difficulties in
maintaining constant feed rates into the gasifier and high moisture content requires large
amounts of heat for vaporization. This will reduce the amount of energy delivered from
the gasifier. Therefore biomass is often pre-treated before gasification. The pre-treatment
step can include removal of foreign materials (e.g. rocks and metal), drying to reduce the
moisture content, and size reduction (e.g. chipping, grinding and pulverization) (Basu,
2010). There are also thermal pre-treatment methods which increase the energy density of
biomass e.g. torrefaction (slow pyrolysis) and fast pyrolysis (van der Stelt et al., 2011;
Engvall et al., 2011; Bridgwater, 2012). Torrefaction is performed at 200-300°C and
degrades the fibrous structure of biomass, reduces oxygen content and increases energy
density. In fast pyrolysis, the biomass is converted into bio-oils and char at 500°C.
Torrefied and pyrolysed biomass can be ground to powder (or slurry if the char from
pyrolysis is ground together with the bio-oil) suitable as feedstock to entrained flow
gasification.

4.2 Gasification

In the gasification process, air, steam and/or oxygen are used as gasifying agent and
syngas is produced when the gasifying agent reacts with solid carbon and hydrocarbons in
the biomass. The choice of gasifying agent affects the heating value of the product gas.
Air as gasifying agent results in a product gas with a heating value of 1-2 kwh/Nm®
(4-7 MJ/Nm?®), while steam and oxygen generate a syngas with a heating value of
3-5 kWh/Nm? (10-18 MJ/Nm®) and 3-8 kWh/Nm® (12-28 MJ/Nm?®) respectively (Basu,
2010). There are different types of gasifiers and they can be directly or indirectly heated,
and work at atmospheric or pressurised conditions. Low-temperature gasification is
carried out at temperatures below 1,000°C and high-temperature gasification is carried
out at temperatures above 1,200°C. In low-temperature gasification, heavier
hydrocarbons are produced together with CO and H,, while high-temperature gasification
mainly produces CO and H,.
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There are three main gasification technologies (Basu, 2010; Spellman, 2011; Knoef and
Ahrenfeldt, 2005):

o Fixed-bed/Moving-bed reactor, e.g., Updraft, Downdraft, Crossdraft — fuel
particles are supported on a grate, reaction zone temperature is 1090°C, feed size
<51mm, small capacities 10 kW,-10 MWy, suitable for biomass gasification

e Fluidized bed reactor, e.g., Bubbling, Circulating, Twin bed — fuel particles are
conveyed through the reactor by the gasifying agent, reaction zone temperature is
typically 800-1000°C, feed size <6mm, medium-size capacities 5 MW,-

100 MWy, can operate with a wide range of fuels and is excellent for biomass
gasification

o Entrained-flow reactor, e.g., Coaxial downflow, Opposed jet — fuel particles are
conveyed through the reactor by the gasifying agent, reaction zone temperature is
1990°C, feed size <0.15mm, large capacities >50 MW4,, not suitable for biomass
gasification without pre-treatment such as pyrolysis due to requirement for fine
structured feedstock.

Fixed-bed gasifiers are normally simpler and less expensive and produce a syngas with a
lower heating value. Fluidized-bed gasifiers and entrained-flow gasifiers are more
complex and more expensive and produce a syngas with a higher heating value
(Spellman, 2011). To date, the installed technologies for biomass gasification into
biofuels (presented in Table 3) split equally between fluidized bed gasifiers and
entrained-flow gasifiers (Bacovsky et al., 2013).

4.3 Gas cleaning

The produced bio-syngas contains impurities including particulates, tars, sulphur
compounds, nitrogen compounds and alkali compounds. There are different gas cleaning
systems and which to use depends on the downstream application of the bio-syngas
(Basu, 2010; Laudal Iversen and Ggbel, 2005; Rezaiyan and Cheremisinoff, 2005;
Spellman, 2011). A simple gas cleaning technique for removal of particulates is a
cyclone. Different types of mechanical filters can also be used to remove particulates. If
the purpose is to use the bio-syngas as feedstock for synthesis of chemicals or
transportation fuel, a more thorough cleaning of the gas has to be performed. Wet
scrubber with condensation removes tars and water and one recently developed method is
OLGA which uses oil as a scrubbing medium (Engvall et al., 2011). Alkali compounds
can be removed with wet scrubbing or by cooling the gas below condensation
temperature and removing the alkali particles with barrier filters. Methods for removal of
chlorine and sulphur compounds are physical and chemical washing methods such as the
Rectisol process and the Selexol process. These processes also remove CO,. Hot gas
cleaning such as catalytic cracking can be used to remove tars and ammonia.
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4.4 Gas upgrading

In the gas upgrading step, the main gas composition of the bio-syngas is adjusted to meet
demands of subsequent gas applications (Basu, 2010; Boerrigter and Rauch, 2005). The
main processes in gas upgrading are adjustment of the H,/CO ratio and CO, removal. To
increase the H,/CO ratio, the water-gas shift reaction is used and CO, can be removed by
chemical and physical absorption, e.g. Pressure Swing Adsorption (PSA) and Selexol
(Engvall et al., 2011).

4.5 Methanation

Production of CH, from bio-syngas involves a methanation step. In the methanation
reaction, CO and CO, react with H, and produces CH,4 and water (Basu, 2010; Bacovsky
et al., 2010). The reaction is highly exothermic and heat has to be removed in order to
achieve a high reaction rate. Moreover, the catalyst used in the methanation reaction is
sensitive to sulphur and chlorine which means that the bio-syngas has to be cleaned from
these elements before methanation (Engvall et al., 2011). The produced raw bio-SNG is
cleaned and upgraded. The upgrading step includes removal of CO; and drying to remove
water.

4.6 Biomass gasification projects

There are commercial facilities that produce bio-syngas for CHP production, but there is
no commercial production of second-generation liquid biofuels through gasification in
Europe (Bacovsky et al., 2013; Janssen et al., 2013). Table 3 presents an overview of
liquid biofuel production plants in Europe. Due to economic reasons, several initiatives
have been abandoned in recent years (Janssen et al., 2013).

Table 3. Biomass gasification plants for synthetic liquid fuels in Europe. Source (Bacovsky
et al., 2013; Held, 2012; Hellsmark, 2010; Janssen et al., 2013; Johansson, 2013)

Company Location Size Development phase  Product Start-
(biomass up
input) year

Biomasse- Gussing, 8 MW Operational demo CHP 2002

kraftwerk and Austria

Vienna SNG 2008

University of

Technology FT diesel 2009

Chalmers Gothenburg, 6 MW Operational pilot SNG 2007

University of Sweden

Technology

ECN Petten, 0.8 MW Operational pilot SNG 2008

Netherlands

Chemrec/ LTU Pited, Sweden 3 MW Operational pilot DME 2011
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Company Location Size Development phase  Product Start-
(biomass up
input) year

Goteborg Energi Gothenburg, 32 MW Operational demo SNG 2013

Sweden

Karlsruhe Institute  Karlsruhe, 5 MW Pilot, under DME 2013

of Technology Germany construction

TUBITAK Gebze, Turkey Pilot under FT diesel 2013

construction

ECN Alkmaar, 12 MW Planned demo SNG 2014

Netherlands

NSE Biofuels Oy, Varkaus, 12 MW Pilot, stopped after FT diesel 2009

Neste and Stora Finland successful trials

Enso

CHOREN Fuel Freiberg, 45 MW Demo, under FT diesel 2012

Freiberg GmbH & Germany commissioning,

Co KG company closed

E.ON Landskronaor 200 MW  Semi-commercial, SNG

Malma, plans put on hold
Sweden
CHOREN Schwedt, 640 MW Planned commercial ~ FT diesel
Industries GmbH  Germany plant, company
closed
Chemrec Ornskoéldsvik, 150 MW Demo, plans put on DME
Sweden hold

4.7 Integration of biomass gasification with industry

Integration of biomass gasification with other processes could increase profitability and
improve the overall energy system efficiency. This has been investigated in previous
studies.

Hydrogen production for the oil refinery industry through biomass gasification has been
studied, see for example (Johansson et al., 2012; Brau et al., 2013; Brau et al., 2012).
These studies showed that integration of the gasifier with the oil refinery would result in
increased energy efficiency, e.g. excess heat from the refinery could be used to dry
biomass to the gasifier, while excess heat from the gasifier could be used to produce
steam to the refinery.
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Arvidsson et al. (2012) studied integration of bio-SNG production with a chemical
industry currently using natural gas as feedstock. Results showed that excess heat from
the gasifier could be used to produce steam that would cover the steam demand at the
chemical plant or to produce electricity for the bio-SNG production.

Integration of biomass gasification with pulp and paper industry has been analysed by
several authors, see for example (Ljungstedt et al., 2013; Isaksson et al., 2012a; Isaksson
et al., 2012b; Wetterlund et al., 2011). Ljungstedt et al. (2013) concluded that integration
of biomass-based FT diesel production with a pulp and paper mill would result in higher
energy efficiency and lower production cost compared to stand-alone operation. Co-
location was shown to reduce global CO, emissions if the electricity used in the processes
was produced in natural gas combined cycle (NGCC) plants or with a technology
emitting less than a NGCC plant. Isaksson et al. (2012b) analysed integration of biomass
gasification for production of electricity, methanol or FT diesel with a thermo-mechanical
pulp mill. Their results showed that excess heat from the gasifier could be used by the
pulp mill. Both stand-alone operations and integrated operations were shown to reduce
global CO, emissions. Wetterlund et al. (2011) showed that integration of biomass
gasification for production of transportation biofuels or electricity could be profitable for
the pulp and paper mill. The impact on global CO, emissions depended on alternative
biomass use and marginal electricity generation technology.

There are a number of studies on biomass gasification in the iron and steel industry. Some
of these studies are presented in Section 3.2.

30



Assessment of CO, emissions

This chapter describes different approaches for valuating CO, consequences of new
investments and changes in energy systems.

When evaluating how changes in energy systems, such as energy efficiency measures or
fuel substitution, affect global CO, emissions, the results may be very different depending
on the method and system boundaries chosen. The CO, consequences of fossil fuel
utilisation are rather straightforward, but the CO, emissions from utilising electricity and
biomass are more difficult to estimate.

5.1 CO, assessment of electricity use

There are different approaches for valuating electricity production and electricity use.
One method for CO, assessment of electricity production is the average electricity
production method (Dotzauer, 2010). In this method, CO, emissions are calculated for the
average mix of fuels used in electricity production in the geographical area studied. The
area could for example be a country and the average mix of fuels would be calculated
from statistics of electricity production in that country. The results would of course differ
significantly depending on which geographical area the calculations are based on.

However, when studying changes in electricity production and electricity use, the average
electricity approach would not reflect the real consequences. In this case the marginal
electricity method would be a better choice. According to the marginal electricity
principle, changes in electricity use would affect the electricity production with the
highest operational costs at a given time (Dotzauer, 2010). This is referred to as
operating-margin electricity and increased or decreased electricity use in the system
would result in increased or decreased production of marginal electricity. In a European
perspective, it is commonly assumed that coal condensing power (CCP) plants are
operating marginal electricity producers.

When studying changes in energy systems in longer time perspectives, base load build-
margin electricity rather than operating margin should be considered. The base load
build-margin is the electricity production facility that will be built when a new generation
capacity is installed (Broekhoff et al., 2007). To predict future base load build-margin
electricity production is challenging. Therefore, in studies with longer time perspectives,
scenario analysis could be used to evaluate different possible future energy markets
(Dotzauer, 2010; Axelsson and Harvey, 2010). In the time frame of 2030, it is assumed
that a likely base load build-margin technology for electricity production could be CCP
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plants or natural gas combined cycles (NGCC) (Skéldberg and Unger, 2008; Skdldberg et
al., 2006).

5.2 CO, assessment of biomass use

Biomass is the biodegradable fraction of products, waste and residues from agriculture
(including vegetal and animal substances), forestry and related industries, as well as the
biodegradable fraction of industrial and municipal waste (European Parliament, 2001). In
a short time perspective, biomass use could be seen as CO, neutral as long as harvesting
is accompanied by replanting. However, as a result of policy measures for increasing the
share of renewable resources in the energy system, the demand for biomass would
increase (Kautto et al., 2012). Biomass is a limited resource and there would be both local
and international competition for the resource in the future. Therefore analysis of future
changes in biomass use should include alternative use of biomass. When the demand for
biomass is increased in a process, there would be less biomass available for other users.
The user that would use less biomass as a result of this competition is the marginal (price-
setting) biomass user. The biomass market of today consists of several local
heterogeneous markets with diversified pricing, but there would probably be a European
market in the future (Axelsson and Harvey, 2010). It is not easy to identify the marginal
user of wood fuel, but there are two potential alternatives: (1) CCP plants with the
capability of co-firing some wood fuel with the coal and (2) producers of transportation
fuels (Axelsson and Harvey, 2010). These user categories are high volume users of
biomass with a high willingness to pay. The wood fuel demand of these plants would be
larger than the supply and hence they would be likely marginal users. The biofuels
produced for the transport sector could for example be FT diesel, DME or ethanol. The
marginal perspective on biomass implies that increased biomass use in a process would
lead to more fossil coal or fossil transportation fuel being used. The increase in CO,
emissions originated from this additional use of fossil fuel should hence be allocated to
the user of biomass.
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This chapter presents theory about energy management and energy management systems.
Barriers that prevent improved energy efficiency in industry and driving forces that
promote increased energy efficiency are also presented. The chapter ends with an
overview of energy-related European policy instruments that affect the European iron
and steel industry.

