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Abstract The paper aims at explaining why large-scale
energy-intensive industries—here the German iron and
steel industry—had a period of slow uptake of major
energy-efficient technologies from the mid 1990s to mid
2000s (Arens and Worrell, 2014) and why from the mid
2000s onwards these technologies are increasingly im-
plemented again. We analyze the underlying factors and
investment/innovation behavior of individual firms in
the German iron and steel industry to better understand
barriers and drivers for technological change. The paper
gives insights on the decision-making process on energy
efficiency in firms and helps to understand how policy
affects decision-making. We use a mixed method ap-
proach. First, we analyze the diffusion of three energy-
efficient technologies (EET) for primary steelmaking
from their introduction until today (top-pressure recov-
ery turbine (TRT), basic oxygen furnace gas recovery
(BOFGR), and pulverized coal injection (PCI)). We
derive the uptake of these technologies both at the
national level and at the level of the individual firm.
Second, we analyze the impact of drivers and barriers on
the decision-making process of individual firms whether
or not they want to implement these technologies. Eco-
nomics and access to capital are the foremost barriers to

the uptake of an EET. If the expected payback period
exceeds a certain value or if the company lacks capital,
investments in EET seem not to happen. But even if an
EET is economically viable and the company has access
to capital, investments in EET might not be realized.
Policy-induced prices might have strengthened the re-
cent diffusion of TRT. We found indications that in a
limited number of cases, policy intervention was a driv-
ing factor. Technical risks and imperfect information are
only marginal factors in our cases. Site-specific factors
seem to be important, as site-specific factors shape the
economics of the selected EET.

Keywords Diffusion . Drivers . Barriers . Energy
efficiency. Iron and steel industry

Introduction

Energy efficiency is regarded as a major means to re-
duce carbon dioxide emissions until the energy systems
has been transformed to a sustainable system based on
renewable energy carriers. However, e.g., Hirst and
Brown (1990) found an untapped potential to improve
energy efficiency although these measures were identi-
fied to be cost-effective. The energy efficiency gap thus
describes the difference between the potential to imple-
ment energy-efficient technologies and the actual adop-
tion of these technologies (Brunke et al. 2014).

Arens et al. (2012) analyzed the development of the
energy intensity of selected processes of the steel indus-
try in Germany between 1991 and 2007. Although the
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analysis covered a period of 17 years, energy efficiency
improvements were surprisingly low.

Arens and Worrell (2014) analyzed the diffusion of
key energy-efficient technologies (EETs) in the German
steel industry to better understand the slow improve-
ment rates. Technologies were introduced in two phases,
i.e., in the earlier phase (around 1960) technologies
diffused continuously and were completely implement-
ed after about 30 years. However, technologies intro-
duced during the second phase (around 1980) did not
diffuse completely and further potential remains. The
technologies diffused strongly in the initial phase but
then, 10–15 years after their introduction, no further
implementation took place. Only recently, adoption
has increased again.

Drivers and barriers

Energy-efficient technologies (EETs) can be regarded as
a particular case of innovations (Fleiter et al. 2012a).
There is a wide range of literature on the diffusion of
innovations. Rogers (2003) describes the s-shaped dif-
fusion process. He categorized the adopters as innova-
tors (those that take up innovative technologies first),
early adopters (those that take up a technology when
proven), and those that implement it once the technolo-
gy ismore widespread (i.e., early majority, late majority,
and laggards). This process of uptake may partly ex-
plain the energy efficiency gap, which is defined as the
difference between the economic viable level of energy
efficiency and the actual level (e.g. Brunke et al. 2014;
Backlund et al. 2012; Levine et al., 1995). Drivers are
factors that accelerate the uptake of energy efficiency
measures, while barriers are all factors that impede the
adoption of cost-effective energy-saving measures
(Fleiter et al. 2011). Nevertheless, Sutherland (1991,
1996) argued that the energy-saving potential is only
profitable from a superficial point of view and that many
barriers can be traced back to rational economic behav-
ior, e.g., transaction costs and other factors. Yet, many of
the barriers can be addressed or even mitigated by
policies.

Different taxonomies of drivers and barriers have
been developed, although most refer back to the taxo-
nomy of Sorrell et al. (2000) (Brunke et al. 2014; Sorrell
et al. 2000). They derived a taxonomy of barriers com-
bining findings from orthodox economics, transaction
cost economics, and behavioral economics. The six
classes of barriers are: risk, imperfect information,

hidden costs, access to capital, split incentives, and
bounded rationality. According to Cagno et al. (2013),
the taxonomy of Sorrell et al. lacks accuracy and is
incomplete. They suggest a novel, more sophisticated
taxonomy, which distinguishes the origin of the barrier,
i.e., either internal or external with respect to the firm.
They also classify the actor or area affected by the
barrier (e.g., market, government/politics, behavioral,
economic), arriving at a taxonomy encompassing 33
barriers.

This analysis bases the drivers and barriers on the
taxonomy of Sorrell et al. (2000) complemented by the
findings of Cagno et al. (2013) and Brunke et al. (2014)
(Table 1). Since original drivers can become barriers,
drivers and barriers may overlap. Hence, this study
unifies drivers and barriers as diffusion factors.

Economics are self-evidently a key driver or barrier
towards the diffusion of EET. Depending on the scope
of the studies, economics of an EET are considered as a
driver or not. Especially newer studies seem to focus on
cost-effective EET (e.g., Okazaki and Yamaguchi 2011;
Thollander et al. 2007; Thollander and Ottosson 2008;
Trianni et al. 2013). In contrast, Harris et al. (2000)
highlight low rates of return and long payback periods
as key barriers. Other studies address economics from
different perspectives. Fleiter et al. (2012b) name high
investment costs and non-profitability as key barriers to
the diffusion of EETs in small- and medium-sized en-
terprises (SMEs) in Germany. Sardianou (2008) finds
bureaucratic procedures for financial support too diffi-
cult, i.e., the measure does not meet the companies’
economic requirements without governmental support.

