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Abstract European iron and steel producers are work-
ing towards increased energy efficiency to meet require-
ments set by European policies such as the Energy
Efficiency Directive. In this study, we show that the
specific energy consumption (SEC), representing the
iron and steel sector in the Odyssee energy efficiency
index (ODEX)—the tool for policy evaluation recom-
mended by the European Commission—is insufficient
for capturing energy efficiency trends of European iron
and steel production. European producers focus on
niche markets, diversifying and specialising their set of
products well beyond crude steel, which is the bench-
mark product for deriving the SEC. We compare the
SEC with the more comprehensive Malmquist produc-
tivity index (MPI) methodology, which is calculated
using data envelopment analysis (DEA) techniques.
An evaluation of energy efficiency trends during
2000-2010 showed that the SEC overestimated energy
efficiency improvements for European steel industries,
while underestimating the improvements achieved by
Swedish steel industries. A comparison between the
SEC, the MPI/DEA approach, and energy intensity
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based on value added in the Swedish case provides
further insight to the methodological differences be-
tween the approaches. We conclude that the approaches
highlight different aspects of energy efficiency analyses
and that the SEC is not sufficient for capturing the
energy efficiency of steel industries.
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Introduction

Iron and steel production, together with chemical and
petrochemical production, comprise the most energy
intensive segments of European industries, correspond-
ing to 18 and 19 % of the final industrial energy use,
respectively (European Commission (EC) 2012). Iron
and steel production is intrinsically carbon intensive due
to the coal required for the iron ore reduction in prevail-
ing industrial processes. In 2010, iron and steel produc-
tion was responsible for 4.7 % of the overall greenhouse
gas emissions in the EU-27, equivalent to approximately
181 million tonnes of CO, (UNFCCC 2012).

In the EU, significant efforts have been made to
improve the energy efficiency of the economy as well
as reduce the environmental impact of human activities.
For instance, the Energy Services Directive (ESD),
which will be repealed mid-2014, and the recently
adopted Energy Efficiency Directive (EED) set targets
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for energy efficiency, which are also needed to reach the
targets for mitigating environmental impacts and cli-
mate change. The directives are translated into policies
at regional or national levels, thus affecting the context
in which European industries are operating (EC 2006,
2012). The EU Emission Trading System (EU ETS)
introduces a carbon price to be paid by industries. Iron
and steel production facilities are included in the EU
ETS, and their profitability is directly affected by the
carbon cost (EC 2013).

In Sweden, a voluntary agreement was introduced in
mid-2004, granting energy intensive industries an elec-
tricity tax exemption in exchange for participation in an
energy efficiency programme. As part of the require-
ments of the programme, the industries had to perform
an energy audit, adopt an energy management system,
and implement measures for increasing electrical effi-
ciency (Swedish Energy Agency 2011a). In addition,
the iron and steel industries received public funding for
several projects aimed at increasing knowledge about
energy efficiency, including education of engineers and
practitioners in the mining and steel industries. These
efforts resulted in education of approximately 7,000
persons, development of an online energy handbook,
and establishment of an energy network for industries in
the targeted sectors (Lindblad and Axelsson 2009;
Nordqvist and Axelsson 2011).

The effectiveness of regional (EU) as well as national
initiatives towards increasing energy efficiency needs to
be evaluated post-implementation. For the EU Member
States, there is a recommendation in the ESD as well as
in the EED to use the Odyssee energy efficiency index
(ODEX) for evaluating the effectiveness of the policies
emanating from the directives (EC 2006, 2012). ODEX
aggregates energy intensity trends from all sectors of the
economy (industry, transportation, and households) into
one single index and is developed and maintained with-
in the EU project Odyssee Mure (Enerdata 2010).
However, the methodology has been criticized for sev-
eral reasons.

At the aggregated level, ODEX is largely influenced
by fluctuations in the data and less robust than other
established methods for estimating efficiency develop-
ment (Cahill et al. 2010). ODEX is based on a number
of sectoral unit consumption indicators (or specific en-
ergy consumption—SEC) to represent the energy inten-
sity of the production of steel, cement as well as pulp
and paper (Enerdata 2010). SEC for steel production has
been criticized for being misleading. SEC compares the
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total energy use of the sector with an intermediary
product of the production process, crude steel. In other
words, it allocates larger amounts of energy use to a
product than what is actually required for its production
(Swedish Energy Agency 2011b; Tanaka 2008).

The use of physical indicators for the energy efficien-
cy evaluation of a whole industry sector has been
discussed for some time. Worrell et al. (1997) and
Schenk and Moll (2007) ponder that, although the
SEC allows international comparisons, it fails to capture
energy efficiency in a sector with a diversified set of
products. This discussion is particularly relevant in the
European context, since some European iron and
steel producers have operated within niche markets
for high-value products to withstand increased
global competition (Okereke and McDaniels
2012). These high-value products are far from the
intermediary product crude steel used as reference,
both when it comes to value as well as the process
of production. This leads us to the question: Does
SEC capture actual energy efficiency improvements
in European iron and steel production?

In this empirical study, we analyse energy efficiency
trends of European iron and steel production and com-
pare the results with the SEC. To analyse the trends, the
more comprehensive Malmquist productivity index
(MPI) methodology was used based on data envelop-
ment analysis (DEA) techniques and following the ex-
ample of Wei et al. (2007). The novelty of the study lies
in applying a well-established and comprehensive meth-
od for evaluating energy efficiency, MPI/DEA, on
European iron and steel production, highlighting catch-
ing-up effects and innovation effects among the Member
States. A non-oriented and non-radial slacks-based
DEA model was applied in this study rather than
the radial and input-based model previously used
by Wei et al. (2007), alleviating some of the
drawbacks identified in the latter. This will be further
explained below.

Following this introduction, we present the use of
MPI and DEA in the analysis. The results of the analysis
discuss general trends in energy efficiency of European
production as well as the development of the individual
Member States. We then compare the results of the
analysis with the SEC and highlight the implications
of method choice for policy evaluation in the case of
Swedish iron and steel production. Finally, we close
with the major conclusions and give direction for next
steps in research on this topic.
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Methodology

Liu and Ang (2007) have reviewed the literature
analysing industrial energy use since the oil crisis in
the 1970s, covering industrialized, emerging, and devel-
oping economies in different time frames. The methods
used have all aimed to decompose energy use trends to
identify the impact of structural changes as well as
understand the linkage between energy use and devel-
opment. More recent studies decompose trends in ener-
gy efficiency and CO, emission reductions in Swedish
manufacturing industries (Pardo Martinez and Silveira
2012a) and analyse factors influencing energy efficien-
cy and CO, emission reductions in Swedish service
industries (Pardo Martinez and Silveira 2012b).
Furthermore, Mulder and de Groot (2012) decompose
trends in energy intensity development in both
manufacturing and service industries for 18 OECD
countries.