6.1 Energy management

Miles (2012) described management as the process of achieving an organisation’s
mission, strategies, goals, and objectives through the use of human, financial, physical,
and informational resources. Energy management is the practice by which a company
works strategically with energy issues, and an energy management system is a tool to be
used by the company in order to implement energy management (Thollander and Palm,
2013). International energy experts have developed an international energy management
standard, 1ISO 50001, which outlines best practices for energy management. 1ISO 50001
follows the Plan-Do-Check-Act (PDCA) process for continuous improvements, which
was promoted by Deming (2000). Figure 10 illustrates the process of continuous
improvements of energy management following the PDCA cycle.

The process of continuous improvement has its starting point in the company’s energy
policy. In the energy planning phase, an energy audit is performed and targets and action
plans, which meet legal requirements and the company’s energy policy, are set. The next
step is implementation and operation of the action plan. This involves for example
procurement, operational control, communication, documentation, and training of
employees. The company’s energy performance and energy management are then
checked and verified. This involves actions such as energy monitoring and energy
performance analysis, reporting of results, evaluation of compliance with legal
requirements and the company’s energy policy, and corrective and preventive actions.
The management then performs a review where opportunities to improve energy
performance are identified and the company’s energy policy and targets are revised. The
review ensures continual improvements in energy performance and the energy
management system.
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Figure 10. A cycle for continuous improvement of energy management and energy

efficiency based on the Plan-Do-Check-Act approach (inspired by Deming (2000),

International Organization for Standardization (2011), and the US Department of
Energy — Advanced Manufacturing Office (2013)).

Caffall (1995) stated that successful energy management requires a strategic approach
and he identified factors that are important for successful energy management:

1. aninitial energy audit

2. senior management support

3. monitoring of energy use

4. recognition that management is as important as technology

5. an organised and ongoing programme of energy-saving projects

It has been shown that companies that practiced strategic energy management reduced
their total energy use by up to 40% (Caffall, 1995). A key factor for accomplishing
improvements in industrial energy efficiency is a long-term energy strategy (Apeaning
and Thollander, 2013; Hasanbeigi et al., 2010; Rohdin et al., 2007; Thollander and
Ottosson, 2008; Thollander et al., 2013) and an energy management system could be a
tool, when establishing and maintaining such a strategy.

Thollander and Palm (2013) analysed and discussed improved energy efficiency and
energy management in industry. Their interdisciplinary analysis integrated technical,
economic, and behavioural aspects. They concluded, for example, that engaging and
empowering individuals in an organisation to work with improving energy efficiency is a
key factor for the establishment of an organisational culture of energy efficiency.
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Jorgensen et al. (2008) reviewed literature on human resource management and
continuous improvements and they developed a theoretical framework which described
the role of human resource management in successful continuous improvements. They
pointed out the importance of designing work processes to facilitate and enable
generation of ideas and suggestions for improvement, continuing education both internal
and external, knowledge sharing, and cooperation across organisational levels and
customers and suppliers.

Stephenson et al. (2010) developed an Energy Cultures framework which focuses on the
behaviour of individuals within the system. The individuals’ behaviour provides a
foundation for analysing which aspects of the system affect the energy behaviour the
most. The results could be used to consider interventions that would successfully achieve
behaviour change.

Organisational behaviour and behaviour change with regard to energy efficiency in the
UK non-domestic sector have been studied (CSE, 2012). A conceptual framework was
developed and further used to draw common understandings from the extensive literature
reviewed in the study. Examples of themes studied were policies to improve energy
efficiency behaviours, organisational strategies for improving energy efficiency, business
investments in energy efficiency, barriers to implementing energy efficiency, non-energy
benefits and differences between organisations.

6.2 Barriers

The research on barriers to improving industrial efficiency is important for exploring why
energy efficiency measures fail to be implemented and to develop action plans to
overcome these barriers. Sorrell (2000) classified barriers to energy efficiency into the
following three categories: economic (which can be further divided into market failure
and non-market failure), behavioural, and organisational, see Table 4. Palm and
Thollander (2010) analysed and discussed these categories further, and Cagno et al.
(2013) and Sudhakara Reddy (2013) proposed novel taxonomies of barriers that could be
used in empirical studies. The study by Palm and Thollander (2010) categorised the
internal barriers into technology-related barriers, information barriers, economic barriers,
behavioural barriers, organisational barriers, and barriers related to competencies and
awareness. The external barriers were categorised into markets, governmental politics,
technology and services suppliers, designers and manufacturers, energy suppliers, and
capital suppliers. The study by Sudhakara Reddy (2013) associated barriers and drivers to
the institutions that create it and the institutions that are influenced by it. The barriers
were classified as micro (obstacles that are unique to a particular project), meso (obstacles
related to the organisation working with a project), and macro (barriers at state, market
and civil society level). Fleiter et al. (2011) reviewed the current status of bottom-up
models for industrial energy demand, and they analysed how these models considered
barriers to the adoption of new technologies. Empirical studies on barriers to improved
industrial energy efficiency have been conducted in Ghana (Apeaning and Thollander,
2013), Greece (Sardianou, 2008), Sweden (Rohdin and Thollander, 2006; Rohdin et al.,
2007; Thollander et al., 2007; Thollander and Ottosson, 2008; Trianni et al., 2013a), Italy
(Trianni et al., 2013a; Trianni et al., 2013b), Germany (Trianni et al., 2013a), the UK
(Walsh and Thornley, 2012), and the Netherlands (De Groot et al., 2001).
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Table 4. Classification of barriers to improved energy efficiency. Source: Sorrell
(2000); Thollander and Palm (2013)

Category

Sub-division

Theoretical barrier

Description

Economic

Market or
organisational
failure

Imperfect information

Adverse selection

Split incentives

Principal-agent
relationships

Individual lacks sufficient
information to make
economically efficient
decisions

Individual has limited
knowledge of energy
performance of technology
and may select goods on the
sole basis on price or design

The individual or
department cannot benefit
from the investment, e.g.
department not accountable
for energy costs

Board of directors
(principal) may impose strict
investment criteria to
compensate for imperfect
information

Non-market
failure/Rational
behaviour

Heterogeneity

Hidden costs

Risk

Access to capital

Technology may not be cost-
effective in a particular
instance

Engineering model does not
reflect extra costs or loss of
benefits, e.g. overhead for
staff, disruption, hassle and
inconvenience

Investment criteria. Energy
efficiency investments may
be a higher risk than others

Limited access to capital
may inhibit cost-effective
investments
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Table 4. (continued)

Category Sub-division Theoretical barrier  Description
Behavioural Bounded Bounded rationality Decisions are based on
rationality routines and rules of thumb

rather than perfect
information and complete

rationality
The human Form of information ~ The information is
dimension inadequate

Credibility and trust ~ The source of information is
not trusted

Inertia Individuals resist change
because they are committed
to what they are doing

Values Lack of environmental
awareness results in neglect
of efficiency opportunities

Organisational Power Energy managers lack status
and authority

Culture Environmental awareness
and energy efficiency are not
incorporated in company
culture

Barriers to low-grade heat recovery in industry have been identified as a lack of
infrastructure, a lack of financial support, capital costs and problems associated with
location (Walsh and Thornley, 2012).

6.3 Driving forces

Research on driving forces for improving industrial energy efficiency has not been as
extensive as the research on barriers. However, identification and analysis of driving
forces are important for understanding the process of adopting successful energy
management. The actor-oriented taxonomy on barriers, developed by Sudhakara Reddy
(2013), could be extended to studies on driving forces for improving energy efficiency.
Sudhakara Reddy (2013) discussed some examples of drivers: awareness of energy
efficient technologies, decrease in technology price levels, increase in energy prices,
appealing and fashionable technology, non-energy benefits (e.g. energy security, job
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creation, improved competitiveness, indoor environment, comfort, health, safety and
productivity), and environmental regulations. Empirical studies on driving forces for
improved industrial energy efficiency have been published by for example (Apeaning and
Thollander, 2013; Rohdin and Thollander, 2006; Rohdin et al., 2007; Thollander and
Ottosson, 2008; Cagno and Trianni, 2013; Trianni et al., 2013a; Thollander et al., 2013).
The main driving forces studied in these studies are presented in Table 5. The driving
forces varied somewhat between the studies, e.qg., the driving force “improving working
conditions” was only found to be of major importance in the studies from Ghana and
Thailand and not in the European studies. However, long-term energy strategy,
environmental company profile, people with real ambition, and the threat of rising energy
prices were considered important driving forces in the majority of the studies.

Table 5. Driving forces for improving energy efficiency in industry studied in
previous research. The driving forces are not ranked.

Driving force Key references

Threat of rising energy prices Hasanbeigi et al. (2010); Apeaning and
Thollander (2013); Thollander et al.
(2013); Thollander and Ottosson (2008)

Cost reduction from lowered energy use Apeaning and Thollander (2013);
Thollander and Ottosson (2008);
Christoffersen et al. (2006)

Long-term energy strategy Apeaning and Thollander (2013);
Hasanbeigi et al. (2010); Rohdin et al.
(2007); Thollander et al. (2013);
Thollander and Ottosson (2008)

People with real ambition Apeaning and Thollander (2013); Cagno
and Trianni (2013); Rohdin et al. (2007);
Thollander and Ottosson (2008)

Network within the company/group Apeaning and Thollander (2013);
Thollander et al. (2013); Thollander and
Ottosson (2008)

Environmental management system Apeaning and Thollander (2013); Rohdin et
al. (2007); Thollander and Ottosson (2008)

Environmental company profile Apeaning and Thollander (2013);
Hasanbeigi et al. (2010); Rohdin et al.
(2007); Thollander et al. (2013);
Thollander and Ottosson (2008);
Christoffersen et al. (2006)

International competition Rohdin et al. (2007); Thollander et al.
(2013); Thollander and Ottosson (2008)

Improving working conditions Apeaning and Thollander (2013);
Hasanbeigi et al. (2010)
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Table 5. (continued)

Driving force Key references

Compliance with regulatory issues Apeaning and Thollander (2013); Cagno
and Trianni (2013); Thollander and
Ottosson (2008)

Investment subsidies or beneficial loans Thollander et al. (2013); Thollander and
Ottosson (2008)

Customer questions and demand Cagno and Trianni (2013); Thollander et al.
(2013)

Energy performance contracts Thollander and Ottosson (2008); Cagno

and Trianni (2013)

6.3.1 European directives and policy instruments

This section gives an introduction to European directives and European policy
instruments which could serve as a driving force for improved energy efficiency and
reduced CO; emissions in the iron and steel industry. European directives specify certain
end results that the member states must achieve. However, national authorities are free to
decide on how to meet these goals. Policy instruments are used by a government to
achieve a desired effect. There are e.g. regulatory instruments such as laws and
regulations, and economic instruments such as taxes and fees, subsidies and tradable
permits (Thollander et al., 2012). Table 6 shows an overview of different energy and
environmental policy instruments.

Table 6. Overview of different energy and environmental policy instruments
(Swedish Energy Agency, 2014; Thollander et al., 2012).

Administrative Economic Informative Research

Regulations Taxes Information Research support

Limit values on Tax reductions Advisory service Development support

emissions

Fuel type and energy  Fees Training Demonstration support

efficiency

requirements

Long-term agreements ~ Subsidies/grants Opinion formation Commercialisation
support

Environmental Sureties Technology

classification procurement

Market-based trading
systems
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One of the European directives is the industrial emissions directive (IED). IED is a
successor of the integrated pollution prevention and control (IPPC) directive and was
entered into force on January 2011 (European Parliament, 2010). IED regulates pollution
from industrial processes; industrial operations covered by Annex | must have permits for
their emission. The permits have to consider the whole environmental performance of the
plant, e.g. emissions to air, water and land, energy efficiency and use of raw materials.
The emission limit must be based on BAT.

Under the renewable energy directive, EU member states have committed themselves to
national targets of increasing the share of renewable energy by 2020 (European
Parliament, 2009). The targets are set individually for each member state taking their
different starting points into account. Sweden has set a target of 49% renewables in 2020.
The EU renewable energy target of 2020 as a whole is 20%, with a 10% share of
renewable energy in the transport sector. To meet the target, all sectors must investigate
options to replace fossil fuels with renewable energy.

The EU adopted the energy efficiency directive (EED) on 25 October 2012 (European
Parliament, 2012). The directive replaces the energy end-use efficiency and energy
services directive (ESD). The EED provides a common framework of measures for
improving energy efficiency in EU member states. Its objective is to remove market
barriers and market failures that hinder efficient supply and use of energy. The EED
states for example that each member state is obliged to set a national energy efficiency
target. The target shall express absolute levels of primary energy use and final energy use
in 2020.