The role of policy-induced energy price components
on the economics of energy-efficient technologies has
rarely been quantified. Rosenberg et al. (2011) studied
the impact of tax exemptions and levy reductions on the
German industry of four energy policies (i.e., the Envi-
ronmental Tax Reform, the Combined Heat and Power
Act, the EU Emission Trading Scheme, and the Renew-
able Energy Act). They found that these exemptions and
reductions of energy prices in Germany reduce the
incentive for manufacturing industries to invest in ener-
gy efficiency measures. Furthermore, they conclude that
polices and their exemptions create significant differ-
ences in energy costs among companies, especially in
large-scale and electricity-intensive industries.

In the taxonomy of barriers by Sorrell et al. (2000),
imperfect information is recognized as a key barrier
towards the diffusion of EETs. For instance, energy
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audits aim to overcome these information-related bar-
riers. Imperfect information is a barrier in SMEs, which
do not employ an energy manager. Large and energy-
intensive companies—like steel mills—are assumed to
have access to relevant information on key energy-
efficient technologies.

In 1998, Germany liberalized its electricity market
thereby accomplishing a European directive. Market liber-
alization intended to benefit customers (Lise and
Kruseman, 2008). However, Newbery (2001, 2002) ar-
gues that benefits can be offset if regulation is insufficient.
Pollitt (2012) found that generally electricity prices did not
decrease demonstrably through market liberalization, con-
trary to expectations. Instead, electricity prices increased
due to rising commodity prices, unwinding subsidies, and
reduced rates of technological progress, in part due to
rising environmental concerns around power generation.
In Germany, industrial electricity prices dropped after lib-
eralization fromMarch 1998 tillMarch 2000 (Ziesing et al.
2001). Thollander et al. (2005) assumed that industrial
electricity prices will rise in Sweden due to market
liberalization.

Environmental protection agencies permit the erec-
tion of large industrial plants thereby controlling envi-
ronmental requirements. They control the environmen-
tal impact of the plants. In Germany, this kind of policy
intervention is backed up by a strong law, i.e., the
Federal Control of Pollution Act that implemented the
European Industrial Emissions Directive (2010/75/
EU).1 The Federal Control of Pollution Act includes a

paragraph on the efficient use of energy for plants
(BImSchG §5/4) (BMJV 2014a). So far, no studies have
investigated the impact of this law on energy efficiency
developments in the German industry.

Access to capital is regarded as a major barrier.
Thollander et al. (2007) evaluated a Swedish energy
efficiency program for SMEs, and found that after a
low priority for energy issues, access to capital is a
major barrier towards energy efficiency improvement.
Trianni and Cagno (2012) investigated 128 non-energy-
intensive small- and medium-sized enterprises in north-
ern Italy, and identified access to capital as the most
important barrier towards energy efficiency.

Another pillar of Sorrell’s taxonomy is risk (Sorrell
et al. 2000), distinguishing external risks, business risks,
and technical risks Brunke et al. (2014). Brunke et al.
(2014) emphasize technical risks like production fail-
ures and production interruptions as a key barrier.

In summary, there is a wide range of studies on
drivers, barriers, and policy for the diffusion of EETs.
Still, the factors affecting diffusion on the level of firms
and plants have received little attention. Little is known
about the decision-making process at site and company
level, as well as site-specific constraints towards the
uptake of EETs.

Research aim

This paper aims to shed some light on the reasons why key
energy-efficient technologies diffused discontinuously as
shown in Arens and Worrell (2014) in the German steel
industry, seemingly opposed to the diffusion theory (e.g.,
Rogers 2003). This study focuses on currently running
sites. The studied period also covers the time before Ger-
man reunification. However, only one site on the territory
of the former German Democratic Republic is part of this
study (i.e., Eisenhüttenstadt). Its analysis considers these

1 On November 24, 2010, the European Parliament and the Euro-
pean Council issued the Industrial Emission Directive (2010/75/
EU) which came into force on January 11, 2011. In May 2013, the
directive was implemented into German law. The implementation
of the new requirements occurred in accordance with the Federal
Control of Pollution Act (BImSchG) as well as with the directive
on the approval procedure (9. BImSchV) (BMU 2013).

Table 1 Considered diffusion
factors for the selected EET in the
German iron and steel industry
(based on Sorrell et al. 2000;
Cagno et al. 2013; Brunke et al.
2014)

Origin Area Diffusion factors

External Market Economics incl. policy induced energy prices

Imperfect information

Government Liberalized electricity market

Policy intervention

Internal Economic Access to capital

Technical risk

Organizational/behavioral Management practices

Energy Efficiency (2017) 10:441–457 443



historical facts. The selected technologies are applied ma-
jor energy-efficient technologies with a remaining diffu-
sion potential (see Arens andWorrell 2014). It aims to find
explanations for the observed diffusion patterns, and why
some plants still have not implemented these—at least to
competitors—cost-effective technologies. The analysis
gives insights on the decision-making process of firms
helping to understand how policies can act on them. Na-
tional trends (Arens and Worrell 2014) are broke down to
that of individual firms and plants focusing on key energy-
efficient technologies for primary steelmaking that are
currently applied and have a further diffusion potential
(Arens and Worrell 2014), i.e., top-pressure recovery tur-
bine (TRT), basic oxygen furnace gas recovery (BOFGR),
and pulverized coal injection (PCI). These technologies are
either applied to the blast furnace or the basic oxygen
furnace. A detailed description of steelmaking processes
can be found in, e.g., Arens et al. (2012).

Section 2 describes the methodology. Section 3 in-
vestigates the diffusion of the selected technologies both
on the national and on the site level. Section 4 studies
the impact of drivers and barriers on the diffusion of the
selected technologies, followed by the conclusions.

Methodology

The analysis is based on five steps (Table 2).
First, data obtained from reference lists by plant

manufacturers is analyzed and cross-checked with re-
ports by the Steel Institute VDEh (2005-2010) and
interviews (step 1). The findings are shown in a timeline
in which year a certain EET was implemented in
Germany.

Then, a timeline of all current German integrated
steel sites is established including the start-up of blast
furnaces (BF) and basic oxygen furnaces (BOF) as well
as the year of implementation of the selected EET since

1980 (Steelinstitue VDEh 2013) (step 2). Data is cross-
checked with other sources and interviews. Also, it is
indicated in which year an EET was available on the
market but was yet not implemented to a certain plant,
showing whether individual sites behave similarly or
not.

In order to compare the behavior of single sites or
companies, the average number of years are calculated
which passed till an EET was implemented (Eq. (1))
(step 3).