However, if the aggregation level of the study is too
high, the sectoral detail may be lost. For example, iron
and steel production is grouped together with other
metal production in a category called “basic metals” in
the two-digit level of aggregation, which is used in
many studies (Mulder and de Groot 2012; Pardo
Martinez and Silveira 2012a). Eichhammer and
Mannsbart (1997) warn of the potential problem of
intra-sectoral structural changes being accounted as en-
ergy efficiency improvements if the level of aggregation
is too high. Obviously, depending on the aim of the
study (e.g. for analysing the overall national trends), a
high level of aggregation may be sufficient and also
preferable (from a data intensity point of view).
Meanwhile, a lower aggregation level is required for
in-depth sectoral analysis. In addition, several industry
sectors require a global perspective to account for global
markets (Liu and Ang 2007; Pardo Martinez and
Silveira 2012a).

At the European level, the ODEX indicator has been
developed to aggregate the energy efficiency develop-
ment of the various sectors of the economy. For each
sector, a sectoral indicator is calculated, which is then
aggregated into the economy-wide index through a
weighted average using the share in final energy use as
the weighting factor for each sector. In the case of steel
production, the sectoral indicator is the SEC, which is
defined as final energy use in the iron and steel sector
divided by the quantity (in terms of mass) of crude steel
produced (Enerdata 2010). However, this method does

not replicate the sectoral activities due to the fact that
energy use, given in the numerator, includes a larger
number of activities than needed to produce the inter-
mediary product given in the denominator, that is, the
crude steel (Swedish Energy Agency 2011b; Tanaka
2008). The result of this assumption is especially impor-
tant in Europe, where focus is given to quality products
with values that are higher than that of crude steel. To a
large extent, Okereke and McDaniels (2012) see the
niche markets created for European steel products as
an explanation to how European producers withstand
global competition.

There are also upstream activities that are only par-
tially captured or not captured at all by the indicator. For
example, a country’s crude steel production might shift
some of its intermediary inputs (e.g. pig iron) from
domestic production to imports. In that case, the energy
use would decrease due to the decrease in domestic
production, but the benchmark product (in this case
crude steel) would remain at a stable level as its demand
for pig iron is satisfied through imports rather than
domestic production (Eichhammer and Mannsbart
1997). This suggests that pig iron should be considered
a separate product category in energy efficiency
analyses.

Some studies have attempted to disaggregate intra-
sectoral trends in iron and steel production for the dif-
ferent process routes to analyse the factors influencing
the SEC. In an international comparison, Worrell et al.
(1997) and Farla and Blok (2001) used the global best-
practice energy intensity as a weighting factor for dis-
aggregating the SEC when it comes to process.
However, the results of this approach are uncertain since
the global best-practice energy intensity is different from
the situation in the countries analysed. A more robust
analysis could have been achieved by assigning statisti-
cal weights dependent on country-specific energy inten-
sities. Oda et al. (2012) used a series of methods to
define disaggregated indicators for each process route,
using a number of assumptions for the macro-data and a
large number of sources for the micro-data, thus increas-
ing the risk of mixing system boundaries. Siitonen et al.
(2010) used plant-specific energy data to disaggregate
the SEC, showing the importance of clear system
boundary definitions when using SEC.

Moving beyond the SEC for crude steel,
Eichhammer and Mannsbart (1997) differentiate be-
tween two processes for producing crude steel, adding
hot rolled steel to their analysis of the inter-sectoral
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structural changes between industrial sectors. However,
this approach requires data on both two-digit and four-
digit levels of aggregation. Also, Arens et al. (2012)
attempt to increase the sectoral detail in a study of the
German iron and steel production, constructing the SEC
for five product categories independently, all at different
levels of quality. These approaches are more robust in
comparison with those only focusing on crude steel.
However, the analyses require detailed data on energy
use as well as production quantities, which is in many
cases not available at national level (Oda et al. 2012).

Alternatively, energy efficiency improvements in an
industry with multiple inputs and multiple outputs can
be analysed non-parametrically. Wei et al. (2007) per-
formed such an analysis of Chinese iron and steel pro-
duction using DEA calculation techniques together with
MPI methodology, capturing the energy efficiency im-
provements of the sector as well as the individual de-
velopment of the Chinese regions.

DEA is a calculation technique for estimating the
relative efficiency of a decision-making unit (DMU)
compared to the other DMUs in a given sample set.
The benefit of using DEA lies in the possibility to
evaluate efficiency without explicitly introducing a
mathematical relationship between the inputs and out-
puts of the DMUs. Multiple inputs and multiple outputs
are evaluated relative to the frontier line constructed by
the DMUs with highest productivity, that is either (i)
utilizing a minimum amount of inputs for producing a
fixed amount of outputs or (ii) utilizing a fixed amount
of inputs and maximizing the amount of outputs
(Cooper et al. 2007).

DEA is a technique for evaluating productivity under
static conditions, meaning that the analysis is limited to
one point in time. For the purpose of evaluating trends in
productivity, DEA needs to be extended with other
methods. One such method is window analysis, but it
suffers from being computationally demanding and not
providing a result consisting of a single index (Cooper
et al. 2007). MPI is an established methodology for
evaluating productivity over time that produces such
an index. MPI was first introduced by Malmquist
(1953) for analysing consumption patterns through anal-
ysis of the development of price indices. Since then, the
MPI has been further enhanced by Fére et al. (1994),
among others. MPI is now used for measuring fotal
factor productivity, which is generally a measure of the
economic efficiency of the DMUs. It is also used in
several other applications, integrating evaluation of
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economic efficiency, energy efficiency, and environ-
mental impacts.