One of the European policy instruments is the European Union Emission Trading System
(EU ETS) (European Commission, 2013). The objective of the EU ETS is to reduce
emissions of fossil GHGs cost-effectively. The EU ETS has been in operation since 2005
and involves the 28 EU countries, and Iceland, Liechtenstein and Norway. The EU ETS
sets a limit to the total amount of GHGs that are allowed to be emitted from industry,
power plants and other fixed installations in the participating countries. Companies
receive or buy emissions allowances which they can trade with each other. The cap of
total emissions is reduced over time which will result in reduced GHG emissions. A third
phase has been launched for the years 2013-2020. This period differs some from the
previous time periods and the main changes are:

e The new period has a single EU-wide cap; the previous time periods had national
caps.

e Auctioning is now the default method for allocating allowances. However, in
2013, manufacturing industry will be given 80% of its allowances for free. This
share of free allowances will gradually decrease and reach 30% in 2020.
Manufacturing industry exposed to competition with companies outside the EU,
e.g. the steel industry, will get a higher share of free allowances.

e More sectors and GHGs are included in the trading scheme.

In addition to the European policy instruments there are several national energy and
environmental policy instruments in Sweden, e.g. CO, taxes, energy taxes, the
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programme for improving energy efficiency in energy-intensive industry (PFE), the
electricity certificate system, the environmental code and the energy auditing programme.
However, industries that participate in the EU ETS are exempted from national CO,
taxes. A description of the Swedish policy instruments can be found in Swedish Energy
Agency (2013b).
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This chapter describes the systems studied in the appended papers of this thesis.

7.1 Industry sector of Gavleborg County

In Paper II, the recovery potential of excess heat from industry in Gavleborg County was
studied. Gévleborg County is located in central Sweden on the Baltic Sea coast. It is
Sweden’s tenth most populated county out of 21 counties. The county has a large share of
energy-intensive industry and in 2010 the energy use in its industrial sector totalled
11.2 TWh (SCB, 2013). This was about 67% of the energy end-use in Gavleborg County
(Statistics Sweden, 2013). Information about available industrial excess heat flows in the
county was taken from a questionnaire previously designed and sent out by Sarah
Broberg Viklund and Sandra Backlund, Linkdping University. The web-based
questionnaire had been sent to 58 industrial firms in spring 2012. All the firms were
classified® as firms holding a high environmental impact. The questionnaire had been
answered by the person in charge of energy issues at the firms and the response rate was
33%. The firms completing the questionnaire accounted for approximately 85'% of the
annual use of energy within the industrial sector in the county.

7.2 Swedish iron and steel industry

In Paper VI, energy management practices at Swedish steel plants were studied and
energy managers at 11 steel plants were interviewed. In Sweden there are 13 steel
producing companies. Two of these produce steel from iron ore in BF-BOF, ten produce
steel from scrap in EAF, and one produces iron powder from iron ore through direct
reduction. In addition, there are 16 steel processing plants with only rolling mills, wire
drawing, tube mills, etc. (Jernkontoret, 2014c). The location of the steel producing plants
can be seen in Figure 11. All three steel plants which produce steel from iron ore, four
scrap-based steel producers and four steel processing steel plants were included in the
interview study in Paper V1.

® The classification was defined in: Ministry of the Environment. (1998) Constitution on
environmental hazardous activities and health. 1998:899.

7 In Paper 11, this share was incorrectly reported as 62%.
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Figure 11. The location of Swedish steel plants. Pluses are iron ore based steel
production in BF-BOF, the triangle is iron ore-based production of iron powder
through direct reduction and squares are scrap-based steel production in EAF.

In 2013, 4.4 million tonnes of crude steel were produced in Sweden and about 60% of this
was alloyed steel (Jernkontoret, 2014b). This is a high share compared to the situation in
other countries. The Swedish Steel Producers’ Association, Jernkontoret, is owned by
Swedish steel companies and its main function is to “safeguard the interests of Swedish
steel industry through working actively to ensure the best possible operating conditions
for the industry in Sweden” (Jernkontoret, 2014a).

7.3 SSAB in Luled

SSAB EMEA?® is a leading producer of advanced high strength steel globally and
Scandinavia’s largest producer of strip products. SSAB EMEA has production facilities in
Luled, Borlange and Oxeldsund in Sweden. The facilities in Luled and Oxeldsund are the
only iron ore-based steel plants with coke ovens and BF-BOF operation in Sweden. In
Paper I, SSAB Luled was used as an example in the study of energy efficiency measures
and fuel substitution options for integrated steel plants. SSAB Luled has a BF with
capacity of 2.5 million tonnes crude iron per year. The steel plant has no rolling mill on

8 SSAB’s geographical business region in Europe, Middle East and Africa.
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site, but steel slabs are transported by train to the company’s rolling mill in Borlénge.
Excess process gases from SSAB Luleé are delivered to a CHP plant and used as fuel in
the production of electricity and DH. In 2012, SSAB EMEA had 6,504 employees and
annual turnover of MSEK 14,839 (SSAB, 2012). SSAB Luleé had 1,275 employees and
annual turnover of MSEK 9,500 in 2012.

7.4 Sandvik in Sandviken

Sandvik AB is a high-technology engineering group with customers in more than 130
countries. One of its five business areas is Sandvik Materials Technology (SMT) with
production facilities located in Sandviken in Gavleborg County, Sweden. SMT is a
leading manufacturer globally of high value-added products such as tube, wire and strip
in advanced materials. Sandvik in Sandviken produces steel from scrap in an EAF, an
AOD converter and a ladle furnace, each with a charge-weight of 75 tonnes. In 2012,
SMT had 7,300 employees and annual turnover of MSEK 15,366 (Sandvik AB, 2012).
Sandvik in Sandviken had 4,600 employees. The company has a large production
capacity and diversified production processes which offer several interesting cases to
study. In Paper I, Sandvik in Sandviken was used as an example in the study of energy
efficiency measures and fuel substitution options for scrap-based steel plants. In Paper IV
and Paper V, the steel plant was used as a case company to analyse substitution of LPG
with bio-syngas or bio-SNG as fuel in reheating furnaces. In this thesis, Sandvik in
Sandviken is referred to as Sandvik.

7.4.1 Gasification and methanation system at Sandvik in Sandviken

In Paper 1V, substitution of LPG with bio-syngas as fuel in reheating furnaces at Sandvik
in Sandviken was studied. A partial fuel substitution and a full-scale fuel substitution
were analysed. The gasification systems analysed were a 4 MWy, fixed bed high
temperature agent gasifier (HTAG) in the case of a partial fuel substitution and a 45
MWy, circulating fluidized bed gasifier (CFBG) in the case of a full-scale fuel
substitution. Excess heat from the gasifier was assumed to be delivered to a DHS.
Specifications of the gasifiers can be seen in Table 7.

Table 7. Specifications of the biomass gasifiers used in the analysis in Paper IV.

Gasifier Biomass Operating Oxidant Required Efficiency Energy
input time, moisture  Syngas DH content of
(MWy,)  (h/year) content of bio-
biomass syngas
(MJI/Nm®)
HTAG 4 8000 Air <10% 0.80 0.10-0.15 6-8
CFBG 45 8000 Steam  <10% 0.80 0.10-0.15  15-18

In Paper V, substitution of LPG with bio-SNG as fuel in Sandvik’s reheating furnaces
was studied. In the Biokombi Rya project (Chalmers Energy Centre, 2007), a gasification
system had previously been designed to produce bio-SNG for export to a natural gas grid.
Performance data for the gasifier in the Biokombi Rya project were used as input to the
study in Paper V (Table 8). Figure 12 shows a schematic picture of the system with the
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steel plant and the gasification system. The gasifier studied was a pressurised, oxygen-
blown CFBG with a gas cleaning system comprised of a high temperature filter and
catalytic tar reforming technology. CFBG is considered suitable for biomass gasification
since it is rather insensitive to fuel quality. It was assumed that the gasifier operated
8000 h/year. The system studied included an air separation unit (ASU) for production of
oxygen to the gasifier and a steam turbine for electricity production from excess heat
from the gas cooling processes. It was assumed that excess heat from the gasification
system could be delivered to a DHS all production hours.

Table 8. Performance data for the gasification and methanation system analysed in
Paper V. The capacity of the gasification system is 45 MWy, and it operates at
43 MW4,. The system includes a circulating fluidized bed gasifier, a gas cleaning
system, a methanation reactor, an air separation unit (ASU) and a steam turbine. Data
was based on (Chalmers Energy Centre, 2007).

Biomass input  SNG output Electricity (MW,) DH production  Efficiency

(MWth) (MWbio-SNG) (MWheat)
43 27.6 Demand: 3.2 10.2 SNG: 0.64
Production: 2.4 Electricity: -0.02
Net production:  -0.8 DH: 0.24
Electricity
oil Steel scrap
AP M B AP R S T
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Bio-SNG : e —
E : steel [ Gas | Bio-SNG Gassﬁcahf)n, | Heat Dtstr_n:t
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Figure 12. Schematic illustration of the system studied in Paper V. Dotted arrows are new
energy flows introduced when the gasification system produces bio-SNG to the steel
plant.
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This chapter describes the methodologies and input data used in the analysis of this
thesis.

Five of the papers in this thesis evaluate how energy recovery or fuel substitution would
affect CO, emissions. Paper | presents effects on direct fossil CO, emissions, while the
other papers analyse global CO, emissions and include emissions from marginal
electricity production. In Paper I, Paper IV and Paper V the fact that biomass can be seen
as a limited resource is considered and alternative use of wood fuel is taken into
consideration in the evaluation of global CO, emissions. Sensitivity analysis of
investment opportunity and effects on global CO, emissions was conducted using future
energy market scenarios (EMS). Table 9 shows an overview of which methodology is
used in which of the appended papers.

Table 9. An overview of methodologies used in the appended papers.

Methodology approach  Paper | Paper Il Paper 111 Paper IV Paper V Paper VI

Economic analysis X X
Energy market scenarios X X X
CO, emissions evaluation X X X X X
Interview X

8.1 Energy market scenarios

To assess profitability and net CO, emissions reduction of future or long-term energy-
related investments it is important to consider possible developments of future energy
market conditions. By using a number of different EMS that outline possible cornerstones
of the future energy market, reliable results can be achieved. It is important that the
energy market parameters within an EMS are consistent, i.e., the energy prices must be
related to each other. The EMS used in Paper Il, Paper IV and Paper V were generated by
the Energy Price and Carbon Balance Scenarios tool (the ENPAC tool). The tool was
developed at Chalmers University of Technology and a thorough description of the tool
was presented by Axelsson and Harvey (2010) and Axelsson et al. (2009). The ENPAC
tool proposes energy market prices for large-volume customers, based on European
market fossil fuel prices and climate mitigation policy instruments. An overview of the
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ENPAC tool can be seen in Figure 13. Inputs to the tool are fossil fuel prices on the
European commodity market and policy instruments. With these inputs, the potential
marginal energy conversion technologies in the energy markets can be determined as well
as end-user energy prices and CO, emissions associated with marginal use of the energy
carriers. The ENPAC tool has been used in a number of previous studies, see, for
example, (Johansson et al., 2012; Wetterlund et al., 2011; Wetterlund and Séderstrém,
2010; Heyne and Harvey, 2013; Fahlén and Ahlgren, 2009).

Fossil fuel prices on the European Policy
commodity market l instruments
| Fossil fuel market model |4—
Fossil fuel prices and CO, emissions
associated with fuel usage
A 4
— Availability
| Electricity market model |<— of CCS
Wholesale electricity price and CO, emissions ,

1 associated with marginal use of electricity

- -il Bioenergy market model |<—

Wood fuel prices and CO, emissions

_—
associated with marginal use of wood fuel
Heat market model |
Heat production price and CO, emissions

associated with marginal heat production

Figure 13. Overview of the ENPAC tool. Green arrows represent required input to
the tool. Boxes represent calculation units for different energy markets. Black arrows
represent information flow within the tool and blue arrows represent output from the
tool, i.e., energy market. (Reprinted with the permission from Axelsson and Harvey
(2010) p. 5)

In this thesis, it was assumed that in the time period analysed (2030) there would be a
totally deregulated European market for electricity and biomass, while the market for DH
would be determined by local conditions. In the ENPAC tool, build-margin technology
for electricity generation was assumed to be CCP plants or natural gas combined cycle
(NGCC) plants (Axelsson and Harvey, 2010). Biomass was limited to low and high grade
wood fuels, e.g. forestry logging residues and wood pellets, and the ENPAC tool
considered two potential marginal users of these wood fuels: CCP plants with wood fuel
co-firing or producers of biofuels to the transport sector. Two types of Swedish DHS
were considered: (1) DHS in which most of the heat was produced in bio-fuelled heat-
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only boilers® (bio-HOB) and (2) DHS in which most of the heat was produced in bio-
fuelled CHP (bio-CHP) plants™. The bio-HOB system and the bio-CHP system were
assumed to represent small Swedish heat systems and large Swedish heat systems
respectively. The value of delivering industrial excess heat to a DHS was set by the heat
prices a new heat supplier would have to compete with.