AverageyearswhichpasstillanEETisimplementedat site j ¼
X

numberofyearspassedbeforeanEETwasimplementedatplantmð Þ
maximumnumberofEETswhichcanbe implementedatsite j

ð1Þ

The development of the energy prices for the German
industry from the late 1960s until today is tracked, ac-
knowledging that time series over such a long time include
uncertainties (step 4).We chose the development of energy

prices on the industrial level due to the lack of more
specific energy prices for individual industrial branches
(e.g., Eurostat: Electricity prices for industrial consumers).
The analysis of the energy prices starts about 10 years

Table 2 Overview on the methodology

Step Method Aim

1 Analysis of reference lists by
plant manufactures

Diffusion of EET on the
national level

2 Establishing a timeline with
relevant plants of the
German steel sites/
companies (1980–2015)

Indicating in which year a plant
has been equipped with an
EET

Diffusion of EET on the
site/company level

3 Calculating average years
passed till an EET was
implemented at a plant (site
average)

Innovator behavior of
single sites/companies

4 Tracking end-user energy
prices for industry
(Germany, 1980–2014)

Tracking policy-induced
energy price components

Estimating payback periods as
a function of energy prices

Estimating at which payback
periods companies invested
in an EET

Impact of energy prices on
the implementation of
EET

5 Literature review
Interviews
Qualitative content analysis
according to Gläser and
Laudel (2010)

Impact of further drivers
and barriers
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earlier than the commercialisation of the selected EET to
review the firms’ decision-making process. Furthermore,
we include the impact of two major policy-induced energy
price components on the payback period of the selected
EET, i.e., the European Emission Trading Scheme (ETS)
and the German Renewable Act (EEG).

Energy prices are collected from several federal,
international, and non-profit organizations (Appendix,
Table 8). Following the German Energy TaxAct (BMJV
2014b) that exempts iron and steelmaking, the impact of
taxes for solid fuels is neglected. Neither transportation
costs for coal, coke, and coking coal are considered.

The prices are deflated using a BIP-Deflator for the
year 2005 (Destatis 2013, Worldbank 2016; own
calculations). Then, prices are converted to Euro2005/
MWh using conversion factors (Appendix, Table 8).

The period from the late 1980s till early 2000 is
characterized by relatively low energy prices (Fig. 1).

The first phase of the European Emission Trading
Scheme (ETS) started in 2005 (VDKI 2004–2015).
Under the ETS selected sectors, including iron- and
steelmaking companies, receive free allowances up to
the benchmark (BMU 2006), Furthermore, within the
third trading period (2013–2020), a compensation for an
increasing electricity price due to ETS is introduced for
selected sectors, including iron and steelmaking (DEHSt
2015). In our analysis, we refer to the costs of ETS
without any free allowances, or compensations, to eval-
uate the companies’ decision-making processes, as these
represent opportunity costs if any allowances can be
sold. The impact of the ETS has decreased since the

economic crisis in 2008/2009 (Fig. 2). The net results of
both are summarized in Table 3 excluding free allow-
ances and compensation.

Germany charges a levy for the support of renewable
energies empowered by the German Renewable Act
(Erneuerbare-Energien-Gesetz; EEG) (BMJV 2014c)
since 2003. The levy was 0.41 eurocent/kWh of electricity
in 2003, and has since evolved to one of the key electricity
price components (2013: 5.23 eurocent/kWh; 2014: 6.24;
2015: 6.17; Fig. 3). Reductions are given to companies
with a high ratio of electricity costs to gross value added
(Rosenberg et al. 2011) and that face international compe-
tition (Besondere Ausgleichsregelung, BesAR) (BMJV
2014c). While electric steel mills are mostly privileged,
integrated steel mills in general do not fulfill the require-
ments for privileging (BAFA 2014). Nevertheless, the
overall impact of the EEG on integrated steel mills is rather
low, since they produce the majority of the consumed
electricity in on-site power plants fedwith top gases, which
are excluded from the levy.

While the impact of the EEG on the energy prices
increased since its introduction, the impact of the ETS
lowered (Table 3).

Payback periods are calculated showing the impact
of the selected policy-induced energy prices (EEG,
ETS) (Table 4). Since BOFGR and PCI save natural
gas and coke, respectively, the economics of these tech-
nologies are not affected by the EEG. The economics of
TRT are subject to both, ETS and EEG.

Since this study is mainly ex post, past firms’ as-
sumptions on future energy prices can hardly be derived

Fig. 1 Development of selected
energy prices in the German
industry between 1970 and 2014
in Euro2005/MWh, excluding
developments in the former
German Democratic Republic
(1949–1990). Sources are given
in Table 8
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from the present. However, a limited number of inter-
viewees stated that companies expected increasing elec-
tricity prices. Nevertheless, it hardly can be determined
(a) in which period they expected increasing electricity
prices, (b) for which period they expected increasing
prices, or (c) by which amount they expected prices to
increase. Hence, this analysis does not consider firms’
assumptions on future developments of energy prices.

Investment, operation, and maintenance costs are
kept ceteris paribus. All costs are converted to Euro2005.
Interest rates are not included. The calculations of the
payback periods are explained in detail in 0.

The uptake of the selected energy-efficient technologies
(EETs) in the German iron and steel industry has been
rather quick during the 1980s but slow in the 1990s (Arens
and Worrell 2014). Since the mid-2000s, these technolo-
gies are again being implemented, but some plants still
possess a potential to adopt these technologies (Table 5). In
step 5, we try to understand the drivers for the recent
uptake and the barriers on a plant-specific level. We ana-
lyzed those cases in detail which either have implemented

an EET recently, i.e., since 2009, or which still could
implemented one. In total, these are 10 cases (Table 5).

Next to literature research in step 5, also, interviews
with stakeholders are conducted, e.g., staff at the compa-
nies, plant manufacturers, and governmental institutions.
Confidentiality to all interviewees was assured. Inter-
viewees were typically contacted by phone. Sometimes,
the interview was held directly. In other cases, the inter-
viewees requested advanced information via e-mail. Then,
either the interview was held on a later appointment, or the
interview was passed on to a more appropriate person. In
total, about 40 persons were consulted.