The MPI methodology produces an index, fotal fac-
tor productivity, describing the productivity change over
time. One benefit of the method is that this index is
composed of two sub-indices, technical efficiency and
technical efficiency change. The sub-indices indicate
two trend effects, the catching-up effect and the innova-
tion effect, respectively, which were first defined by
Fére et al. (1994). To illustrate this, consider the follow-
ing example. We analyse the productivity of one DMU
using one input and producing one output compared to a
sample of DMUs for two time periods. Two productivity
frontiers have been constructed based on the productiv-
ity of the whole sample. The catching-up effect is then
defined as the efficiency of the DMU in the second time
period compared with the frontier of the second time
period divided by the efficiency of the DMU in the first
time period compared with the frontier of the first time
period. If this is shown graphically, one could say that
the distance from the DMU to the frontier is compared
between the first and second time periods; hence, a
DMU that increased its productivity will be catching
up with the best-practice frontier (Fig. 1). The innova-
tion effect is demonstrated as an efficiency shift from the
lower-efficiency frontier of #; (dashed grey line in
Fig. 1) to the higher-efficiency frontier of #, (blue line
in Fig. 1). The catching-up effect is illustrated in the
figure as the decreasing distance when DMU; (#,) com-
pared with the frontier of #; moves to DMU, (%) com-
pared with the frontier of #,. The shift of the frontier is
defined as the innovation effect since it describes the
progress of the best-practice frontier in the vicinity of

oPMUi(t)

One output

\/ Catching-up effect

®omu;t)

S S N

One input

Fig. 1 Innovation effect and catching-up effect of the Malmquist
productivity index, inspired by illustrations in Cooper et al. (2007)
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the investigated DMU (Fére et al. 1994). Some studies
also refer to this effect as the frontier shift effect (e.g.
Wei et al. 2007).

MPI is constructed based on four distance functions,
which are estimated using DEA. Since the MPI aims to
show the changes between two time periods, the score
of each DMU is needed for four cases. The first two are
the scores when the DMU is analysed in the first time
period in relation to the frontier of the first time period,
and then the second time period. The second two are the
scores when the DMU is analysed in the second time
period in relation to the two frontiers.

However, DEA is not the only technique used for
these calculations. Stochastic production frontier (SPF)
techniques were used by Chou et al. (2012) for investi-
gating the productivity of the IT industries in 19 OECD
countries. SPF is preferred for its possibilities to account
for errors and other stochastic influences on the data.
Because of this, the method is seen as especially useful
in international comparisons at macro level since errors
of this kind are common in the statistics and would
otherwise be included as part of the inefficiency of the
DMUs. However, SPF is not appropriate when handling
multiple-output production systems, as it would require
a mathematical function for the production within the
DMU. In DEA, this functional formula is not needed,
which makes the DEA method more versatile.

There are a large number of DEA models available.
Since they have different characteristics, the model
choice will largely influence the results of the analysis.
Thus, the character of the DEA model has to be carefully
assessed before the choice is made and the results un-
derstood. First, the radial character of the model refers to
the proportional behaviour of the inputs and outputs in
the model. A radial model assumes that the inputs and
outputs of the model change proportionally.
Mathematically, this means that the inputs, x; and x,,
will be interlinked through the constant, o, when the
model is run, thus only allowing solutions that satisfy
(a1, axy). This means that the slacks produced by a
DMU (the input excess and/or output shortfalls that the
proportionality of the radial model results in) are ig-
nored. In other words, in a radial model, a DMU may
be considered as efficient compared to the efficiency
frontier even though it has slacks. Tone (2001) alleviates
this by introducing the non-radial slacks-based model
(SBM). The SBM is based on the product of the input
and output inefficiencies, and the author proves that a
DMU is CCR-efficient (denoting the traditional radial

model, designed by Charnes, Cooper and Rhodes
(CCR) 1978) only if it is also SBM-efficient. The author
shows that there are DMUs that would have been con-
sidered efficient using a radial model but are in fact
inefficient when taking the slacks into account.
However, the SBM is not translation invariant, which
means that all inputs and outputs have to be positive.

Second, there are three choices in the orientation of the
DEA model. Traditionally, DEA models are either input-
oriented or output-oriented, meaning that the linear pro-
gramme for solving the model either evaluates the DMUs
from the perspective of minimizing the input for producing
the given output or maximizing the output based on the
given input. The SBM proposed by Tone (2001) is based
on the inefficiencies of both the input and output and,
hence, is non-oriented. The choice of input or output
orientation has implications for the results as, in reality,
measures to improve efficiency can be taken on the input
side as well as the output side. Using an oriented model
assumes that efficiency measures are only possible to
implement on one of the two sides. Hence, non-oriented
models are preferred as they are more general and flexible
than oriented ones (Silva Portela et al. 2003).

Third, one of the drawbacks of using DEA compared
to SPF is that the type of returns to scale has to be
chosen prior to the analysis. DEA was first developed to
handle constant returns to scale (CRS), but has since
then been extended to handle other environments. CRS
assumes that outputs will change proportionally to
change of inputs, which is not always the case in this
type of analysis. The SBM can handle both CRS and
variable returns to scale (VRS) (Cooper et al. 2007).

The resulting score from DEA shows the efficiency of
the DMU s in an index form, where the efficient DMUs are
given the status 100 % and the inefficient ones are given a
value reflecting how they compare to the frontier built up
by the efficient DMUs. However, one might also be inter-
ested in knowing the differentiation between the efficient
DMUs. Tone (2002) developed the concept of super-
efficiency and the Super-SBM model, which assigns an
index value larger than 100 % to DMUs considered effi-
cient compared to the efficiency frontier.

DEA and MPI are versatile tools that can be used at
all levels of aggregation. The DMUs analysed can be
companies, industry sectors, regions, or even nations.
However, it is important that all analysed DMUs have
similar inputs and outputs to ensure meaningful results.
Morita et al. (2005) used Super-SBM to analyse the
managerial productivity of different sales branches
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within a Japanese power company. Liu and Wang
(2008) analysed the economic productivity of 15
Taiwanese companies working with semiconductor test-
ing and packaging to capture the productivity within
each company. This was also done by Mohammadi
and Ranaei (2011) for 22 cement-producing companies
in Iran. Ng (2011) analysed the productivity of hospitals
in one of the provinces in China, using MPI decompo-
sition to show the factors influencing the inefficiencies
in the evaluated hospitals. Pires and Fernandes (2012)
showed the impact of the terrorist attack in the USA in
2001 on 42 airlines by comparing the economic produc-
tivity of the airlines between 2001 and 2002. Li et al.
(2005) showed the development of economic produc-
tivity in the Chinese construction industry considering
four major Chinese regions as DMUs in the analysis.
Chou et al. (2012) compared economic productivity of
the information technology sector between 19 OECD
countries.