8.2 Economic evaluation

In Paper 111 and Paper V, techno-economic evaluations have been performed. Investment
data and technical performance of the electricity generating technologies analysed in
Paper 1Il have been attained through personal contact with manufacturers and suppliers
and from supplier’s websites. In Paper V, economic and technical specifications for the
bio-SNG production plant were found in literature while information about the steel
plant’s productions processes, energy demand and energy costs were provided by
personnel at the steel plant. Investment data for the gasification system was taken from
Chalmers Energy Centre (2007) and was adjusted to the base year 2010 using the
Chemical Engineering Plant Cost Index (CEPCI, 2011) and currency index. The
gasification system was assumed to be scalable according to the general equation,
Equation 1.

c s 1R )
o [Sbase] Equation 1
where C is investment cost and S is plant capacity for a new plant, and Cpase are known
investment cost for a certain capacity, Spase. The scale up factor, R, was set to 0.7. This
value is an average value for chemical processing plants (Remer and Chai, 1990).

Investment cost was discounted using the annuity method. For the electricity generating
technologies in Paper I11, a discount rate of 10% and a 15-year discount period were used,
which generated a capital recovery factor (CRF) of 0.13. For the gasification system in
Paper V, a discount rate of 6% and a 20-year discount period were used, which generated
a CRF of 0.09. Investment in biomass gasification was seen as a strategic investment and
therefore allowed to have a longer payback period. Paper V also contained a sensitivity
analysis where the discount rate was increased to 12% (see Table 10).

In both papers net annual profit (NAP) was calculated for the investments. In Paper IlI,
NAP for electricity production from low-temperature excess heat was calculated using
Equation 2.

NAP=Re| - Cc - Cogm Equation 2

where Rg is revenue for electricity production, C. is annual capital cost for the electricity
production technology and Cogu is annual operation and maintenance (O&M) costs.

® Composition of heat production: 85% bio-HOB, 4% coal-HOB, 2% NG-HOB, 4% oil-HOB,
4% other renewables

10 Composition of heat production: 54% bio-CHP, 3% coal-CHP, 28% bio-HOB, 4% heat pumps,
6% NG-CHP, 1% coal-HOB, 1% NG-HOB, 1% 0il-HOB, 1% other renewables
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In Paper V, two system costs were compared: (1) the existing system where the reheating
furnaces are fuelled with LPG, and 2) a system where the steel plant has invested in a
biomass gasifier and the reheating furnaces are fuelled with bio-SNG from the gasifier.
NAP for the investment in a biomass gasifier and fuel substitution was calculated using
Equation 3.

NAP= Csystem,LPG 'Csystem,SNG =
(Crpg +Celvap) - (Cinvg+Cogam,BG+Chiomass+ Cel,Bc -RoH) Equation 3

where Cipg is annual cost for purchased LPG, Cevap is annual cost for electricity for
vaporisation of LPG, Cinsc is annual capital cost with regard to investment in a biomass
gasification system, Cogmpc IS annual O&M costs for the biomass gasification system,
Chiomass 1S annual cost for biomass to the gasifier, Cegc is annual cost for electricity to the
gasification system and Rpy is annual revenue for sold heat to the DHS.

Additionally, net present value (NPV) was calculated for the electricity generation
technologies studied in Paper I1l. NPV was calculated using Equation 4.

NPV = ZfT=0_(1iti)t Equation 4

where 7is the discount rate and R:is the net cash flow during period t Positive
values for NPV infers that the investment would be profitable, and the higher the
value, the more profitable the investment.

8.2.1 Investment input data

Economic data for the electricity generating technologies analysed in Paper 111 was taken
from personal contact with suppliers of the technologies. Table 10 presents investment
costs and O&M costs used in the analysis.

Table 10. Economic data for three technologies that can be used to generate
electricity from low-temperature excess heat.

PCM engine ORC TEG
Supplier Exencotech AB Opcon AB TEG power
Size (KWe) 750 750 0.200
Investment cost M€ 1.5 M€ 1.2-1.3 € 1,600
O&M costs 27,000 11,300 -

(€lyear)

Economic data for the bio-SNG production plant analysed in Paper V was based on a
report completed by Chalmers Energy Centre (2007). The investment costs and O&M
costs used in Paper V are presented in Table 11. The base case analysed was a 45 MWy,
gasification and methanation system, a discount rate of 6% and a discount period of
20 years.
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Table 11. Economic data for investment in a gasification system which produces bio-
SNG from wood pellets. The system includes a CFB gasifier, a gas cleaning system,
a methanation reactor, an air separation unit (ASU) and a steam turbine. Data was
based on Chalmers Energy Centre (2007). 1 €= 8.88 SEK

Biomass 45 MWy, 45 MWy, 55 MWy, 55 MWy, 45 MWy, 45 MWy,
input
capacity

Discount 6 12 6 12 6 6 %
rate

Investment

TIC (total ~ 75.5 75.5 86.9 86.9 60.4° 453" ME
investment
cost)

Capital cost 6.6 10.1 7.6 11.6 53 3.9 M¢€/year

Operation
and
maintenance

Fixed cost 2.6 2.6 3.0 3.0 2.1 1.6 M€/year
(3.5% of

TIClyear)

Variable 3.6 3.6 3.6 3.6 3.6 3.6 €/MWh
cost biOmassinput

420% reduced TIC compared to the base case.
®40% reduced TIC compared to the base case.

8.2.2 Data for energy markets scenarios

In Paper V, EMS were used to evaluate future investments in a biomass gasifier and fuel
substitution at the steel plant. The EMS were generated by the ENPAC tool and can be
seen in Table 12. Inputs to the ENPAC tool were fossil fuel prices and CO, emissions
charges on the European commodity market, taken from World Energy Outlook 2011
(IEA, 2011) which represents the current policies (CP) scenario, the new policies (NP)
scenario and the 450 ppm™ scenario. The global scenarios in World Energy Outlook were
developed by the International Energy Agency (IEA). The CP scenario assumes that no
new policies are added to those in place in 2011, whereas the NP scenario assumes that
recent policy commitments (made up to the year 2011) are supposed to be implemented.
The 450 ppm scenario is based on a global energy pathway that with a 50% chance could
meet the goal of limiting the increase in global mean temperature to 2°C above pre-
industrial levels. This goal could be reached if the long-term concentration of GHGs in
the atmosphere is limited to 450 ppm of CO,-eq.

1 ppm is abbreviation for parts per million
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Table 12. Prices used in the energy market scenarios (EMS) for 2030 with a
monetary value of 2010. The prices that are output from the ENPAC tool are end-
user prices, including CO, charge. Input to the ENPAC tool was fossil fuel prices
and CO, emissions charges taken from World Energy Outlook 2011 (IEA, 2011)
which represents the current policies scenario (input to EMS-1), the new policies
scenario (input to EMS-2) and the 450 ppm scenario (input to EMS-3).

Input data to the ENPAC tool

Scenario in World Energy Outlook 2011 CP NP 450 ppm
Fossil fuel prices
Crude oil ($/barrel) 135 117 97
Natural gas ($/Mbtu) 13 12 10
Coal ($/tonne) 116 109 74
CO, charge, EU-ETS (€/tonne) 30 30 72

Support for renewable electricity” (€/MWh,) 20 20 20
Support for renewable fuel® (€/MWhye)

Substitute for diesel 26 26 26
Substitute for petrol 35 35 35
Output from the ENPAC tool
Energy market scenario (EMS) 1 2 3
Build-margin technology for electricity CCP® CCP” NGCC°
Marginal user of wood fuel FT® FT® CCP®
Energy prices
LPG (€/MWhgye) 103 94 94
Wood pellets (€/MWhge) 52 47 57
Electricity (€/MWh,) 68 67 86
Industrial excess heat, sales price (€/MWhpea)
Bio-HOB in Sweden 43 39 47
Bio-CHP in Sweden 18 12 15

#European average value

> Coal condensing power plant

°Natural gas combined cycle

?Producer of FT diesel

¢ Coal condensing power plant with co-firing of wood fuel

8.3 CO, emissions evaluation and input data

In Paper 11-V effects on global CO, emissions were investigated. Marginal electricity was
assumed for changes in electricity production and use. Biomass was seen as a limited
resource on the European market and alternative use of wood fuel was considered.
Scenario analysis was used in Paper Il, Paper IV and Paper V to be able to consider
possible developments of future energy market conditions. Consistent EMS for the
analysis were generated by the ENPAC tool and output from the tool was CO, emissions
factors for fossil fuels, wood fuel, electricity and heat. The emissions factors depend on
the build-margin technology for electricity production, the marginal user of wood fuel
and the type of heat production in the DHS. In Paper IV, an earlier version of the ENPAC
tool was used and other price levels were used as input to the tool. Axelsson and
Pettersson (2014) provide a summary of recent updates of the ENPAC tool during
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2011-2014. To facilitate a combined analysis of the results from all three above-
mentioned papers, the results from Paper 1V have been recalculated using the same EMS
as in Paper Il and Paper V. The CO, emissions factors used in the calculations of effects
on global CO, emissions can be seen in Table 13.

Table 13. CO, emissions factors for the energy carriers analysed in Paper I, Paper
IV and Paper V. Input to the ENPAC tool was fossil fuel prices and CO, emissions
charges taken from World Energy Outlook 2011 (IEA, 2011) which represents the
current policies scenario (input to EMS-1), the new policies scenario (input to
EMS-2) and the 450 ppm scenario (input to EMS-3). Prices are for year 2030 but in
the monetary value of 2010.

Input data to the ENPAC tool
Scenario in World Energy Outlook 2011 CP NP 450 ppm
Fossil fuel prices

Crude oil ($/barrel) 135 117 97
Natural gas ($/Mbtu) 13 12 10
Coal ($/tonne) 116 109 74
CO, charge, EU-ETS (€/tonne) 30 30 72

Support for renewable electricity® (/MWh,) 20 20 20
Support for renewable fuel® (€/MWhye)

Substitute for diesel 26 26 26
Substitute for petrol 35 35 35
Output from the ENPAC tool
Energy market scenario (EMS) 1 2 3
Build-margin technology for electricity CCP® CCP” NGCC®
Marginal user of wood fuel FT* FT° cCCP®
CO;, emissions factor
LPG (kg CO2/MWhyye)) 245 245 245
Biomass (kg COo/MWhyyel) 118 118 356
Electricity (kg CO,/MWh,) 714 714 340
District heating (kg CO2/MWhpear)
Bio-HOB in Sweden 150 150 363
Bio-CHP in Sweden -20 -20 351

® European average value
® Coal condensing power plant

°Natural gas combined cycle
?Producer of FT diesel

¢ Coal condensing power plant with co-firing of wood fuel

Increased production of DH in a Swedish bio-CHP system would according to Table 12
reduce global CO, emissions in EMS 1 and 2. The main reason for this is that the
additional electricity produced in the system (electricity and heat are cogenerated) is
assumed to replace electricity production in CCP plants, which has specific fossil CO,
emissions of 714 kg/MWhe.
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8.4 Interviews

The study in Paper V1 is of explorative nature and aims to answer questions like ‘How’
and ‘Why’. For that kind of study, a qualitative research method is appropriate. In-depth
interviews are a qualitative research method that is suitable to use when eliciting detailed
information from relatively few persons (Kvale, 1996). Therefore, in-depth interviews
were used in Paper VI, to gain a deeper understanding of how energy managers at
Swedish steel plants perceive their own and their companies’ efforts to improve energy
efficiency. The interviews were semi-structured and thus allowed for follow-up questions
and discussion. Interviews with energy managers from 11 Swedish steel plants were
conducted. The interviews were completed in Swedish, face-to-face at the respondents’
companies and lasted on average 60 minutes. All interviews were audio-recorded and
transcribed in full and the interviewees are anonymised in the thesis. An English
translation of the interview guide can be found in Appendix 1. The interviewees were
members of the Energy Council at Jernkontoret and they were selected due to this
membership and the fact that they were responsible for energy issues at their companies.
The council serves as a meeting place for energy managers at Swedish steel plants and
one of the objectives of the study was to investigate the importance of networking
between energy managers. Of the selected steel plants, seven had their own steel
production and four only performed forming and shaping processes. The number of
employees at the plants ranged between 65 and 4,600, and the annual energy use ranged
between 4 GWh and 11 TWh. The respondents had been employed at their companies
between 4 and 40 years and the majority were engineers.

Analysis of the interviews was performed by identifying themes and categories that could
answer the research questions. By finding common themes and categories it was possible
to compare and analyse the interview data. Some of the categories found were:
implemented measures, barriers, future prospects, energy vision, organisation with regard
to energy issues, resources, authority of the energy manager, information to employees,
awareness, and cooperation.

In the interviews, the respondents gave subjective views on the subjects discussed, and
other persons at the company might have a different opinion. At the same time, the
positions of the interviewees and the fact that they influenced the company’s work with
energy efficiency measures made them interesting actors to interview. Results from the
study could not be generalised to the whole iron and steel industry, but could serve as an
indication of how energy management in Swedish steel industry is performed. Moreover,
results from the study could be used to give recommendations on how to accomplish
efficient energy management.
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This chapter presents the main findings of the appended papers. It starts with an overview
of energy recovery and fuel substitution options for the iron and steel industry. Then the
chapter continues with a study on recovery of industrial excess heat and in particular
excess heat from the steel industry. Options to convert from fossil fuels to bio-syngas or
bio-SNG are presented and analysed and the importance of efficient energy management
for improving energy efficiency in the Swedish iron and steel industry are analysed.