Case-specific interview guidelines were prepared
based on Gläser and Laudel (2010). After a short intro-
duction, open questions were asked. In case of a recent
implementation of an EET two main questions were
raised: Why have the EET been implemented recently?
Why have the EET not been implemented earlier? In the
case that the plant has not implemented the technology
yet, the basic question was: Why has the EET not been
implemented yet? Depending on the answers, more
detailed queries were raised, checking the impact of
possible drivers and barriers as mentioned in Table 1.
Additionally, site-specific issues were raised such as the
financial situation of the firm, earlier adoption of the
same technology or other EETs, other investments,

Table 3 Estimation of the impact of EEG and ETS on the energy
price in Germany in 2003, 2005 and 2013

Eurocenta/kWh 2003 2005 2013

EEG ETS EEG ETS

Electricityb 0.410 1.214 5.227 0.298

Coal/coke/coking coalc – 0.678 – 0.170

Natural gasd – 0.404 – 0.101

aNominal
b 0.559 t CO2/MWh
c 0.339 t CO2/MWh
d 0.202 t CO2/MWh
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Table 4 Cases for the estimation of the payback period of the
selected EET

Case BOFGR, PCI TRT

(a) Including ETS Including ETS, including EEG

(b) Excluding ETS Excluding ETS, including EEG

(c) – Excluding ETS, excluding EEG
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plants at the site, site-specific production processes, and
commitment of the management.

Notes were taken manually. The notes were tran-
scribed subsequently. If necessary, follow-up questions
were raised via e-mail or by an additional phone call.
The content of the interviews was analyzed qualitatively
according to Gläser and Laudel (2010). The interviews
were scanned for relevant information that helps to shed
light on why after a period of nearly no uptake, recently
EETs were implemented again as well as why some
plants still have not agreed on investing in these tech-
nologies. Thus, the decision whether information is
relevant or not is based on the factors described in
Table 1. But relevant information is also considered
even if it does not apply to the structure of those factors.
The relevant information is extracted from the inter-
views and is allocated by factor. The extracted informa-
tion is analyzed and interpreted.

Diffusion of energy-efficient technologies

Technology description

TRTs are driven by the high-pressure top gas from blast
furnaces generating electricity. TRT is a proven technology
with little risk involved for installation and operation. TRT
can only be installed at blast furnaces with high top pres-
sure. Today, there are only three high-pressure and two
low-pressure blast furnaces with little production capacity
in Germany without TRT (Arens and Worrell 2014). In
Germany, TRTwas first introduced in about 1978 (Arens
and Worrell 2014).

BOFGR is an add-on technology which collects the
BOF gas (BOFG). The heating value of BOFG varies
depending on the hot metal ratio in the BOF. Also, the
recoverable amount of converter gas varies (Brauer
1996). In Germany, BOFGR was first introduced in
1982 (Arens and Worrell 2014).

Pulverized coal injection (PCI) partly replaces coke
consumption in the blast furnace. One kilogram of coal
can replace about 0.8 kg of coke.2 It does not reduce
energy consumption in the blast furnace itself but reduces
energy consumption for coke making. Since coke is a
structural element needed to carry the weight in the blast
furnace, a minimum coke rate is needed. The amount of
coal injected into the blast furnace depends on a set of
factors such as coke properties, desired hot metal quality,
or type and the condition of the coal (Remus et al. 2013).
In 2010, the highest PCI rate in Germany achieved in a
single blast furnace was 177 kg/thm while the national
average was 138 kg coal/thm (Steelinstitute VDEh 2005-
2010). Blast furnaces can be retrofitted with PCI. This
technology is widely applied nowadays. It was first intro-
duced in Germany in 1986 (Arens and Worrell 2014).

Diffusion on the national level

The selected EETs diffused quickly in the initial phase after
their introduction to Germany (Table 6). During the first
10 years (7 years for BOFGR), the EETs were implement-
ed at a new site at least every 2 years. This was followed by
a period in which none of the selected EETs were installed
(1994–2003). From 1998 to 2008, no BOFGR has been
adopted. Only in 2009 one site was equipped with
BOFGR. Since then, again no company has invested in
BOFGR. A similar observation is made with TRT and
PCI. Between 1994 and 2012, i.e., for 18 years, no TRT
was installed in Germany. Since then, two TRTs have been
implemented and a third blast furnace will be equipped
with TRT. Its start-up is expected for mid-2015 (Siemens
2013). PCI was not installed in Germany between 1994
and 2003. A period of 5 years followed in which five sites
invested in PCI. In 2014, the last site adopted PCI.

Table 5 Recently implemented EETs and plants which have not (yet) implemented them (Germany, 2014)

TRT PCI BOFGR

Recently implemented (since 2009) Hamborn 8 (2013)
Salzgitter B (2012)
Eisenhüttenstadt 5A (2014)

Salzgitter A + B (2014) Bremen (2009)

Not (yet) implemented HKM A + B
Bremen 3

– HKM
Dillingen
Ruhrort

2 Personal communication. Lüngen, HB. VDEh. Heidelberg/
Düsseldorf; 26.7.2013.
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This analysis shows phases with high and low diffu-
sion of the selected EET; hence, it can be assumed that
there are national level drivers and barriers that shape
the diffusion of EET in the German steel industry.

Diffusion on the site and company level

Sites and companies seem to vary a lot in their attitude
towards the uptake of the selected technologies (Table 7).
While some sites implemented the selected technologies
shortly after they had been introduced (Schwelgern/
Beeckerwerth, Hamborn/Bruckhausen), other sites
adopted these technologies only many years later, if at
all. Interestingly, some sites implemented an EET at one
furnace, but equipped a second furnace only many years

later with the same—but proven—technology (TRT at
Salzgitter), or did not install it at a second furnace (TRT
at Bremen). In some cases, a site took up an EET quickly,
but it is very slow to adopt a different technology (Rogesa/
Dillingen, Eisenhüttenstadt). Some sites seem to be very
slow in adopting the selected EET (HKM).

The average years which passed before a
site/company adopted an EET cover a broad range
(Fig. 4). The value differs from 1.6 years (Schwelgern/
Beeckerwerth) to (more than) 34 years (Ruhrort). The
distribution has a linear to parabolic shape.