DEA and MPI are widely used for evaluating trends in
energy efficiency and greenhouse gas emissions. Azadeh
et al. (2007) used DEA to analyse the energy efficiency of
the petroleum refinement sector in a number of countries.
In this case, principal component analysis and numerical
taxonomy were integrated with DEA to provide additional
verification of the analysis. Pardo Martinez and Silveira
(2012b) evaluated energy efficiency improvements and
greenhouse gas emission reductions in the Swedish ser-
vice sector under static conditions (using only DEA),
evaluating each segment of the sector as a DMU.
Statistical tests applied within the study confirmed that
results from DEA are consistent with the development of
the traditional indicators. Blomberg et al. (2012) analysed
electricity and oil use of Swedish pulp and paper indus-
tries in relation to labour requirements and physical output
using DEA at the company level. The study highlights the
effects of a Swedish energy efficiency programme on the
electrical efficiency of the companies. Honma and Hu
(2009) constructed a total-factor energy productivity in-
dex, an extension of the MPI, and showed how the
development of consumption of different energy carriers
contributed to the GDP development in Japanese prov-
inces. Rao et al. (2012) showed the energy efficiency of
Chinese provinces and identified provinces with potential
for improvement. SBM in static conditions was used
taking economic and energy inputs into account as well
as economic outputs and undesired outputs (i.e. chemical
oxygen demand and sulphur dioxide emissions). Zou et al.
(2013) compared the results of Super-SBM with SPF and
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used MPI to show the energy efficiency disparity of
Chinese provinces, suggesting policy changes to reduce
the technology level imbalance in the provinces. Wu et al.
(2012) showed that energy efficiency increased in
Chinese industries mainly due to technological improve-
ments and that there is further potential for improvements.
This study considered the Chinese provinces as DMUs.
The authors’ conclusions were based on results from both
static and dynamic models. Ramanathan (2006) analysed
the linkage between CO, emissions, energy use, and GDP
development using a version of DEA. However, the ap-
proach used by Ramanathan (2006) did not use MPI to
analyse the development over time, but rather the static
conditions of DEA considering each year between 1980
and 2001 as a separate DMU. The DEA model was then
used to forecast the requirements for preserving the world
GDP level until 2025.

The energy efficiency of iron and steel production has
also been specifically analysed by Wei et al. (2007), who
showed a 60 % energy efficiency improvement in the
Chinese iron and steel sector, considering the Chinese
provinces as DMUs and using static as well as dynamic
models. Furthermore, Ma et al. (2002) used MPI to eval-
uate the economic productivity as well as energy efficiency
of Chinese iron and steel producers, considering 88 com-
panies as the DMUs in the analysis. The results were used
to suggest a number of policy changes to promote eco-
nomic productivity and energy efficiency in Chinese iron
and steel production. He et al. (2013) used a similar
approach, focusing on economic and energy efficiency
based on data from 50 iron and steel companies in
China, but extended the scope by also analysing undesir-
able outputs (i.e. sulphur dioxide, nitrogen dioxide, and
smoke) within the MPI/DEA framework. The authors
analysed the implications of including undesirable outputs
in the total productivity of the companies and concluded
that total productivity growth was underestimated when
not taking undesirable outputs into account. It should,
however, be noted that this study did not consider carbon
dioxide as undesirable output, which was also acknowl-
edged as a limitation by the authors.

Applying MPI and DEA models in iron and steel
production

Based on the literature survey presented above, we
opted for MPI combined with DEA calculation tech-
niques in this study. The static DEA and the dynamic



Energy Efficiency (2014) 7:955-972

MPI were calculated using the software DEA-Solver-
Pro, version 9. The models called “SBM-V”, “Super-
SBM-V”, and “Malmquist-V” were applied, as de-
fined by Cooper et al. (2007). In contrast with the
study by Wei et al. (2007), which used a radial
and input-based model in the CRS environment,
we applied the following DEA models: the non-
radial and non-oriented SBM and Super-SBM,
both assuming the VRS environment. The DEA
scores in static conditions were calculated using
the models defined by Tone (2001, 2002).

Following Fire et al. (1994) the sub-indices and the
MPI for energy efficiency were calculated using the
following equations:

51 ((xo’J’o)Hl)
S o) !
[ () 5 (o)) 17 (2)
; (5"+1((x0,y0)i) 6i+1((xo,yo)i+l) )
EEIL = 6f((xo,yo)i+l) 5i+1((x07y0)i+1) 1/2, (3)

0 ((x030)) 0 ((0,)')

where the technical efficiency change index (EI), the
technical change index (TI), and the change in energy
efficiency index (EEI) were shown from year i to year i+
1. The four distance functions needed to construct the
MPI (as shown in Egs. (1-3)) were i to year i+1. The
four distance functions needed to construct the MPI (as
shown in Egs. (1-3)) were 8%((ro, 7)), 6%((Xor 10)"),
8"((%os 0)?), and 62((x,, y,)"2) where " was the score of
DMU (x,,y,)"” with ¢, denoting the time period of the
frontier and #, the time period of the DMU. The distance
functions were calculated based on the static SBM and
Super-SBM models, as defined by Cooper et al. (2007).
Super-SBM was used when SBM returned infeasible
results, since Super-SBM is always feasible in the VRS
environment. Further details on the calculation steps and
the linear programmes can be found in Cooper et al.
(2007).

Cumulative indices were calculated, using year i=0
as the baseline year (index equal to unity):

961
EI = [T",EL, (4)
TI = [17,TL, (5)
EEI =[], EEI, (6)

where 7 is the number of years included in the cumula-
tive index. For comparison, the SEC and the energy
intensity per value added (EIVa) were provided in index
form by applying

SEC e
EElgpc = 7
SEC SEC ) ( )
ElVa
EElg, = , 8
EVa = "FIva (8)

where SEC,¢ is the SEC of the base year and EIVa,.¢is
the EIVa of the base year. Siitonen et al. (2010) previ-
ously used this method for converting the SEC into an
energy efficiency index.

Data sources and limitations

Although we based our approach on the study by Wei
et al. (2007), some of the inputs to the model were
shifted to better reflect the conditions of the industry.
Wei et al. (2007) chose to group fuel oils, gas, and
electricity in one input category and coal and coke in
two separate categories. In this study, we grouped the
inputs as follows: solid fuels (coal and coke), electricity,
and others (gas plus other energy carriers) (Fig. 2). Since
there is a clear division between primary production,
which is based on coal and coke as energy input mainly,
and secondary production, which is based on electricity
as energy input mainly, this grouping of the energy
inputs to the model provided an energy efficiency fron-
tier better representing the structural division within the
sector.

The products chosen to represent the output from the
sector were pig iron, crude steel, and finished steel (hot
rolled steel), which is consistent with the methodology

x, = Solid Fuels
X, = Electricity
X3 = Other Energy

y, = Pig Iron
y, = Crude Steel
y; = Hot Rolled Steel

— DMU

Fig. 2 Inputs (x1, x5, x3) and outputs (v1, 2, 13)
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used in the study by Wei et al. (2007). The products
chosen are indeed intermediary products, but also sold
independently by the steel manufacturers of the Member
States. The three products represent three major steps in
steel making, also in terms of energy requirements. Pig
iron is the most energy intensive step. Crude steel pro-
duction can be done through primary or secondary
production. While primary production uses pig iron or
hot metal as feedstock, secondary production is based
on scrap (Arens et al. 2012). An analysis that considers
crude steel as the only product of the sector completely
overlooks the composition of the product and the vari-
ations of energy inputs required along the process.