9.1 Energy recovery and fuel substitution

There are several options for the iron and steel industry to utilise its energy flows more
efficiently and to substitute fossil fuels with renewable alternatives and hence become
more climate neutral. Paper | presents opportunities for integrated steel plants and scrap-
based steel plants to improve their energy efficiency and to substitute fossil fuels with
biomass. Paper Il and Il analyse technologies for the recovery and utilisation of
industrial excess heat. Table 14 presents results from Paper | and Paper Il and gives an
overview of different measures that could be implemented at a steel plant to improve
energy efficiency and reduce CO, emissions. Integrated steel plants have more options to
consider as the processes of integrated iron and steelmaking are more complex than
scrap-based steelmaking. Both integrated and scrap-based steel plants have excess heat
flows in flue gases, cooling water and hot materials. Industrial excess heat could be
utilised for heating purposes or converted into other energy forms. When considering how
excess heat recovery affects global CO, emissions, it is not obvious which would be the
most efficient recovery measure. This depends on the energy market, i.e., the marginal
electricity producer and the marginal user of wood fuel. This is analysed in Section 9.2.2.

Integrated steel plants are more fossil fuel dependent than scrap-based steel plants, but
have more options to convert to renewable alternatives. For example, large amounts of
fossil coal are used as reducing agent in the blast furnace and part of that coal can be
replaced with charcoal. However, as the coke acts as a physical support material and
ensures gas permeability and process drainage it is not possible to substitute all the coke
in large blast furnaces. The fossil pulverised injection coal could be substituted with
pulverised charcoal. However, the charcoal is more porous than fossil coal which may
hinder high injection rates through the tuyéres (Feliciano-Bruzual and Mathews, 2013).
Both integrated and scrap-based steel plants have the opportunity to substitute fossil fuels
in reheating furnaces with syngas or SNG produced from biomass. It is not obvious that
substitution of fossil fuels with biomass in the steel industry results in reduced global CO,
emissions. Again, this depends on the energy market (see Section 9.3.2).
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Table 14. Energy efficiency and fuel substitution options for integrated and scrap-
based steel plants.

Scrap-
Integrated based
steel steel
Measure plant plant Resource Product/Effect Efficiency
Process gases for X COG, BFG, Electricity/Steam/District  28% electricity
CHP production BOFG® heating efficiency, 71%
total efficiency,
a=0.66"
Hot water from X X Heat Hot tap water, heat to Depends on the
cooling beds production processes, configuration
local space heating
and/or district heating
systems
Absorption cooling X X Heat Cooling Coefficient of
performance
(cop) 0.5-0.8°
Organic Rankine X X Heat Electricity 5-20%"°
cycle (ORC) electricity
efficiency
Kalina cycle X X Heat Electricity 12-17%°
electricity
efficiency
Thermoelectric X X Heat Electricity 1-5%" electricity
generator (TEG) efficiency
Stirling engine X X Heat Electricity 13-36%°
electricity
efficiency
Phase change X X Heat Electricity 2.5-9%'
material (PCM) electricity
engine efficiency
Thermophotovoltaic X X Heat Electricity 4.7-20%"
(TPV) (Infrared electricity
radiation) efficiency
Top pressure X Heat and Electricity 40-60 kWh
recovery turbine pressure electric_:ity/tonne
(TRT) of iron'
Coke dry quenching X Heat Heat recovery (Steam, 35% heat
(cbQ) electricity) recovery
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Scrap-
Integrated based
steel steel
Measure plant plant Resource Product/Effect Efficiency
Methane reforming X COG® Syngas (Methanol) 56-67%"
of coke oven gas methanol
conversion
efficiency

Biomass as reducing X Charcoal, CO, emission mitigation N/A
agent biomethane

etc.
Biomass as fuel in X X Syngas/SNG  CO, emission mitigation ~ N/A
reheating furnaces from

biomass
Direct reduced iron X X Iron ore, DRI N/A
(DRI) production syngas/COG"
Thermal energy X X Heat Heat N/A
storage (TES)
Industrial symbiosis X X Energy, Efficient use of resources N/A

materials, and CO, emission

water, mitigation

information

#COG=Coke oven gas, BFG= Blast furnace gas, BOFG= Basic oxygen furnace gas.

®Energy input in this example is 12% COG, 68% BFG, 17% BOFG and 3% oil (Lulekraft AB,
2010)

¢ Lindmark (2005); Rydstrand et al. (2004); Srikhirin et al. (2001)

“Velez et al. (2012)

¢ Asp et al. (2008); Ogriseck (2009)

fJohansson and Soderstrom (2013)

9Persson and Olsson (2002); Rogdakis et al. (2012); Chen et al. (2012); Cool Energy Inc (2013)
"Bauer et al. (2004); Qiu and Hayden (2014)

Xu and Cang (2010)

1Zeng et al. (2009)

¥ Lundgren et al. (2008)

Implementation of one of the technologies listed in Table 14 may affect the
implementation potential of another. As an example, process gases for CHP production
reduce the amount of COG available for methane reforming and vice versa. COG could
also be used as reducing agent in a DRI process and the DRI could be charged into the BF
as high-quality iron feedstock, into the BOF as cooling agent or into an EAF, substituting
scrap. In conclusion, the three above-mentioned technologies compete for process gases
as a resource. The technologies using heat as source of energy could compete or coexist.
TPV systems could use heat sources with temperatures higher than 1000°C (e.g. hot flue
gases, hot material such as steel products and slag) and heat losses from this system (e.g.
cooling water) could serve as input to DHS, thermal energy storage (TES), absorption
cooling, ORC, Kalina cycle, PCM engine, Stirling engine or TEG. Coke dry quenching
(CDQ) and top pressure recovery turbine (TRT) do not compete with other technologies
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presented here. The most common practice is to cool hot coke from coke ovens with
water in quenching towers, but in the CDQ process the coke is cooled with an inert gas in
dry cooling plants. The hot quenching gas could then be used to generate steam,
electricity and DH. TRT uses heat and pressure in BFG to produce electricity. TRT
systems are installed at BF after gas cleaning equipment. Conventionally, the pressure of
the BFG is reduced at a septum valve without any energy recovery. However, with the
TRT the BFG expands in a turbine to reduce the pressure. The mechanical energy from
the turbine generates electricity in a generator. Thermal solar panels or arrays of water-
filled copper pipes could be placed at cooling beds to recover radiation heat from hot steel
products (Nilsson, 2003; Tarrés et al., 2014). The hot water produced could be used to
heat buildings at the steel plant or be delivered to DHS. Heat recovery with thermal solar
panels could prevent heat recovery with TPV. However, often steel beams and tubes on
cooling beds have temperatures below 1000°C, which means that in these cases TPV is
not applicable. The electricity generating technologies ORC, Kalina cycle and PCM
engine can all use cooling water with temperatures below 100°C as heat source, which
means that implementation of one of these may affect the implementation potential of the
other. However, the PCM engine is the only technology (of the above mentioned) which
can use heat sources with temperatures down to 25°C to produce electricity. Utilising
excess heat from the steel plant as DH means that there would be less heat available for
electricity production and vice versa. The iron and steel industry has large amounts of
cooling water with temperatures around 40°C. The temperature is too low for DH, but the
cooling water could be used to heat e.g. greenhouses.

9.2 Recovery of industrial excess heat

In Paper IlI, untapped industrial excess heat potential in Gévleborg County was
investigated and different options for recovery and utilisation of the heat were analysed.
Measures for the recovery of industrial excess heat were grouped into four categories:
heat harvesting, heat storage, heat utilisation and heat conversion. Heat harvesting
equipment (heat exchangers, heat pumps and heat radiation collectors) can be used to
transfer the excess heat from the heat source to another medium more suited for
subsequent heat storage or heat utilisation. Heat exchangers and heat pumps are
commercial technologies but heat radiation collectors have not commonly been used in
applications for industrial excess heat recovery. There are a few examples of thermal
collectors that have been used to recover heat radiation from cooling beds in steel
industry, see for example Nilsson (2003) and Tarrés et al. (2014).

When the dynamics of the excess heat production do not match the dynamics of the heat
demand or when the excess heat generation is larger than the heat demand, heat storage
technologies can be used to store the heat for later use or to transport the heat to suitable
heat sinks in other areas. There are three mechanisms for thermal energy storage (TES)
(Tian and Zhao, 2013): sensible heat storage, latent heat storage and chemical heat
storage. In sensible heat storage the temperature of the storage material (solid or liquid) is
elevated when storing heat. An example of a simple sensible heat storage system is an
insulated water tank. Latent heat storage involves phase changes of a PCM. During heat
storage the PCM melts without any significant temperature increase of the material.
Examples of PCMs are paraffin and inorganic salts. In chemical heat storage, heat is
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stored as chemical energy through endothermic chemical reactions and can be released in
the reverse exothermic reaction.

The excess heat can be used for heating purposes at the industry or be transported to DHS
outside the industry or to other industries and facilities with a heat demand. Excess heat is
considered a very low-cost source of energy, which implies that energy conversion to
electricity could be advantageous despite low conversion efficiencies. The heat-driven
electricity generation technologies analysed in this thesis (see Table 13 in Section 9.1) are
at different stages of development*?, from research and development to commercial.

The untapped excess heat potential in Gévleborg County, reported by the firms answering
the questionnaire, totalled approximately 0.8 TWh/year. This potential represents 8.4% of
the energy use among the firms that completed the questionnaire and 7.1% of the energy
use in the industrial sector in Gavleborg County. Reported industrial excess heat sources
were hot flue gases, hot air, cooling water and hot material, see Figure 14. Although these
heat sources were reported by different industry sectors, they could also be found in the
iron and steel industry and the recovery options could therefore be of interest for this
industry sector. Because not all the firms completed the questionnaire, the excess heat
potential in Gavleborg County is probably underestimated. Moreover, it is likely that
some of the firms that completed the questionnaire did not report all their excess heat
flows, but only those which they had quantified. As an example, steel companies in the
county did not report heat in hot materials as a source of excess heat. These companies
have steel production in EAF and obviously there are hot materials such as hot steel slabs,
ingots and slag. If these heat sources would have been included in the analysis the
potential would probably be much larger.

12 Research and development scale is the first stage of development in which a method is
experimentally tested. The next stage, the pilot scale, is a small production facility operating at a
modest throughput, designed to prove or test a method. Demonstration scale is bigger in operation
than a pilot plant, but smaller than a commercial plant. It is designed to demonstrate the
commercial feasibility of a process.
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Figure 14. Untapped industrial excess heat potential®® in Gavleborg County in
Sweden. Input to the calculations of potential was taken from a questionnaire. The

response rate was 33% which means that the potential is probably underestimated.

As can be seen in Figure 14, the largest excess heat potential reported was carried in
water, while the highest temperatures were found as heat carried in materials. Two
options for recovery and external use of the industrial excess heat in Gavleborg County
were considered in the study: heat delivery to DHS, and electricity production. The
recovery output can be seen in Figure 15. Heat sources with temperatures below 95°C
were considered unfeasible for DH delivery. However, all heat sources with temperatures
higher than 25°C were included in the calculations of electricity generation.
Consequently, a larger amount of the excess heat was utilised in the case of electricity
generation. However, the energy recovery output was larger for DH delivery, due to low
conversion efficiencies of the electricity generation technologies. Heat pumps could be

13 Some excess heat potentials are (or are almost) rounded to zero in the graph. These are: water
(55°C) 1 GWhl/year; water (95°C) 2 GWh/year; flue gases (75°C) 2.8 GWhl/year; flue gases (not
specified) 0.1 GWh/year; and air (45°C) 1 MWh/year.
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used to increase temperatures of heat sources and consequently increase the amount of
heat suitable for DH delivery, but that was not investigated in this thesis. Heat recovery
for DH delivery leaves excess heat sources with temperatures below 95°C unutilised.
These heat sources could be used to generate electricity in e.g. a PCM engine. Adding this
electricity production to the DH delivery would give a recovery potential where all heat
sources are utilised. This would give a total recovery potential of about 104 GWh/year
which corresponds to 13% of the reported available industrial excess heat in Gavleborg
County.

100
90 M Electricity (TPV, solid heat
80 source temperature 1000-
70 1800°C)
5 60 Electricity (ORC, heat source
[ o
E 50 temperature 80-480°C)
2 a0
30 M Electricity (PCM-engine, water
I heat source temperature 25-
20 80°C)
10 B DH (heat source temperature
0 >95°C)

DH Electricity

Figure 15. Recovery of industrial excess heat in Gavleborg County for use as DH or
electricity generation.

9.2.1 Economic evaluation of electricity production from low-temperature excess
heat

In Paper Ill, three technologies for the generation of electricity from low-temperature
industrial excess heat were evaluated in more detail with regard to temperature range of
heat source, capacity and economy. The technologies studied were TEG, ORC and PCM
engine.

Because TEG, ORC and PCM engine use heat of different temperature ranges, there is
potential for concurrent implementation of two or more of these. TEG based on bismuth
telluride can utilise heat sources with temperatures from 150 to 300°C, ORC designed for
low-temperature heat sources can utilise heat sources with temperatures between 55 and
300°C and the PCM engine can generate electricity from heat sources with temperatures
between 25 and 95°C. Figure 16 shows the range of available sizes of the technologies
and in what temperature range the technologies operate.
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Figure 16. Available sizes of the electricity generation systems and temperature
range of utilised heat source.