According to our analysis, the quickest site is
Schwelgern/Beeckerwerth by ThyssenKrupp Steel that
is located in a densely populated area. On average, only
1.6 years passed before one of the selected EET was

Table 6 Diffusion of TRT, PCI, and BOFGR in the German steel industry

year TRT PCI BOFGR

1977 Ruhrort 6

1978–1980

1981 Rheinhausen

1982 Salzgitter A + Schwelgern 1 Georgsmarinenhütte

1983 Bruckhausen

1984 Hamborn 4 Peine + Eisenhüttenstadt

1985 Dillingen 5 Hamborn 4 Völklingen

1986 Dillingen 4 Dillingen 3 + 4 + 5 + Hamborn 6 Salzgitter

1987 Rheinhausen 1 + 2 + Ruhrort 6 + Schwelgern 1 Beeckerwerth

1988 Rheinhausen
1989 Westfalenhütte 4 + 7 Westfalenhütte 4 + 7

1990 Bremen 2 + Hamborn 9

1991 Hamborn 9

1992

1993 Schwelgern 2 Schwelgern 2

1994–2003

2004 Eisenhüttenstadt 5 A + Bremen 2
2005

2006 Bremen 3

2007 Eisenhüttenstadt 1 + HKM A + B

2008 Hamborn 8

2009 Bremen

2010
2011

2012 Salzgitter B

2013 Hamborn 8

2014 Eisenhüttenstadt 5 A Salzgitter A + B

2015

Still running plants in bold letters; shut down plants in italics (sources: reference lists by plant manufactures, interviews) (see also Table 7)
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implemented at this site. Hamborn/Bruckhausen also
belongs to ThyssenKrupp Steel Europe. This site also
quickly adopted the selected EETs. In 2007, they built a
new blast furnace that they directly equipped with PCI.
Interestingly, TRT was not directly implemented in the
newly built blast furnace, but only in 2013. Eight out of
the first nine implementations of PCI took place at sites

belonging to firms that are considered as predecessors of
the current ThyssenKrupp group. The same accounts for
BOFGR.

The second quickest site (i.e., Völklingen) and the
slowest site (i.e., Ruhrort) only produce steel, not hot
metal. Völklingen implemented BOFGR in 1986 when
the site was just closing its blast furnaces. The blast

Table 7 Diffusion of TRT, BOFGR, and PCI on the site level in Germany 1980–2014 (source: Steelinstitute VDEh 2013; reference lists by
plant manufactures, interviews) (see also Table 6)
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Beeckerwerth PCI P P P P P P P P P P P P P P P P P P P P P P P

[ThyssenKrupp]
BF2

TRT O O T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

PCI O P P P P P P P P P P P P P P P P P P P P P P P P P P P P P

BOF BOFGR O O O O O B B B B B B B B B B B B B B B B B B B B B B B B B B B B B

Hamborn/
BF1

TRT O O O O O O T T T

Bruckhausen PCI P P P P P P P P P

[ThyssenKrupp]
BF2

TRT O O O O O O O O O O T T T T T T T T T T T T T T T T T T T T T T T T T T

PCI O O O O O P P P P P P P P P P P P P P P P P P P P P P P P P

BOF BOFGR O O O B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B

HKM
BF1

TRT O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O

PCI O O O O O O O O O O O O O O O O O O O O O P P P P P P P P P

BF2
TRT O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O

PCI O O O O O O O O O O O O O O O O O O O O O P P P P P P P P P

Salzgitter
BF1

TRT O O O O O O O O O O O O O O O O O O O T T T T

PCI O O O O O O O O O O O O O O O O O O O O O O P

BF2
TRT O O T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

PCI O O O O O O O O O O O O O O O O O O O O O O O O O O O O O P

BOF BOFGR O O O O B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B

Rogesa/
BF1

TRT O T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Dillingen PCI P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P

BF2
TRT O O O O O O T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

PCI P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P

BOF BOFGR O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O

Völklingen BOF BOFGR O O O O B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B

Bremen
BF1

TRT O O O O O O O O O O O T T T T T T T T T T T T T T T T T T T T T T T T T

[ArcelorMittal PCI O O O O O O O O O O O O O O O O O O P P P P P P P P P P P P

since 2002]
BF 2

TRT O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O

PCI O O O O O O O O O O O O O O O O O O O O P P P P P P P P P P

BOF BOFGR O O O O O O O O O O O O O O O O O O O O O O O O O O O B B B B B B B

Eisenhütten-
BF1

TRT O O O O O O O O O O O O O O O O O O T

stadt PCI O O O O O O O P P P P P P P P P P P P

[ArcelorMittal BF2 PCI O O O O O O O O O O O O O O O O O O O O O P P P P P P P P P

since 2002] BOF BOFGR B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B

Ruhrort* BOF BOFGR O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O

*[ArcelorMittal since 2005]

plant runs O: EET available and plant runs T: TRT installed P: PCI installed B: BOFGR installed

a (ArcelorMittal since 2005)

Plant runs O EET available and plant runs, T TRT installed, P PCI installed, B BOFGR installed
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Fig. 4 Years passed before an
EET was installed at a plant (site
average) (own calculations)
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furnace gas was replaced by BOFG (Marion 2009).
Ruhrort was one of the first sites implementing a waste
heat boiler in its BOF in Germany. In 1994, the blast
furnaces were shut down (ArcelorMittal 2014a). The
site has not implemented BOFGR yet.

The site that was the second most slowly in
implementing the selected EETs is HKM, which is also
situated in the same densely populated area as
ThyssenKrupp and Ruhrort. This site does not possess
rolling mills (i.e., large electricity consumer within in-
tegrated steel mills), which might be a site-specific
constraint to implementing EETs. HKM does not (yet)
use TRT and BOFGR and implemented PCI (only) in
about 2007.

The third slowest site is ArcelorMittal Bremen,
which implemented TRT at one blast furnace in 1990,
PCI in 2004 and 2006, and BOFGR only in 2009. A
second high-pressure blast furnace does not possess
TRT yet.

In the middle range, there are the sites of Dillingen/
Rogesa, Eisenhüttenstadt, and Salzgitter. The first two
sites implemented BOFGR quickly, while BOFGR is
still not applied at Dillingen. Additionally, Salzgitter
was one of the first companies to install TRT at one
blast furnace though it equipped its second blast furnace
with TRT a remarkable 30 years later (i.e., 2012).
Dillingen/Rogesa adopted PCI and TRT early. The im-
plementation of TRT at Eisenhüttenstadt (formerly lo-
cated in the German Democratic Republic, GDR) and
PCI at Salzgitter can be considered to have happened
rather slowly.