The three products considered contribute to value crea-
tion for the steel producers in different ways. Since
European producers are in the high-end segment of the
market for steel products (Okercke and McDaniels 2012),
the value creation by pig iron and crude steel is not repre-
sentative for the European industry. The high-end segment
is diverse, but to capture one additional degree of value
creation, the hot rolled steels were considered in the analy-
sis. Hot rolled steel products can be sold as is, but may be
refined further (e.g. through cold rolling, annealing, etc.)
into products designed for niche markets, thus incurring
higher prices and creating higher value for the producers.

The analysis was limited to energy use within the gates
of iron and steel industries (groups 24.1-24.3 and 24.51—
24.52, in NACE (Nomenclature statistique des activités
économiques dans la Communauté européenne) Rev. 2.0
statistical classification) located inside the borders of the
27 Member States of the EU, which is consistent with the
system boundaries used for territorial energy statistics
provided by Eurostat (EC (Eurostat) 2013). Cyprus,
Estonia, Lithuania, and Malta were excluded from the
analysis since they do not produce iron and steel.
Denmark and Ireland were also excluded since their
production was comparatively small and discontinued
during the analysed time period. The total European
production and energy use was included as one indepen-
dent DMU for the possibility of analysing the overall
European trends. As determined by Wei et al. (2007),
the efficiency of the total European production can be
neither best nor worst compared with the other Member
States and therefore will not interfere with the overall
results of the analysis.

Several authors have indicated difficulties in finding
reliable and available data for performing DEA (Oda
et al. 2012; Tanaka 2008; Wei et al. 2007). This is
especially an issue when using DEA on multi-national
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sectoral level since the analysis depends on large
amounts of data from several statistics offices, where
data may not have been collected using uniform
methods (Farla and Blok 2001). For increasing reliabil-
ity, only Eurostat was used for sourcing data on final
energy use (EC (Eurostat) 2013) and World Steel
Association for data on production quantities'
(International Iron and Steel Institute 2000; World
Steel Association 2012, 2010). Energy data was extract-
ed in terajoules (TJ) and production data in kilotonnes
(kt). We chose to use final energy data rather than
primary energy data since the focus of this study is on
energy efficiency in iron and steel. Primary energy data
would have introduced structural differences between
the Member States in the electricity generation sector
especially.

The data used were limited to the time period 1992—
2010. The starting year was chosen due to the territorial
changes within Europe in the years before. Data are
otherwise available from 1990, but establishing the
DMUs for the first years would have been difficult.
Data for the EIVa for Swedish steel production were
limited to the time period 2004-2010. The data on value
added were supplied in current prices and adjusted for
inflation using the net price index (SCB 2013).

Results

The overall trends in energy efficiency in the European
iron and steel production show an increasing TI, which
indicates progress in the innovation effect, and slightly
decreasing EI, which indicates that European production
(i.e. the DMU representing total European production)
is falling behind in comparison with the best-practice
frontier. The aggregated trends and some highlights of
the development of individual Member States are
presented below (details are available in Online
Resource 1).

When evaluating the cumulative energy efficiency of
European iron and steel production, four phases were
identified in the period analysed (see Fig. 3). In the first

! In the category “Hot Rolled Steel”, ten data points were missing
for various countries. In these instances, the crude steel to hot
rolled steel ratio of the previous year was used to estimate the hot
rolled steel produced using the crude steel data. The data points
concerned were Slovenia, Slovakia, Romania, and Latvia for year
2001; Slovenia, Slovakia, and Latvia for year 2002; and Sweden,
Slovenia, and Slovakia for year 2010.
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Fig.3 The cumulative energy efficiency index (EEI), technical change index (TI), and technical efficiency change index (EI) for European

iron and steel production

phase between 1992 and 1995, rapid progress was
achieved in terms of energy efficiency improvements.
The second phase, from 1996 to 2000, showed slow
energy efficiency progress. Energy efficiency gained
speed again during the third phase, which started in
2000 and lasted until 2007. The last phase was between
2007 and 2010, when the sector’s energy efficiency
actually regressed drastically to again pick up speed in
2010.

The decomposition of the energy efficiency index
showed a decreasing catching-up effect from 2005 on-
wards (see EI in Fig. 3). However, the innovation effect
showed a steady progress (despite some fluctuations)
throughout the whole time period except in 1993, 1996,
and 2009 (see TI in Fig. 3). The innovation effect
indicates a pushing forward of the best-practice frontier
in the vicinity of the DMU. This decomposition indi-
cates that the best practice of European steel production
was pushed forward during the period analysed, thus
implying increased energy efficiency. In this case, the
DMU is the total production of all the Member States
analysed. Hence, the best-practice frontier has been
pushed forward by the efficient Member States increas-
ing energy efficiency also for the average. Using a
similar reasoning, the regression observed in the
catching-up effect is interpreted as an increase in the
gap between efficient Member States and inefficient
ones.

The fourth phase shows quite different development
than the other phases in the period. The EEI estimated in
the period between 1992 and 2007 showed 16 % energy
efficiency progress in European iron and steel produc-
tion, which results from the best practice being pushed

forward. However, in 2008, a large number of countries
regressed to such a high degree that the energy efficien-
cy improvements achieved in the previous 16 years were
cancelled out at the European scale. The EEI estimated
between 1992 and 2010 showed energy efficiency re-
gression of 2 %, as several countries fell behind the best-
practice frontier. All in all, TI still progressed by 10 %
over the whole period.

The trends of the individual Member States, as indi-
cated in the static analysis (see details in Online
Resource 1), show that most of the EU-15% countries
were on the efficiency frontier during most of the
analysed period. There were some exceptions; some
countries are inefficient for single years. The more
long-lasting inefficiencies within EU-15 were found in
Finland and the UK, which were not on the frontier
during the late 1990s. Sweden was also inefficient from
2002 until 2009. Other than the EU-15, Hungary and
Latvia were on the production frontier for practically the
whole time period.

Slovenia had the lowest score (0.18) in the year 1996.
However, Slovenia was also the country with the stron-
gest increase in energy efficiency. From 1995 to 2009,
Slovenia increased its EEI as much as 3.5 times.
Actually, Slovenia had the largest improvement among
the analysed countries over that period. This was mainly
due to catching-up effects, implying that Slovenia was
closing in on European best practice in steel production.