Results in Paper 111 show that with a discount rate of 10% and an economic lifetime of 20
years, TEG would not be feasible and profitable for large-scale low-temperature industrial
heat recovery. However, the analysis indicated that heat recovery with ORC and PCM
engine system could be profitable. As shown in Figure 17, ORC would be more profitable
than PCM engine if the heat source temperature was higher than 80°C while the PCM
engine system would be more cost-effective if the heat source was below 80°C.
However, profitability is site-specific and costs for auxiliary equipment, such as pipes and
pumps for transportation of excess heat and cooling water, were not included in the
calculations and has to be considered from case to case.
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Figure 17. The net present value of an ORC system and a PCM engine system,
operating 8000 h/year with a heat source flow rate of 350 m/h. For 4000 h/year, the
cooling water has a temperature of 5°C and 4000 h/year the cooling water
temperature is 20°C. Electricity price was set at 61 €/MWh during winter
(6 months/year) and 45 €/ MWh during summer (6 months/year). Discount rate was
10% and economic lifetime was 20 years.

9.2.2 CO;emissions evaluation

The results are based on the assumptions that wood fuel is a limited resource on the
European market and increased or reduced electricity production affects marginal
electricity production in Europe.

When industrial excess heat is delivered to a DHS the fuel demand in the DHS is reduced
and this affects global CO, emissions. If the DHS is based on biomass utilisation, biomass
would then be available for the marginal user of biomass. Effects on global CO,
emissions depend on the type of heat production being replaced. Figure 18 shows
reductions in global CO; emissions if industrial excess heat in Gavleborg County™* would
be recovered and used for DH delivery or electricity production. When the heat producer
is a Swedish bio-HOB system, excess heat delivery would reduce global CO, emissions
in all scenarios studied. The reduction would be larger if the marginal user of wood fuel is
a CCP plant with co-firing of wood fuel (EMS-3) than a producer of FT diesel (EMS-1
and EMS-2). When excess heat replaces heat production in a Swedish bio-CHP system,
emissions would decrease when the marginal user of wood fuel is a CCP plant with co-
firing of biomass (EMS-3), but when the marginal user of biomass is a producer of FT
diesel (EMS-1 and EMS-2) emissions would increase. This can be explained by the fact
that the bio-CHP system co-produces heat and electricity and when the demand for heat
production is reduced, electricity production is also reduced. The reduced electricity
production is compensated for with marginal electricity production. Fossil CO, reductions

1 The excess heat potential is based on a questionnaire with a response rate of 33%.
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as a result of substituting fossil transportation fuel with FT diesel could not compensate
for the increased emissions derived from increased marginal electricity production. If the
excess heat would instead be used to produce electricity, the result would be reduced CO,
emissions in all scenarios studied. The reductions are larger if the marginal electricity
producer is a CCP plant (EMS-1 and EMS-2) than if it is a NGCC plant (EMS-3).

When comparing the results of DH delivery and electricity production in the case of
Gavleborg County, it is important to remember that in the calculations, all heat sources
were utilised to produce electricity, but only heat sources with temperatures of 95°C or
higher were used for DH delivery. However, an analysis of CO, emissions reductions if
only heat sources with temperatures of 95°C or higher would be recovered, shows that the
emissions reductions would be larger when the heat is used for DH than for electricity
generation in all scenarios except EMS-1 (bio-CHP) and EMS-2 (bio-CHP). This shows
the advantages of CHP production in terms of effects on global CO, emissions.
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Figure 18. Reductions in global CO, emissions if industrial excess heat in Gavleborg
County is recovered and (1) delivered to a DHS or (2) used to generate electricity in
a phase change material (PCM) engine, an organic Rankine cycle (ORC) and with
thermophotovoltaics (TPV). Bio-HOB: DHS based on heat-only boilers fuelled with
wood fuel. Bio-CHP: DHS based on wood fuel fuelled combined heat and power
production. The excess heat potential is derived from a questionnaire and is probably
underestimated.

64



Chapter 9. Results and analysis

9.3 Bio-syngas and bio-SNG as fuel in reheating furnaces

LPG used as fuel in steel industry reheating furnaces can be substituted with syngas and
SNG produced through gasification of wood fuel. Paper IV and V analyse these options.
The introduction of bio-syngas or bio-SNG can be done by (1) partially substituting the
LPG or (2) performing a full-scale substitution. In the first alternative, the biofuel could
be mixed with LPG and the mixture could be used as fuel. Another solution for a partial
fuel substitution would be to use LPG as fuel in the heating zone and bio-syngas in the
soaking zone (temperature equilibration) in continuous furnaces. However, a full-scale
fuel substitution would be the most viable solution, where furnaces and gas handling
systems could be adjusted to one fuel. In this case natural gas or liquefied natural gas
(LNG) (when there are no pipelines for natural gas) could be used as back-up fuel in case
of productions disruption in the gasifier. Bio-SNG and fossil natural gas have in principle
the same chemical gas property.

Before a fuel switch, modifications have to be done in furnaces and gas distribution
systems, and an automatic control system which can compensate for fluctuations in fuel
gas heating value has to be installed. As bio-syngas and bio-SNG have lower heating
values than LPG, burners in the furnaces have to be replaced with burners designed for
fuels with lower heating value and larger gas flows would be needed to satisfy the energy
demand. Hence, a fuel gas distribution system with larger dimensions must be built.
Moreover, the size of the steel plant’s existing exhaust gas cleaning system can be a
limiting factor as there would be larger volumes of exhaust gas. Another important
consideration is that the fuel gas must not contain impurities, which can react with the
steel and be deposited on the steel surface or damage furnace equipment. Such critical
impurities are tar and sulphur, which means that the bio-syngas and the bio-SNG have to
be cleaned from these elements before being used as fuel.

9.3.1 Economic evaluation of bio-SNG as fuel in reheating furnaces

In Paper V, the economy of a full-scale fuel switch from LPG to bio-SNG as fuel in
reheating furnaces at Sandvik AB in Sandviken was evaluated. The system cost for
business as usual where the steel plant uses LPG as fuel was compared with the system
cost where the steel plant has invested in a biomass gasification and methanation system
and uses bio-SNG as fuel (see Equation 3 in Section 8.2). All of Sandvik’s major LPG-
fuelled reheating furnaces were included in the analysis. These furnaces consumed
approximately 80% of Sandvik’s annual demand for LPG in reheating furnaces.
Consistent EMS, generated by the ENPAC tool, were used to evaluate future economic
potential for Sandvik in Sandviken to invest in a gasification and methanation system and
to substitute LPG with bio-SNG as fuel in reheating furnaces.

Results from Paper V show that investments in a 45 MWy, gasification and methanation
system and a fuel substitution would not be profitable in any of the scenarios studied.
Sensitivity analysis were performed where the discount rate was increased from 6% to
12%; Sandvik’s fuel demand was increased by 20% and the size of the gasifier was
increased from 45 MWy, to 55 MWy,; the period of excess heat delivery from the gasifier
to the DHS was reduced from 8000 h/year to 5000 h/year; and the investment cost was
reduced by 20% and 40% respectively. The sensitivity analysis shows (see Figure 19) that
a reduction of the investment cost by at least 40% could make the fuel substitution
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profitable for Sandvik in Sandviken in EMS-1 and EMS-2. All other cases resulted in a
negative NAP.

EMS-1 EMS-2 EMS-3 M 45 MWth gasifier, discount rate
4 4 6%
2 W 45 MWth gasifier, discount rate
12%
. 0 1 m 55 MWsth gasifier, discount rate
é 6%
o 27
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g W 45 MWth gasifier, discount rate
s -6 - 6%, DH 5000h/year
g
-8 W 45 MWth gasifier, discount rate
6%, 20% reduced investment
cost
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212 - cost

Figure 19. Sensitivity analysis of net annual profit for investment in a biomass
gasification and methanation system and substitution of LPG with bio-SNG as fuel in
reheating furnaces at Sandvik AB in Sandviken, The base case is investment in a
45 MWy, gasifier, a discount rate of 6% and a discount period of 20 years. The
discount rate is increased to 12% and/or the fuel demand is increased by 20%
(55 MW, gasifier). Additionally, the heat delivery to a DH system, based on bio-
HOB, is reduced from 8000 h/year to 5000 h/year and the investment cost is reduced
by 20% and 40% respectively.

To get a positive NAP and consequently an investment opportunity for site-specific
investments, such as new burners in reheating furnaces, new gas distribution system and
exhaust gas cleaning system, a policy support for renewable fuel or an investment grant
for investing in a gasification and methanation system would be required. Table 15
presents the lowest levels of policy support required to achieve a positive NAP at Sandvik
in Sandviken.
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Table 15. Lowest levels of policy support to achieve a positive net annual profit for
production of bio-SNG and substitution of LPG with bio-SNG in reheating furnaces
at Sandvik in Sandviken, Sweden.

EMS-1 EMS-2 EMS-3

Policy support for renewable fuel

(€/MWhyjo-snG) 11 14 27
Policy support for renewable fuel

(% of total bio-SNG production costs) 10 13 22
Investment grant (% of total investment cost) 35 44 87

Figure 20 shows the costs for bio-SNG and LPG in the EMS investigated. It can be seen
that the lowest production cost for bio-SNG occurred in EMS-2. This is the scenario with
the lowest wood fuel price. It can also be noted that EMS-1 had the biggest difference
between LPG price and biomass price. In conclusion, profitability is highly dependent on
biomass and LPG prices. A low biomass price in relation to a high LPG price would
favour substitution of LPG with bio-SNG. If the price of wood pellets was as specified in
the scenarios, the LPG price would have to be at least 60-65 €/ MWh higher than the price
of wood pellets to get a positive NAP.
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Figure 20. Cost for LPG (including cost for vaporisation of the gas and CO, emission
permits) and production cost for bio-SNG. Symbols above the solid diagonal line
represent scenarios where the production cost for bio-SNG is higher than the cost for
LPG. The dashed line shows the impact of a policy support of 30 €/ MWhyo-snc-
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9.3.2 CO;emissions evaluation

Substitution of fossil fuels with biomass would result in reduced local fossil CO,
emissions. However, the effects on global CO, emissions depend on the energy market. In
Paper IV and Paper V, effects on global CO, emission in case of Sandvik AB in
Sandviken substituting LPG with bio-syngas or bio-SNG as fuel in reheating furnaces
were studied. Three cases were studied: (1) no excess heat delivery from the gasifier to
the DHS; (2) excess heat delivery from the gasifier to a bio-HOB system; and (3) excess
heat delivery from the gasifier to a bio-CHP system. To facilitate comparison and
evaluation in this thesis, the results from the two papers were recalculated with the same
biofuel output and CO, emissions factors (see Section 8.3). Figure 21 shows reductions in
global CO; emissions in case of a fuel switch. Under the assumptions that wood fuel is a
limited resource on the European market and increased or reduced electricity production
affects marginal electricity production in Europe, it would not be advantageous to
substitute LPG with bio-syngas or bio-SNG in reheating furnaces if the marginal wood
fuel user is a CCP plant with wood fuel co-firing (EMS-3). However, when the marginal
wood fuel user is a producer of FT diesel (EMS-1 and EMS-2), a fuel switch at Sandvik
in Sandviken would result in reduced global CO, emissions; the largest reductions would
be achieved if LPG is substituted with bio-syngas and excess heat from the gasifier is
delivered to a bio-HOB system. In conclusion, from a CO, emission perspective, the
options for wood fuel utilisation considered in this thesis should be prioritised
accordingly: (1) as fuel in CCP plants; (2) to produce bio-syngas or bio-SNG and
substitute LPG as fuel in reheating furnaces; and (3) to produce FT diesel to the transport
sector. Bio-SNG is produced from bio-syngas and the conversion efficiency from feed-
stock to final biofuel product is consequently lower for bio-SNG production compared to
bio-syngas production. This explains why it would be more favourable to use bio-syngas
than bio-SNG as fuel (see Figure 21). More excess heat is generated when producing bio-
SNG compared to bio-syngas. Therefore, the possibility to deliver heat to the DHS has a
larger impact on the results for the case with bio-SNG than the case with bio-syngas.
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Figure 21. Reductions in global CO, emissions when LPG is substituted with
bio-syngas or bio-SNG as fuel in reheating furnaces at Sandvik AB in Sandviken.
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To show the impact of the perspective where biomass is seen as a limited resource and
alternative use of wood fuel is considered, additional calculations have been done for the
reverse perspective where biomass is regarded available for all potential users. Figure 22
shows a comparison of the two perspectives.
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Figure 22. Reductions in global CO, emissions when LPG is substituted with bio-
SNG as fuel in reheating furnaces at Sandvik AB in Sandviken. Two perspectives on
biomass use are compared: 1) biomass is seen as an unlimited resource, and 2)
biomass is seen as a limited resource and alternative use of wood fuel is considered.
Positive values means reduced global CO, emissions.

As can be seen in Figure 22, considering alternative use of wood fuel has a large impact
on the evaluation of effects on global CO, emissions. When biomass is seen as an
unlimited resource, a fuel switch at Sandvik in Sandviken would result in reduced global
CO; emissions in all EMS studied. The largest differences between the two perspectives
can be found in EMS-3, where build-margin technology for electricity is NGCC and CCP
plants are regarded as the alternative users of wood fuel.