The findings suggest that the adoption of EET de-
pends to some extent on the companies’ attitude towards
new technologies and energy efficiency. ThyssenKrupp
was initially very quick to implement the selected tech-
nologies, though the recent implementation of TRT at
Hamborn 8 might not be considered as quick. It is also
notable that the three sites belonging to ArcelorMittal
are among the five slowest sites according to this anal-
ysis. Nevertheless, we cannot find proof that the man-
agement practices towards innovation and energy effi-
ciency is responsible for the observations. Barriers such
as economics and access to capital could explain the
behavior as well.

This analysis only provides partial insights into a
section of the German steel industry. The results indicate
that there are site- or company-specific factors driving
the diffusion of EET besides national level drivers and
barriers.

Findings on drivers and barriers

Economics

Economics are a key driver for the diffusion of EETs.
The diffusion of the selected EETs rarely happened at
payback periods above 3 years (Figs. 5, 6, and 7).
Moreover, the low energy prices in the late 1980s until
the mid 2000s seem to have stopped the diffusion of the
EETs in that period. It seems that the strong increase in
energy prices from 2000 onwards helped to further
diffuse the technologies.

Even without considering free allocations, EU ETS
affect fairly the economics of the selected technologies.
Only for the period of 2005–2008, ETS reduced the
payback period of the selected EETs by about 10–
14 %. The biggest impact was on TRT when the ETS
reduced the payback period by 17 % in 2005. Since
2009, the impact of the EU-ETS on the reduction of the
payback period has been far below 10 % for all selected
technologies. Although the current impact of EU-ETS is
limited, the interviewees acknowledged the importance
of how EU-ETS might develop.

The analysis indicates that the levy for the support of
renewable energies (EEG) shaped the economics of
TRT (Fig. 5). It is assumed that integrated steel mills
pay an electricity price which equals the average elec-
tricity price of the German industry. Integrated steel
mills in general are not excluded from EEG. Hence,
the average electricity price of the German industry
provides a good estimation of the electricity price of
integrated steel mills. The payback period of an

Fig. 5 Development of the payback period for TRT in the German
steel industry between 1978 and 2014 as function of the end-user
electricity price, levy for renewable, and CO2 prices
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investment in TRT in 2012 would nearly double from
2.0 years with EEG to 3.4 years without EEG.

According to these findings, economics seem to play
a key role in the diffusion of EETs. However, economics
alone cannot explain why some companies do not invest
in an EETwhile other companies do.

Access to capital

Access to capital is also a key barrier, mentioned both in
literature (e.g., Thollander et al. 2007; Rohdin and
Thollander. 2006; Trianni and Cagno 2012; Apeaning
and Thollander 2013) and by the interviewees. Good
and bad economic prospects on the national or global
level and as for the company determine how easily or
not a company can access capital. The firm has to decide
which investments are more important to secure the

companies’ competiveness. For example, several inter-
viewees stated that limited access to capital is a strong
reason why blast furnace No. 3 of Bremen is not yet
equipped with TRT. The site of Bremen was insolvent in
1993. In recent years, they have made several investments
(ArcelorMittal 2014b). Additionally, the owner company
of the site of Bremen, i.e., ArcelorMittal, has currently bad
financial ratings (Reuters 2012) and has therefore more
limited access to capital. Finally, blast furnace No. 3 is the
smallest high-pressure blast furnace in Germany. The
smaller the blast furnace is, the smaller the TRT, and the
investmentmay be less economically viable.While access
to capital seems to be a barrier for the implementation of
TRT at Bremen 3, it seems to be a driver for the invest-
ment in BOFGR at Bremen in 2009. Until then, the
released BOFG was flared. The BOFGR only met the
firms’ economic requirements in the early 1980s and from
the mid-2000s onwards (Fig. 6). Once a firm missed the
first window of opportunity, it was unlikely to invest in
BOFGR between the mid-1980s and mid-2000s. The
BOF at Bremen is the last one in a German integrated
steel mill which was equipped with BOFGR.

The blast furnace 5A of Eisenhüttenstadt will be
equipped with TRT in 2015, which can be considered
as late. Eisenhüttenstadt is located in the territory of the
former German Democratic Republic, and reunified in
1991. From 1990 onwards, the site was run by EKO
Stahl AG, and was acquired by Arcelor in 2002. Inter-
viewees claim that the site of Eisenhüttenstadt has
evolved into one of the most competitive sites of the
ArcelorMittal Group in Germany or even Europe, which
may explain the current investment in the TRT. Further-
more, the local energy supplier co-financed the invest-
ment (Siemens 2013). ArcelorMittal is actively looking
for investors in TRT at their sites (ArcelorMittal 2012).

Lack of information and technological risk

Lack of information does not seem to be a barrier to the
diffusion of the selected technologies. Without excep-
tion, all interviewees knew the technologies and report-
ed that the company every once in a while estimates the
economics.

Only in two cases technological risk was mentioned as
a strong barrier to the diffusion of the selected EET. An
interviewee ofArcelorMittal Ruhrort stressed the danger of
carbon monoxide which is part of BOFG and its leakage.
He put forward that at another site twoworkers had died of
carbon monoxide. The interviewee is responsible for

Fig. 6 Development of the payback period for BOFGR in the
German steel industry between 1978 and 2014 as function of the
end-user electricity price and CO2 prices

Fig. 7 Development of the payback period for PCI in the German
steel industry between 1978 and 2014 as function of the end-user
electricity price and CO2 prices
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security, and therefore does not promote the implementa-
tion of BOFGR. Second, an interviewee of HKM stressed
the risk of retrofitting TRT to the blast furnaces at the site.
According to our finding, risks are considered when ana-
lyzing the economics, but in none of the cases risks
surpassed good economics in decision making.

Liberalized electricity market

Salzgitter was one of the first companies to implement TRT
in Germany (1982). It runs another high-pressure blast
furnace which was equipped with TRT only in 2012, i.e.,
30 years later. When Salzgitter B was erected in 1994, it
was not equipped with TRT, while the same year the new
blast furnace Schwelgern 2 (1993) of ThyssenKrupp was.
Onemember of the company said that during times of state-
controlled electricitymarkets, Salzgitter held a contract with
the electricity supplier inwhich it agreed to refrain to build a
TRT to retain a high level of purchased power. In return,
low electricity prices were assured. After liberalizing the
German electricity market in 1998, the firm assessed the
economics, and the recent increase in power prices led to
the erection of a TRT at Salzgitter B in 2012.