2 EU-15 consists of the following Member States: Austria,
Belgium, Cyprus, Denmark, Finland, France, Germany, Greece,
Italy, Luxembourg, Netherlands, Portugal, Spain, Sweden, and the
UK. However, Cyprus and Denmark are not part of the analysis.
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Romania, on the other hand, had low scores during
the whole studied period ranging from 0.38 to 0.54.
Although Romania increased energy efficiency during
the analysed period, it did not manage to catch up with
the best-practice frontier. The efficiency score of some
Member States (i.e. Bulgaria, Czech Republic, Poland,
and Romania) was especially low, indicating gaps be-
tween the best-practice frontier and production practices
in these countries. These countries improved during the
period (except Czech Republic, which actually
regressed by 29 % over the whole period), but still did
not surpass the threshold of the best-practice frontier in
any of the years.

The dynamic analysis showed that all Member States
but three progressed in energy efficiency between 1992
and 2010 and several quite strongly (e.g. Bulgaria,
Hungary, and Spain—see details in Online Resource 1).
The exceptions were Czech Republic, Slovakia, and
Slovenia. Interestingly, Portugal was regressing in energy
efficiency until 1997, but then progressed significantly
during the years of the recession. This may be due to the
fact that Portugal shifted production to the more efficient
electric arc furnaces (EAF) in the early 2000s and, in
addition, it was not affected by the production decreases
experienced by the rest of Europe during the fourth phase.

During the period of the global economic recession,
the energy efficiency of European steel production was
negatively affected (see phase IV in Fig. 3). The effect
was primarily seen as a sharp regression in the innova-
tion effect, though also the catching-up effect regressed
during 2008-2009. Only four Member States (i.e.
Hungary, Latvia, Portugal, and Slovenia) progressed
during 2008-2009, and another four Member States
(i.e. Belgium, Poland, Spain, and the UK) kept their
efficiency score from the previous year (see details in
Online Resource 1). Common for the progressing
Member States during this period was that their produc-
tion was low in comparison with other Member States.

Effects on energy efficiency due to the economic
recession

The reduced energy efficiency during the recession may
be linked to decreasing demand. In fact, production fell
approximately 30 % in all segments of European iron
and steel industry in 2009 compared to 2008 (32.7 % for
pig iron, 29.7 % for crude steel, and 27.3 % for hot
rolled steel). In absolute numbers, the major reductions
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in production were observed in Germany and Italy,
which were also among the top producers in 2008.
Germany followed the European average reduction
shares for the three products, whereas Italy reduced
production to a higher degree than the European aver-
age. As Italy was one of the most efficient producers in
2008, one could speculate that production shifted to-
wards less efficient Member States, explaining the re-
duction of energy efficiency. However, it was found that
the Member States considered inefficient in 2008 actu-
ally reduced production to a higher degree than Member
States considered efficient. The Member States consid-
ered inefficient in 2008 were Bulgaria, Czech Republic,
Poland, Romania, Slovakia, Slovenia and Sweden,
based on the efficiency scores of the static DEA.

Disaggregation of the reduction observed in energy
use showed that coal was the energy carrier most re-
duced from 2008 to 2009, whereas electricity was the
least affected; the reductions were 37 and 23 %, respec-
tively. A shift from the more energy intensive blast
furnace/basic oxygen furnace (BF/BOF) production
route (using iron ore as feedstock and coal/coke as main
energy source) to EAF steel production (to a large
degree using scrap as feedstock and electricity as energy
source) was also seen, which is consistent with the shift
in energy carriers. The shift towards the EAF process
was evident in both Germany and Italy during the re-
cession. However, since EAF steel production is more
energy efficient than BF/BOF steel production (Worrell
et al. 2007), the shift in production routes should have
resulted in increasing energy efficiency rather than the
opposite.

Hence, factors other than geographical production
distribution and character of the production processes
must have influenced the change in energy efficiency of
iron and steel production during the economic recession.
Since demand dropped swiftly during the economic
recession, the capacity utilization factor may have de-
creased too in European iron and steel production facil-
ities. Since energy use in manufacturing industries usu-
ally benefit from scale effects (higher energy efficiency
due to increased production volumes), energy efficiency
benefits may have been lost when the capacity of the
plants was not being fully utilized. Siitonen et al. (2010)
concluded that production levels had an effect on energy
efficiency of steel production from iron ore when
analysing the influence of production levels (in terms
of mass) on the SEC of a case steel mill. The effect
was also seen in the Canadian manufacturing sector
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during the global recession, especially in iron and
steel production (Natural Resources Canada 2011).
This is also indicated as one of the reasons for the
energy efficiency decrease in European industry dur-
ing the 2009 recession in a presentation by
Lapillonne and Pollier (2012).

Jenne and Cattell (1983) showed that the two reces-
sions in 1975 and 1980 affected the UK manufacturing
sector in similar ways. Energy efficiency decreased
significantly during 1975, but then recovered and in-
creased in 1980. Thus, the plants reduced their produc-
tion volumes in 1975 but stayed in business, resulting in
decreased energy efficiency. The increase in energy
efficiency in 1980 was the result of inefficient plants
not coping with another recession and closing down.

To further understand the energy efficiency dynamics
during the time of the 2009 recession, a more detailed
analysis would be required. Such an analysis should be
extended to take an economic perspective into account,
also capturing changes in the value added of products.
This is especially important due to the heterogeneity of
European iron and steel production. As mentioned by
industry stakeholders, the market focus of East
European producers is different from that of West
European producers (EC 2010). Hence, the product
segment in each Member State may have implications
for its resilience to fluctuations in the global market.
This may be a reason why inefficient East European
Member States were more severely affected by the
economic recession and, hence, had to reduce produc-
tion to a higher degree than West European producers.
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Energy efficiency policy evaluation—EEI and SEC

The economy-wide energy efficiency index called
ODEX is based on a number of sectoral unit consump-
tion indicators (or SEC). In the case of steel production,
this is calculated by dividing energy use for iron and
steel production by the total crude steel production. In
this section, we compare the trends observed using the
MPI/DEA approach with the SEC and, for the case of
Sweden, the EIVa. This serves to verify the ability of the
SEC to capture energy efficiency developments. To be
able to compare the indicators, the SEC and the EIVa
were converted into indices, EEIggc and EElgpy, (see
mathematical description in the “Methodology”
section).