9.4 Energy management

In Paper VI, energy management practices at eleven iron and steel companies in Sweden
were investigated. Energy managers at the steel mills were interviewed and the analysis
focused on how they perceived their own and their companies’ efforts to improve energy
efficiency. The study identified measures the companies had implemented for improved
energy efficiency. Results showed a range of measures which could be classified into five
groups: maintenance, new equipment, optimisation of processes, energy recovery, and
new working routines. However the energy managers interviewed had experienced
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barriers to improved energy efficiency, e.g. too long a payback period, measures not
being profitable, lack of personnel, low willingness to invest due to recession, risk of
production disruption, lack of time, territorialism with a fear of other people at the
company interfering with the management, inability of suppliers, lack of personnel with
higher education in the energy field, and people without commitment to energy issues. In
general, the respondents considered lack of time a bigger barrier to improved energy
efficiency than lack of access to capital. The reported barriers are similar to those found
in previous research.

The study also analysed how energy management was organised at the companies. Only
three out of the eleven companies had assigned a person to work full time with energy
management, and the majority of the part-time energy managers were frustrated with not
having enough time to work with the issues. This finding can be correlated to the fact that
lack of time was seen as a bigger barrier than lack of access to capital. In general, the
energy managers interviewed thought that they had support from senior management,
which has previously been shown to be a criterion for successful energy management.
Only three of the energy managers had the authority to make decisions about energy-
saving projects, but some companies had energy committees with decision-making
power. The energy committees discussed potential projects and strategies and could
support the energy manager with supplementary skills.

The companies’ prioritising of energy efficiency practices was also analysed. A majority
of the respondents thought their companies prioritised energy issues, and energy
investments were usually prioritised as number three or four in budget planning. The
respondents who said their companies did not prioritise energy efficiency were not
directly subordinate to the CEO and felt that their proposals did not reach the CEO. Some
energy managers thought that their companies sometimes put all the effort on
improvements in production quantity and quality and neglected measures for improving
energy efficiency.

Furthermore, the companies’ activities with regard to engaging employees were
investigated. Educating personnel is part of an effective energy management, but only
half of the companies offered organised energy education to their employees. By
increasing the employees’ awareness, one company had decreased energy use. Two
companies had positive experiences with the use of energy hosts, finding they motivated
employees to become involved in improving energy efficiency. However, the majority of
the respondents believed their companies could do better at engaging employees in
improving energy efficiency. The study confirmed earlier research that recognised the
importance of committed people in effective energy management practices. Another
finding was that people without commitment to energy savings could be a barrier to
improving energy efficiency, even opposing efforts to introduce efficient energy
management.

Networking and its effects on the steel plants’ energy management were investigated.
Jernkontoret, the Swedish steel producers’ association, administers networking among its
members. At network meetings, energy managers could exchange information and find
ideas and inspiration for energy-saving projects. The interviewed energy managers
especially appreciated meetings with site visits where “good examples” of implemented
measures were presented. However, lack of time often made inspiration fade and
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prevented the respondents from implementing ideas. Networking with other sectors was
also seen as important.

Based on the results of the interview study, the following recommendations for a
successful energy management are given:

Employ a full-time energy manager.

Employ more energy engineers with a holistic view on the company’s energy use
so that interdependencies between different systems are taken into account.

Appoint an energy committee and let the energy manager be the convener. The
committee should have representatives from all departments. Give the committee
a mandate to decide on measures for improving energy efficiency.

Prioritise initiation and completion of pre-studies of potential energy-saving
projects. A well prepared pre-study provides a good basis for a robust investment
decision.

Energy aspects should be incorporated in every investment decision. The energy
manager should, when needed, be consulted before the decision.

The company should strive for a culture where every employee is working energy-
efficiently and seeks measures for improvement. This can be achieved through
training, continuous information and visualization of energy use and presentation
of good examples. Good role models and interested and committed employees
should be encouraged. Each energy-saving measures should be promoted, even if
they seem small related to the company’s total energy use. This could introduce a
common practice of energy-efficient behaviour.

Networking between energy managers from different companies should be
encouraged. Besides the energy managers, employees in decision-making
positions should attend organised meetings, such as Jernkontoret’s energy network
meetings, to be inspired and find new energy visions.
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Discussion

This chapter discusses the results of this thesis.

In this thesis, energy efficiency measures and fuel substitution in the iron and steel
industry were studied. These are two opportunities for the steel industry to reduce global
CO;, emission and one approach does not exclude the other.

Excess heat can be carried in different media such as water, air, exhaust gas and hot
material. The challenge is to recover the heat and transfer it to a heat sink or convert it to
other energy forms without complex and expensive installations and unnecessary energy
losses. The excess heat that requires least effort and is cheapest to recover would be the
first to be utilised. It is important that any energy recovery equipment does not interfere
with the steel production in a negative way. For example, equipment for heat recovery
from hot material must not hinder overhead cranes. On the other hand heat recovery from
hot material could offer a means to control the cooling rate of the material. One barrier
for heat recovery could be that the heat demand is lower than the available excess heat. In
the case of heat delivery to DHS, the industry may be located in a municipality with a low
heat demand. The heat could be transferred to another municipality if the DHS are
connected, but in reality this is quite uncommon. Moreover, in Sweden, subsidies for
renewable electricity production have resulted in that many municipalities decided to
invest in biomass fuelled CHP plants to produce electricity and heat to the DHS. As a
consequence, they rejected import of excess heat from industry. They calculated a better
profitability with a biomass fuelled CHP plant compared to the utilisation of industrial
excess heat. In the example of Gavleborg County, studied in Paper Il, the untapped
industrial excess heat recovery potential for DH delivery was estimated at 91 GWh/year.
This potential is probably underestimated as not all firms completed the questionnaire and
the firms which completed the questionnaire most likely only reported heat flows which
they had quantified. The total heat supply in the DHS in Gavleborg County was
2 TWh/year (Statistics Sweden, 2013) and about 11% (Swedish District Heating
Association, 2010) of this supply originated from industrial excess heat. Therefore, there
should be potentials for additional supply of industrial excess heat. However, one
concern is the distance between the heat source and the heat sink. One must keep in mind
that the excess heat potential presented in this thesis was not generated at one location,
but the industries were located all over Gavleborg County. Investment in heat distribution
networks and distribution costs must be considered and evaluated in comparison to the
heat generation costs. Investment cost for pipeline construction depends on where the
pipeline would be situated, e.g. inner city areas have a higher construction cost than outer
city areas (Frederiksen and Werner, 2013; Swedish District Heating Association, 2007).
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In the case of electricity generation from excess heat it would probably be economically
unfeasible for a steel plant to invest in more than one electricity generation system and
the system with best performance for the specific site should be chosen. Electricity
generation from heat could be an alternative if for some reason the heat demand is low or
the excess heat is not suitable for DH. Even if conversion efficiencies of the electricity
generating systems are low, investments could be profitable as the heat is “free of
charge”. However, the economy depends not only on investment costs for the electricity
generating equipment but also on distribution costs for excess heat flows and cooling
water. Future electricity prices also determine if the investment would be profitable. It
would be hard to predict the future, but in a functioning deregulated European electricity
market, price differences in electricity between countries would be evened out. Policy
instruments that promote electricity production from industrial excess heat could provide
incentives for steel plants to invest in electricity generation technologies. A system
similar to the Swedish system of green certificates for renewable electricity production
could be applied. However, restrictions have to be made so that only electricity
production from excess heat from thermodynamically optimised industrial processes
would be granted such certificates.

The development of fossil fuel prices is uncertain. The increased production of shale gas
in the USA has resulted in lower prices for natural gas and oil than previously predicted.
IEA (2012b) forecast that shale gas production in the USA will increase from
200 billion m* in 2011 to 450 billion m* in 2040. To consider uncertainties in future price
trends, different future energy markets with different price levels, marginal electricity
production technologies and marginal biomass users could be studied. In this thesis, the
ENPAC tool has been used to generate possible future energy markets. The ENPAC tool
generates consistent end-user prices on fuels as well as factors for CO, emissions.
Moreover, the fact that scenarios from World Energy Outlook (IEA, 2011) were used as
input to the tool makes the analysis even more consistent.

Fuel substitution in the iron and steel industry could result in substantial CO, mitigation.
However, as there would be competition for the biomass resource in the future,
alternative use of biomass has to be considered. Co-firing wood fuel with coal in CCP
plants have been shown to significantly reduce GHG emissions (Loeffler and Anderson,
2014), and when only considering CO, emissions, it would be better to substitute coal in a
CCP plant than to substitute fossil fuels in the iron and steel industry. In this thesis, other
environmental impacts such as air acidification and water eutrophication were not
analysed. However, Muench and Guenther (2013) performed a review of bioenergy
LCAs. They did a quantitative analysis of the environmental impact (global warming,
acidification and eutrophication) of electricity and heat generation from biomass and
concluded that differences in results depended on methodological choices and system
boundaries.

It may be controversial to say that delivering industrial excess heat to DHS would result
in increased global CO, emissions. However, under the assumptions that biomass is a
limited resource on the European market and increased or reduced electricity production
affects marginal electricity production in Europe this could be true. Results in this thesis
show that if heat production in bio-CHP plants is replaced with industrial excess heat,
global CO, emissions would increase when the marginal electricity producer is a CCP
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plant and the marginal user of woof fuel is a producer of FT diesel to the transport sector.
Similar results were presented by Ivner and Helgstrand (2011) who performed an LCA of
replacing conventional DH production with industrial excess heat. They analysed GHGs,
acidifying gases and eutrophic substances. They found that under the premises defined in
their study it would always be beneficial to replace heat produced in HOB. In regard to
heat systems with DH production in CHP plants, their results depended on how the
system boundaries for electricity production were defined; if reduced electricity
production would be replaced by European electricity mix, import of industrial excess
heat to the DH system would result in adverse environmental effects. It could be argued
that these results imply that industrial excess heat should not be recovered. However,
using the excess heat in applications other than replacing heat production in bio-CHP
plants would be advantageous for the environment. Moreover, new bio-CHP plants
should perhaps not be built in municipalities where industrial excess heat is available to
cover the municipality’s heat demand, but should be located in other places with heat
demand.

Without policy support for renewable energy in industrial processes, it would not be
economically feasible to convert from LPG to bio-SNG in steel industry reheating
furnaces. In this thesis, detailed economic analysis of bio-syngas as substitute was not
performed. However, production cost for bio-syngas is lower compared to bio-SNG as the
methanation unit is a large investment. Large-scale biomass gasification is not a
commercial technology, but when commercialized the investments costs may probably be
lower. An important aspect to consider is the construction area of a gasification plant.
There has to be available land for the plant to be built on. Furthermore, bio-syngas has
lower heating value than bio-SNG and hence larger gas flows would be required to fulfil
the energy demand. Today, integrated steel plants fire reheating furnaces with COG,
which has a heating value of 4.7 kWh/Nm® (16.9 MJ/Nm?®) (Jernkontoret, 2007). This
heating value is in the range of heating values for bio-syngas produced with steam or
oxygen as gasifying agent. The possibility of using solid biomass, in the form of wood
powder, as fuel in reheating furnaces has been experimentally studied (Niska et al., 2013).
The results showed that wood pellets ash contained alkali compounds that could react
with silica in furnace refractories and form a glassy phase on furnace bricks. Therefore, it
was recommended to gasify the solid biomass into syngas and fire the reheating furnaces
with cleaned bio-syngas.

Energy management is important for achieving improvements in energy efficiency. The
results from the interview study in this thesis reflect the current situation experienced by
the respondents at the steel plants studied. Even if the results cannot be generalized to a
larger sample, they provide knowledge of how the work with improved energy efficiency
at Swedish steel works proceed and can be used to develop recommendations for
successful energy management.
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Conclusions

In this chapter conclusions from the research in the appended papers are drawn.
Conclusions are given for each of the research questions posed.

1. Which technologies could be used to recover excess energy from the steel industry?

There are more energy recovery options for integrated steel plants compared to scrap-
based steel plants. This is reasonable as integrated steelmaking includes the energy-
intensive production of iron from iron ore, in which energy-rich process gases are
generated. These process gases could be used as fuel in CHP plants and COG could be
reformed to syngas. Excess heat from the iron and steel industry, could be used in-house
at the steel mill or exported and used externally. The two main utilisation options for the
recovered heat are heating purposes and electricity generation. When the excess heat is
used for space heating, the heat could be used locally by heat exchanging with incoming
ventilation air or distributed in a local heat distribution system. It could also be distributed
by a municipal DHS and used externally. There are several technologies that could be
used to generate electricity from excess heat; each technology operates within a specified
temperature range of the heat source. Power cycles, such as Rankine cycle, ORC, Kalina
cycle, PCM engine and Stirling cycle, convert heat into mechanical energy and the
mechanical energy is converted into electricity. Solid state energy converters are e.g.
TPV, which produces electricity from heat radiation in PV cells, and TEG, which
produces electricity from heat by the Seebeck effect. One drawback for electricity
generation from low-temperature heat is the low electricity conversion efficiencies.
However, the higher the heat source temperature (within the operating temperature range
of the conversion technology) the higher the electricity output. Industrial firms in
Gaévleborg County reported an untapped excess heat potential of 0.8 TWh in 2012.
Analysis in this thesis showed that about 90 GWh of this heat could be recovered as DH
and if the heat instead was used to generate electricity by TPV, ORC, and PCM enging,
25 GWh electricity could be produced. In conclusion, the recovery output would be more
than three times higher if the excess heat is used in a DHS than if generating electricity.