Policy intervention

Germany is a federal state which shares responsibilities
between the governmental and the federal level. Permis-
sions for the construction of new industrial plants are
allocated to the responsibility of the Länder which
might even empower hierarchic lower institutions with
the permission process. The case of TRT at Hamborn 8
seems to have been impacted by policy intervention.
Several members of ThyssenKrupp claim that the blast
furnace would not have been equipped with TRT if the
company had not faced pressure from the local govern-
ment. The local government officer in charge stated that
his institution applies a law that requires large industrial
plants to be run energy efficiently (BImSchG §5/4;
BMJV 2014a). He stated that companies have to illus-
trate the energy efficiency of the plant, while the local
government itself collects information on energy-
efficient technologies. The local government might find
more options to increase energy efficiency than the
company plans to include. The local government gen-
erally approves the application with additional require-
ments, e.g., the implementation of energy-efficient tech-
nologies which are (a) appropriate, (b) necessary, and (c)
adequate to use energy efficiently. Energy-efficient

technologies (e.g., TRT) are self-evidently appropriate
to save energy, are necessary since the law asks to use
energy efficiently, and are adequate if they are econom-
ically viable. The last is given when competitive com-
panies in reasonable economic conditions are already
applying this technology. Though there are some indi-
cations that environmental permitting agencies such as
the local government of Duisburg may play a role in the
diffusion of energy-efficient technologies, we did not
find any further proof that this happened in other regions
of Germany (Länder) as well. Few plant suppliers men-
tioned policy intervention for the case of TRT at Salz-
gitter B. However, the respective governmental institu-
tions strongly deny any influence.

In summary, we found some indication for policy
intervention on the diffusion of energy-efficient technol-
ogies in the German steel industry, though only in a
single case and with differing views from the regulator
and company side. It seems that different environmental
permitting agencies have different approaches towards
the implementation of energy-efficient technologies.

Site-specific constraints

Site-specific factors have been described to some extent
by Sutherland (1991) and Sutherland (1996), though not
by Sorrell et al. (2000), Cagno et al. (2013), and Brunke
et al. (2014). In this analysis, four out of five cases that
have not implemented a selected EET yet (Table 5)
put forward site-specific constraints as a key bar-
rier. The four cases belong to three sites. The
cases are TRT and BOFGR at HKM as well as
BOFGR at Ruhrort and Dillingen. All three sites
are not complete integrated steelworks. One site has no
rolling capacity (HKM), a second only a rolling capacity
of about 50 % of its hot metal production (Dillingen),
and the third has steelmaking and rolling but no iron
production (Ruhrort).

The implementation of TRT at HKM seems to be
restrained by site-specific constraint that HKM has no
rolling and thus a lower electricity demand than inte-
grated steelworks including rolling. Rolling is one of the
key electricity and fuel consumers in an integrated steel
plant. If an integrated steel plant does not possess rolling
mills (e.g., HKM), its electricity and gas demand is
lower. If it then was to produce electricity with TRT or
recover BOFG, the company would either have to sell
the energy or to find other on-site uses. Additionally,
currently, market power prices are low in Germany
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while consumer prices are high, particularly due to the
EEG reallocation charge. Since HKM does not have any
further electricity demand, the price of electricity pro-
duced with TRT at HKM would have to compete with
power plants. As an interviewee stated, the company
consistently evaluates the economic viability of TRT at
its blast furnaces. So far, the implementation would not
meet the companies’ economic requirements. The im-
plementation of TRTat HKM is foreseen when the blast
furnaces are re-built.

The recovery of BOFG at Dillingen seems to be held
back by the site-specific constrain that its blast furnace
capacity is about twice as big as its rolling capacity.
Hence, the amount of blast furnace gas covers already
to a large extent the energy demand for rolling. The
economics of BOFG recovery seems to depend largely
on whether a company can reduce its natural gas con-
sumption or not.

The site of Ruhrort seems to abstain from implementing
BOFGR since this site does not possess ironmaking facil-
ities, but only two BOFs and rolling. It was one of the first
BOFs in Germany that was equipped with a waste heat
boiler, so the BOFG is burned to boil water. The steam is
used for both on-site purposes such as vacuum-degassing
and is sold to another steel plant. The pipes for the transport
of the steam to the other steelwork were renewed in
2004 at times of comparably low energy prices. The
interviewee stated that the company considers BOFGR
once in a while but that so far it has not turned out to meet
the firms’ economic requirements. Since the site has re-
covered parts of the off-gas energy, invested in the pipes,
and has a contract with the other company, possible addi-
tional proceeds by BOFGR would not compensate for the
opportunity costs.

Conclusions

Policy can shape the uptake of EET but so far its impact is
limited. The strong increase of the levy for the support of
renewable energies (EEG) seems to have led to a further
diffusion of one TRT since about 2012. Furthermore, we
found indications that one TRT has been erected partly due
to the application of an existing law on energy efficiency in
industry by a local government. The introduction of the
CO2-Emission Trading System in 2005 has had only
marginal effects on the diffusion of the selected EET.

Economics matter. The results indicate that investment
rarely happened at payback periods exceeding about

3 years. Increasing coke prices led to the strong uptake of
PCI from 2004 onwards. A better economic outlook of a
company also strengthens the uptake of EET.

Site-specific constraints seem to be the key barrier to
a further diffusion of the selected EET in Germany since
they impact the economics of an EET. A second strong
barrier seems to be access to capital, i.e., the economic
situation of the company. In one case, the formerly state-
regulated electricity market seemed to have hindered the
implementation of a TRT.

Risks and lack of information were not identified as
barriers to the diffusion of the selected EET.

Our analysis shows that there are still few plants that
could implement the selected EET in Germany, but that
mainly site-specific constraints lower the economics of
the technologies. Lessons learnt from this paper might
be applied to other market economies with a similar
share of primary to secondary steel production. The
selected technologies were introduced about 30 years
ago, so the remaining diffusion potential should be
limited in most countries.