The EEIggc shows 16 % average increase in energy
efficiency in Europe during the period 2000-2010. In
contrast, the MPI/DEA approach shows that energy
efficiency actually regressed by 8 % during the same
time period (see Fig. 4). A closer look reveals that
EEIggc followed the EEI closely until 2005. The two
indices then diverge, showing the lower influence of the
2009 economic recession on the EEIggc than on the
EEL

The reason behind this may be the difference in
construction of the MPI/DEA approach compared to
the SEC. The MPI/DEA approach was based on the
trend in production quantities of three different products
that were all significantly affected by the economic
recession. Since SEC is only based on the production
quantity of one of these products, the effect on the
indicator would logically be considerably lower. The
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Fig. 4 Comparison of the MPI/DEA approach (the cumulative energy efficiency index (EEI), technical change index (TI) and technical
efficiency change index (EI)) and the SEC in index form (EElggc) for European iron and steel production
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same reasoning can be applied for the energy used in the
production.

Furthermore, the structural change from coal-based
steel production to electricity-based steel production
affects the MPI/DEA approach to a less extent than it
affects the SEC. The reasoning behind this is that the
structural split of the industry into coal-based and
electricity-based production is reflected in the inputs as
well as the outputs of the MPI/DEA approach. Pig iron
is directly related to the amount of coal-based steel
production and the use of solid fuels, and electricity is
directly related to the structural split on the input side. A
structural shift from coal-based to electricity-based pro-
duction was observed during the economic recession
and may account for the higher energy efficiency level
seen in the EElggc.

Although the impact of the economic crisis on
EElsgc may have been reduced due to structural shifts,
itis still visible in both approaches. However, in the case
of the MPI/DEA approach, the impact of the economic
crisis seems to have been captured to a higher degree by
the technical change index rather than the technical
efficiency change index. This means that the economic
crisis had a larger impact on shifting the efficiency
frontier than on how individual Member States are
catching up with the frontier. This is logical since the
economic crisis is likely to have affected all Member
States similarly. Nevertheless, it could be argued that
these approaches emphasize the impact of production
levels on energy efficiency rather than actual energy
efficiency improvements, this being a result of the top-
down methodologies. Steel production processes have a
high base load energy demand, which is not affected by
lower production levels and reduced capacity utiliza-
tion, as shown by, e.g. Siitonen et al. (2010). Since these
approaches do not take capacity utilization into consid-
eration, benefits from technological improvements may
be hidden in the energy efficiency deterioration exhibit-
ed in aggregated statistics at times of low production
levels. This can be seen as a weakness of the indicators
if the energy efficiency analyses are aimed at providing
support for promoting technological improvements.

Effects of different approaches—the case of Sweden
A case study was carried out to further highlight the

differences between the MPI/DEA approach, the SEC
and the EIVa. Sweden is especially interesting since
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considerable efforts have been made to improve energy
efficiency in the past years. In the manufacturing sector,
a decrease of 46 % was achieved in energy intensity
(based on the economic value of production) between
1993 and 2008 (Pardo Martinez and Silveira 2012a).
Specific energy efficiency initiatives targeting the iron
and steel sector started in the mid-2000s as part of a
national energy efficiency programme designed for en-
ergy intensive industries, and training efforts focused on
the mining and steel industries.

The energy efficiency programme PFE (Programmet
for energieffektivisering i energiintensiv industri), a
medium-term voluntary agreement, was implemented in
Sweden between 2004 and 2012. Energy intensive com-
panies were granted an electricity tax relief if they per-
formed an energy audit, invested in measures for increas-
ing electricity efficiency, and implemented an energy
management system. Routines for assuring energy effi-
ciency in new equipment being procured were also intro-
duced. Four companies in the iron and steel sector par-
ticipated in the first period of the PFE programme be-
tween 2004 and 2009 (definition as done in Eurostat,
24.1-24.3 and 24.51-24.52 in NACE Rev. 2.0 statistical
classification). The first period of PFE resulted in annual
gross electricity savings of 5.2 PJ, of which 182 TJ was
attributed to the iron and steel companies. The electricity
savings corresponded to 1 % when compared with the
electricity consumption of the Swedish iron and steel
industry in 2004 (Swedish Energy Agency 2011a).
However, the success of the programme is disputed.
The Swedish National Audit Office (2013) means that
the goal set for the PFE was unclear, resulting in difficul-
ties in estimating the savings attributed to the programme.
Furthermore, the estimation of the savings may be biased
since it was based on the companies’ own estimations.

Swedish steel industries also received support
for engaging in energy efficiency activities through
funds for educational and networking activities
provided by the Swedish Energy Agency. During
the period 2005-2008, approximately 7,000 people
were trained in energy efficiency practices in the
mining and steel industries, and an on-line energy
handbook was developed and launched. In addi-
tion, an energy network for practitioners (ENET-
Steel) was established during the initial years of
the educational activities and further developed
during 2009-2011, also with support from the
Swedish Energy Agency (Lindblad and Axelsson
2009; Nordqvist and Axelsson 2011).
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Fig. 5 Comparison of the MPI/DEA approach (the cumulative energy efficiency index (EEI)) and the SEC in index form (EElggc) for

Swedish iron and steel production

Additional energy efficiency improvements may also
have been achieved through multiplier effects. Stenqvist
and Nilsson (2011) identified the multiplier effect in
terms of achieving savings on energy carriers other than
electricity through the implementation of the energy
management system. Since only approximately one
quarter of the consumed energy for steel production
comes from electricity in Sweden (EC 2012), the mul-
tiplier effect may have had an impact on the total energy
efficiency of the sector. Stenqvist and Nilsson (2011)
estimate that the additional energy savings due to the
multiplier effect may be as high as 65 % for the whole
PFE, though the authors warn for potential double
counting the effect of measures that are promoted
through other policy initiatives (such as the educational
activities mentioned above).
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Our analysis showed that, analogous with EEIggc for
the European aggregated steel production, the differences
between the EEIggc and the EEI became more pronounced
after 20042005 also in the Swedish iron and steel pro-
duction (see Fig. 5). While the EEI showed energy effi-
ciency progress for all years after 2005, except a slight
decrease in 2008 and a significant decrease in 2009, the
EElggc indicates a stable but low level of energy efficien-
cy. The EElggc remained below unity for all years except
2001 and 2010, meaning that the SEC was higher than the
SEC of year 2000 for all years except 2001 and 2010.

World Steel Association statistics shows a minor
decrease in EAF production from 37 % in the 1990s to
33 % in the early 2000s, but the share of EAF produc-
tion remained stable for the remainder of the decade.
The share of continuous casting remained stable at

2008 2009 2010

EEI

Elva

Fig. 6 Comparison of the MPI/DEA approach (the cumulative energy efficiency index (EEI)), the SEC in index form (EEIggc), and the EI

in index form (EElgp,) for Swedish iron and steel production
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approximately 88 % during the whole period 1992—
2010. Hence, these two structural changes cannot have
affected energy efficiency trends in the period 2000—
2010, standing in contrast with the results obtained in
both approaches applied in this study.