2. Could electricity generation from low-temperature excess heat be profitable?

Economic analysis of electricity production from low-temperature excess heat showed
that, at current price levels and technical maturity, it could be profitable to convert the
heat into electricity in an ORC or a PCM engine, but not in a TEG. The PCM engine
would be more profitable than the ORC when the heat source temperature is lower than
80°C. However, the analysis did not include site-specific costs for piping and pumping
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excess heat and cooling water. Investment opportunity for such equipment was, for the
specific cases studied in this thesis, estimated at 14,000-114,000 €/year, depending on the
technology and the temperature of the heat source. The ORC is the most established and
proven technology and the choice of working medium determines the efficiency of the
installation. Increased market penetration of the electricity generation technologies and
development of new TE materials could reduce investment costs and increase
profitability. In case of rising energy prices the economic situation for investment in
electricity generation technologies from excess heat would improve. Moreover,
introduction of a policy instrument similar to the green certificates for renewable
electricity production could be applied for electricity production from industrial excess
heat (from thermodynamically optimised industrial processes). This would create
economic incentives for steel plants to invest in such electricity production technology.

3. Would it be technically and economically feasible for a steel plant to substitute fossil
fuels with biomass?

For the systems studied in this thesis, it can be concluded that it would be technically
feasible to convert from fossil fuels to biomass. Today, many integrated steel plants have
reduced the coke demand in the BF by injecting coal powder. It would be possible to
substitute this injection coal with pulverised charcoal without any major adjustments in
the BF process. Another fuel substitution option is substitution of LPG with bio-syngas or
bio-SNG as fuel in reheating furnaces. This option requires some modifications at the
steel plant, e.g. burners designed for low-calorific gases, gas distribution systems with
larger dimensions and exhaust gas cleaning systems dimensioned for larger gas flows. In
the case of a substitution to bio-SNG, steel plants currently using natural gas as fuel do
not have to do these modifications. Though technically feasible, it can be concluded that
it would not be economically feasible for Sandvik AB in Sandviken to produce bio-SNG
and to substitute LPG with bio-SNG in reheating furnaces. For the fuel substitution to be
profitable, investment grants or production support for renewable fuel have to be
implemented. Another consideration is the large amounts of biomass required to
substitute the fossil fuels and logistics for biomass handling.

4. How would recovery and utilisation of excess heat, and a fuel substitution affect
global CO; emissions?

It can be concluded that the development of the energy market plays a vital role for the
outcome of the analysis of effects on global CO, emissions. Table 16 presents the results
for the energy markets studied in this thesis. Electricity production from industrial excess
heat would reduce global CO, emission. However, in the case of industrial excess heat
delivered to the DHS the effects on global CO, emissions would depend on which heat
production it replaces. Large DHS are more likely to have CHP production than small
systems. Excess heat delivered to large DHS with bio-CHP plants would make biomass
available for other users, but at the same time reduce renewable electricity production.
This emphasises the value of co-producing heat and electricity, especially when the
marginal producer of electricity is a CCP plant. In small DHS, with a large share of heat
production in bio-HOBs, delivery of industrial excess heat would make wood fuel
available for the marginal wood fuel user, but not significantly affect electricity
production. Hence, the result would be reduced emissions in all scenarios.
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Chapter 11. Conclusions

The effects of a fuel substitution from LPG to bio-syngas or bio-SNG depend on who is
the alternative user of wood fuel. Substitution of LPG with bio-syngas or bio-SNG would
reduce global CO, emissions when the marginal user is a producer of FT diesel to the
transport sector, but the emissions would increase if the marginal user of wood fuel is a
CCP plant. In conclusion, wood fuel utilisation should be prioritised in the following
order: (1) in CCP plants; (2) to be converted to bio-syngas and replace LPG in steel
industry; (3) to be converted to bio-SNG and replace LPG in the steel industry; and (4) to
be converted to FT diesel and replace fossil fuels in the transport sector.

Table 16. The table shows how fuel substitution and excess heat recovery would
affect global CO, emissions in different future energy market scenarios. | reduced
global CO, emissions, 1 increased global CO, emissions. BM=marginal user of wood
fuel, El=build-margin electricity production, DH=heat production to the DHS

Fuel Excess heat Electricity
substitution to DHS production
from excess
heat
BM: FT diesel production
El: CCP plant l’ l’ l
DH: bio-HOB
BM: FT diesel production
El: CCP plant ‘L T l
DH: bio-CHP
BM: CCP plant
El: NGCC T l l
DH: bio-HOB
BM: CCP plant
El: NGCC T l l
DH: bio-CHP

5. Why are energy efficiency measures implemented or why are they not implemented in
the Swedish iron and steel industry?

Results from the interviews showed that measures for improved energy efficiency often
were implemented because of an employee with a commitment for energy savings. In
several of these cases this employee was the energy manager interviewed, but it could
also be a person that did not have these assignments in his/her job description. This
finding shows that people with real ambition and commitment for energy savings are an
important resource for the company and they should be valued as such. By identifying
them, listening to their ideas and even assigning them authority to start projects for
improved energy efficiency the company could achieve more effective energy
management. By recognizing energy as important and making employees aware of the
energy issue, one of the companies in the study had recorded a decrease in energy use.
Increasing the awareness of employees and introducing a culture of energy efficiency
could help to reduce behavioural barriers. Networking among energy managers at
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Swedish steel plants was seen as valuable for their profession and they especially
appreciated meetings with site visits where “good examples” were presented.

The energy managers interviewed expressed that barriers’® to improving energy
efficiency at their companies were too long a payback period, measures not being
profitable, lack of personnel, low willingness to invest due to recession, risk of production
disruption, lack of time, fear of other people interfering with the management, suppliers
that lacked larger system perspectives, lack of personnel with higher education, and
people without commitment to energy issues. The energy managers working full-time
with energy issues did not experience lack of time as a barrier, but the energy managers
working part-time with energy issues often found that lack of time, rather than lack of
financing, prevented them from successful energy management. It is therefore
recommended that steel companies employ a full-time energy manager and/or more
personnel assigned to work with energy issues. However, it was expressed during the
interviews that there was a lack of personnel with higher education in the energy field,
who could see the energy system from a larger system perspective. This finding implies
that universities should educate more energy engineers with a comprehensive view on
energy and that steel companies, suppliers of equipment and energy consultancies should
employ such engineers.

In conclusion, Swedish steel companies regard improved energy efficiency as important,
but have much work to do in this area. For example, large amounts of excess heat are not
recovered and more efforts could be put into engaging employees to introduce a culture of
energy efficiency at the company. Lack of time seems to be a major barrier for efficient
energy management as well as for productive networking.

%5 In this study, barriers were not limited to barriers to cost-effective energy efficiency measures.

80



Further work

During the work with this thesis, additional ideas were raised that would be interesting to
study. The suggestions for further work would provide additional information which
could guide decision-makers in steel industry and policy-makers to take action to improve
the steel industry’s competiveness and to reduce anthropogenic global CO, emissions.

It would be of interest to perform a detailed techno-economic analysis of bio-syngas as
fuel in reheating furnaces. India, with its large coal deposits, has built several coal
gasifiers at steel mills and substituted oil in the reheating furnaces with syngas. This
syngas is of fossil origin, but proves the feasibility of using the low calorific syngas as
fuel. Further studies could examine a suitable configuration of a biomass gasifier and how
the gasifier could be integrated with the steel plant. Under what conditions could a fuel
substitution to bio-syngas be profitable? The questions could be analysed as a case study
and compared to the results from the techno-economic analysis of bio-SNG as a fuel
substitute.

Another interesting issue to study is heat recovery from excess heat sources such as EAF,
continuous casting and slag. Heat recovery from slag would have a large potential and
there would be no risk of affecting the quality of a steel product. In the case of heat
recovery from steel products, the possibility of controlling the cooling rate of hot steel
would enable production of specified steel qualities. Repeated heating and cooling
operations is one way of attaining steel with desired qualities and to install equipment that
controls the heat loss and at the same time recovers the heat would be very interesting.

One important issue to analyse is what policy measures would be required to realize a
fuel substitution in the iron and steel industry. Such a study could include interviews with
policy makers and steel industry board of directors. The interviews could be
supplemented with mathematical modelling of a steel plant with the possibility to
integrate a biomass gasifier or to import bio-SNG from external producers. Optimization
of the model, with the objective function to minimize total system costs, would give the
most cost-effective solution under specified boundaries. Introducing policy instruments
into the model and varying them would enable a study of required policy instruments for
fuel substitution.

The study of energy management, where energy managers were interviewed, could be
complemented with additional interviews with employees at other positions at the steel
companies, from CEOs to operators. It would be interesting to analyse if the
interviewees’ experiences and opinions differ depending on job assignments. Additional
interviews would give a more comprehensive view of the subject studied.
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Jernkontoret’s Energy Research Programme was completed in 2011, after five years of
research. The objective of the research programme was to investigate options to reduce
the steel industry’s total energy use, the use of fossil fuels, and CO;, emissions. An
interesting future study could be to investigate if the options identified in the research
programme are implemented at Swedish steel plants. Have the research results reached
the management of Swedish steel companies? What was the reason for choosing a
specific measure for implementation and what was the reason for rejecting another? How
could enhanced implementation of the options identified in the research programme be
realized?
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Appendix 1

Interview guide: Energy managers at Swedish
iron and steel companies

A

B
C.
D

E.

F.

How many employees does your company have?

. How much energy does your company use every year?

How much do you produce every year?

. What distinguishes your company from other steel companies in Sweden?

a) Products

b) Production process

c) Energy utilisation

How long have you been an employee at this company?
a) What did you do before?

What education do you have?

Energy work at the company

2)

3)

4)

5)

First, can you describe your job assignments?
a) What does it mean exactly?
b) Do you work full time with energy issues?
How many at your company work with energy issues?
a) Give examples of what they are working with.
b) In summary, how many full-time positions are working with energy issues?
Can you tell me about energy efficiency measures that your company has done?
a) In the production processes
b) In the support processes
c) Information to change behaviour of employees
In what way does your company work with energy issues?
a) Do you think the company prioritizes these issues?
i) Can you give examples of how the company prioritizes/does not prioritize
energy issues?
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6) At your company, can you describe the process of decision-making with regard to
energy efficiency operations?
a) Who provides proposals for energy efficiency measures?
b) Who decides what measures should be implemented?
c) Is there a specific quantity (sum) of money reserved for energy efficiency
measures or do you have to ask for money every time?
d) Is it always the same people who initiates decisions or does it vary? Give
examples.
e) Is it always the same people who makes decisions or does it vary? Give examples.
f) Are employees encouraged to make suggestions for energy efficiency measures?
i) How? Why or why not?
7) Do you think that the company puts a reasonable amount of resources on energy
issues?
a) Do you have resources to implement your ideas?
b) In what way?
c) What do you miss?
8) Do you feel that the management listens to you?
a) Tell me about an energy efficiency measure that you have carried through?
i) Why do you choose this?
b) Tell me about an action that you think should be introduced, but which has been
rejected by the management.
i) What was the motivation for rejection?
9) What barriers to improved energy efficiency have you experienced?
10) If you look generally, what energy efficiency measures do you think could be done at
your company?
11) What is your company’s “energy vision”?
a) At your company, how does the future in the energy field look like?
12) Can you influence long-term strategic investments?
13) Do you feel that there is a difference in how energy issues are prioritised now,
compared to when you started working at the company?
a) In what way?
14) Do you think suppliers can deliver energy-efficient equipment and systems?
a) Inwhat way?
b) Why not?

Jernkontoret: Energy council

15) How long have you been a member of the Energy Council?
16) Can you describe the Energy Council’s function?
17) Can you describe a typical meeting?

a) Are all members always invited?

b) Where do you meet?

c) What does the meeting agenda look like?
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i) Fixed/Varies
ii) Who decides the agenda?
d) What issues do you discuss at the meeting?
e) How often do you have meetings?
18) Do you find it satisfying to be a member?
a) Inwhat way?

Jernkontoret: Energy Network

19) Are you a member of the Energy Network “ENET-Steel”?
a) For how long have you been a member?
b) Are you active in the network?
i) In what way?
20) Can you describe the network’s function?
21) How often does the network get together?
22) Can you tell me something about how such a get-together may appear?
a) How many people usually come?
b) What do you do on the get-together?
c) Where do you meet?
23) Does the network have other activities besides these get-togethers?
a) Study visits?
b) Do you visit each other’s companies?
24) How do you feel that the network works?
a) Is it possible to share information and experience?
i) Are there times when this is impossible due to confidentiality?
25) Can you tell me about an occasion when you experienced that you were helped by
being a member of the network?
a) In what way were you helped?
26) Are there occasions when you think that the network has being a barrier in your
work?
27) Do you use the chat-site on the internet?
a) In what way?/Why not?
b) How often?
c) Do you think that you get help and advice here?
28) Do you meet with other energy managers/coordinators in other contexts?
a) Why is that?
b) Who initiates this?
29) Do you have energy-related cooperation with companies outside Jernkontoret?
a) What kind of cooperation?
30) Is there anything else that you wish to add? Anything that you think that I should have
asked you?
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