A significant increase in the price of CO2 within the
EU-ETS (in the case of Germany) or the introduction of
a strong emission trading system in other countries
would most likely lead to a further diffusion of the
selected technologies. However, the energy efficiency
potential seems to be limited. Reducing CO2 emissions
in the steel industry requires new technologies (e.g.,
strip casting, breakthrough technologies) or carbon cap-
ture and storage.

It should be elaborated to which extend the CO2

emissions in the steel industries of selected countries
could be reduced considering different technological
pathways. This would also help to design future policy
including targets within emission trading systems.

BImSchG, Federal Emissions Protection Law
(Bundesimmisionsschutzgestz); BF, blast furnace; BOF,
basic oxygen furnace; BOFGR, basic oxygen furnace gas
recovery; CO2, carbon dioxide; ETS, European Emission
Trading Scheme; EEG, German Renewable Energies Act
(Erneuerbaren-Energien-Gesetz); EET, energy-efficient
technology; HKM, Hüttenwerke Krupp-Mannesmann, a
German steel company; PCI, pulverized coal injection;
TRT, top-pressure recovery turbine.
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Appendix

Data sources for the construction of the timeline
of energy prices for the German industry

Calculation of payback periods

The payback periods are calculated according to Eq. (2).

PBi;t kð Þ ¼ I i
Pi;t kð Þ−Ci kð Þ ð2Þ

where
PB: payback period
I: investment
P: annual return due to technology i
C: annual O&M cost
i: technology
t: case (Table 4)
k: year
The proceeds for TRT are assumed to equal the

market value of generated electricity. This as-
sumes that the company purchases electricity from
the public grid and that by applying TRT the
company can reduce its electricity consumption
from the public grid. Later, we will see that not
all steel companies in Germany fulfill this as-
sumption and that TRT in some cases does not
compete with the electricity price from the public
grid but with the price for on-site electricity

generation. Hence, the electricity prices for cases
(b) and (c) are (Eq. (3)–(4)):

bð ÞPCEL;b kð Þ
¼ PCEL;a kð Þ−SECO2;EL kð Þ⋅PCCO2 kð Þ; ð3Þ

cð ÞPCEL;c kð Þ ¼ PCEL;a kð Þ−SECO2;EL kð Þ⋅PCCO2 kð Þ−EEG kð Þ: ð4Þ
where
PC: price
EL: electricity
SE: specific emissions
CO2: carbon dioxide
EEG: levy for the support of renewable energies
k: year
a, b: case (Table 4).
For BOFGR, we assume that the recovered

BOFG reduces the consumption of natural gas and
that in case of EU-ETS costs for the CO2 emissions
of that amount of natural gas are saved.

Estimating the economic benefits of PCI, we follow
the approach of Schott et al. (2012). Coke is partly
replaced by coal in the blast furnace. Differences bet-
ween the coke and coal price lead to economic benefits.

Table 8 Data sources for the construction of the timeline of energy prices for the German industry

Energy carrier Period Source Details I Details II Original
unit

Conversion factor

Coal 1968–2014 BAFA 2016 Imported to Germany Cross-border price EUR/t SKE 8.141 MWh/t SKE

Coking coal 1978–1998 IEA 2016 Industry, Germany Cross-border price EUR/t 6.978 MWh/t

1998–2014 VDKI 2004–2015 Imported to Germany Cross-border price EUR/t 6.978 MWh/t

Coke from hard coala 1998–2014 VDKI 2004–2015 Imported to Germany Cross-border price EUR/t 6.978 MWh/t

Natural gas 1978–2014 BMWi 2016 Industry, Germany Energy end use price ct/cbm 8.816MWh/1000 cbm

1970–1977 IEA 2016 Industry, Germany Energy end use price EUR/MWh –

Electricity 1968–2009 BMWi 2016 Industry, Germany Energy end use price EUR/MWh –

1978–2014 IEA 2016 Industry, Germany Energy end use price EUR/MWh –

2008–2013 Destatis 2016 Industry, Germany Energy end use price ct/kWh –

a Since coke prices are only available from 1998 onwards, we estimate the coke prices from 1978 to 1997. Prices for coking coal are available
from 1978 onwards. The ratio between the price of coke and coking coal varied between 1.5 and 1.7 in the years 1998–2003. In 2004–2005,
the ratio was extraordinarily high (3.3, 2.4), while in the year of the economic crisis 2009 the ratio was extremely low (1.1). Thus, we assume
an average ratio of the price between coke and coking coal of 1.6 for the years from 1978 to 1997
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CO2 emission reductions are calculated by accounting
coal consumption both in coke ovens and blast furnaces.

We assume that 1 t of coke is produced from 1.3 t of coal
(Schott et al. 2012). Table 9 lists further assumptions.

The calculations of the proceeds of the respective
technologies are given below (Eq. (5)–9).

PTRT;t ¼ SPEL;TRT⋅PCEL;t kð Þ⋅CPBF ð5Þ

PBOFGR;a ¼ SRBOFGR⋅PCNG kð Þ⋅CPBOF ð6Þ

PBOFGR;b ¼ SRBOFG⋅ PCNG kð Þ þ SECO2;NG⋅PCCO2 kð Þ� �
⋅CPBOF ð7Þ

PPCI;a ¼ SCCK;OP⋅PCCK kð Þ− SCCK;WP⋅PCCK kð Þ þ SCCL;WP⋅PCCL kð Þ� �� �
⋅CPBF

ð8Þ
PPCI;b ¼ PPCI;a þ ðSCCK;OP⋅Q− SCCK;WP⋅Qþ SCCL;WP

� �
⋅SECO2;CL

⋅PCCO2 kð ÞÞ⋅CPBF
ð9Þ

where
Pi: annual return due to technology i
SP: specific production
SR: specific recovery
SE: specific emissions
SC: specific consumption
PC: price
CP: capacity
Q: factor (input to coke oven: coke/coal = 1.6 (Schott

et al. 2012)
BF: blast furnace
BOF: basic oxygen furnace
BOFG: basic oxygen furnace gas
CK: coke
CL: coal
CO2: carbon dioxide
EL: electricity
NG: natural gas

OP: without PCI
WP: with PCI
k: year
t: case a, b, or c (Table 4)
a, b, c: cases (Table 4)
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