To examine the differences more closely, a compar-
ison between the SEC, the MPI/DEA approach, and the
EIVa was made. Due to lack of data, the base year was
changed to 2004 for this comparison (see Fig. 6). The
EEIggc seems to capture the energy efficiency minima
as good as the EEI, while the EEIgy, is less affected by
energy efficiency deterioration. However, during pe-
riods of higher energy efficiency, the differences be-
tween the approaches become more significant. For
the year 2007, the EEI shows energy efficiency progress
of 18 %, while the EEIggc shows progress of only 2 %
compared to the level of 2004. The EElg v, on the other
hand, shows progress of as much as 37 % compared to
the level of 2004. The results for EEI in 2010 indicated a
recovery to levels of energy efficiency seen before the
start of the economic recession. The recovery is more
pronounced in the EEI than both EEIgp, and EEIggc.

The attention given to energy efficiency in Swedish
manufacturing industries from the mid-2000s and on-
wards is expected to have had an impact on the energy
efficiency of the sector and may explain the develop-
ment of the EEI (Fig. 5). However, this reasoning cannot
support the choice of one indicator over the other, al-
though it may be considered explaining the develop-
ment shown by the EEL

To discuss the benefits and drawbacks of these indi-
cators, we need to examine the methodological

differences. While the SEC and the EIVa provide the
ratio of two quantities (i.e. energy use and production in
physical or economic terms), the MPI/DEA approach
finds the optimal combination of a set of inputs for
producing a set of outputs. Hence, the approaches are
intrinsically different, and it is only logical to expect
them to give different results. The question is which
phenomena are being highlighted by each approach
and whether these phenomena agree with the goal of
the energy efficiency analyses at hand.

On the energy use side, total energy use was observed
to steadily decrease until 2009 for the Swedish iron and
steel industries (see Fig. 7). The solid fuels followed the
trend of total energy use, while gas and other fuels
remained stable and electricity use actually increased
between 2005 and 2008. In the MPI/DEA approach,
these dynamics are taken into account and compared
to the dynamics seen for the other DMUs considered
(the European Member States). The SEC and EIVa, on
the other hand, are only based on the trends of the total
energy use.

On the production side, crude steel production (the
benchmark product for the SEC) was steadily decreas-
ing until 2009, which is in line with the trend seen for
total energy use. In contrast, economic production (in-
dicated by the value added) increased until 2007 to then
decrease until 2009 (see Fig. 8). Hence, the observed
difference between the SEC and the EIVa may be ex-
plained by the simultaneous effect of decreasing energy
use and increasing value added for the EIVa compared
to decreasing energy use and decreasing crude steel
production in the SEC (see Fig. 6). The production of
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Fig. 7 Comparison of energy use (total energy use and disaggregated into solid fuels, electricity, and others) for Swedish iron and steel

production
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pig iron and crude steel seems to follow similar down-
ward trends, while the trend of hot rolled steels is
showing an increase during the years of high value
added (see Fig. 8). When it comes to the MPI/DEA
approach, the method takes the dynamics of the three
products (i.e. pig iron, crude steel, and hot rolled steels)
into account and compares these dynamics with that of
the other Member States.

It is evident from the observation of the Swedish case
that the three approaches highlight different aspects of
energy efficiency in the iron and steel sector. The SEC
compares energy use of the whole sector with one
intermediary product. From the trends seen in crude
steel production and value added, it is clear that crude
steel is not the main contributor to value creation since
value creation actually increased in parallel with a de-
crease in crude steel production (see Fig. 8). Hence, the
SEC does not capture value creation in the Swedish
case, which is actually a result of the focus on high-
end niche markets and required refinements done to the
product after the point of crude steel production
(Sandberg et al. 2001). Thus, there are significant im-
plications of using different system boundaries for the
numerator and the denominator of the SEC, a concern
previously expressed by the Swedish Energy Agency
(2011b), among others.

The Swedish Energy Agency (2011b) argues that the
EIVa, which compares energy use with value added, is
suitable for monitoring energy efficiency of industrial
activities. In this case, the problem of not capturing the
value created beyond the point of crude steel production
is alleviated. On the other hand, there is a risk of the
EIVa capturing market dynamics rather than the actual

energy efficiency development (Patterson 1996; Schenk
and Moll 2007; Swedish Energy Agency 201 1b; Worrell
etal. 1997).

The MPI/DEA approach captures product differenti-
ation to a larger extent than the SEC and is based on
physical production, thus being more robust against
market dynamics and trends. In fact, the hot rolled steels
follow production trends of the value added more close-
ly than crude steel, thus capturing value creation to a
higher degree than the SEC. However, it should be
noted that the MPI/DEA is relative to the whole popu-
lation of DMUs (in this study, the Member States of the
EU) and, therefore, not an absolute measure of energy
efficiency.

Concluding discussion

The MPI/DEA analysis showed that energy effi-
ciency improved by 16 % between 1992 and 2007
in European iron and steel production (the 22
Member States where significant iron and steel
production takes place). However, the economic
recession in 2008-2009 had severe effects on the
energy efficiency of the sector, resulting in a re-
gression of 2 % when considering the whole peri-
od between 1992 and 2010. An analysis of what
caused this development showed that progress in
energy efficiency was due to the innovation effect,
which can be interpreted as the pushing forward of
the best-practice frontier, rather than the catching-
up effect, which can be interpreted as inefficient
Member States catching up with the frontier. In
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fact, the results show that the gap between ineffi-
cient Member States and the European best prac-
tice increased during the period. We see this as an
indication that improvements could be made in
inefficient Member States, perhaps through tech-
nology transfer from Member States already on
the best-practice frontier.

A number of structural effects were investigated
to identify the cause of the rapid fall in energy
efficiency during the economic recession.
However, it was found that factors other than
geographical production distribution and character
of the production processes must have influenced
the change in energy efficiency during this period,
confirming that the MPI/DEA approach is robust
against intra-sectoral structural changes. However,
the capacity utilization factor could have been
lower during these years due to the fall in demand
for steel, and this could have been the cause of
lower energy efficiency in the steel industry.

When comparing the MPI/DEA approach with the
SEC, large differences were revealed. At the European
level, the SEC may have overestimated the energy effi-
ciency development. Between 2000 and 2010, the SEC
showed an energy efficiency increase of 16 %, while the
MPI/DEA approach showed a decrease of 8 %. The
curves for the two approaches followed each other until
2005 and then sequentially diverged as the economic
recession approached. The MPI/DEA approach showed
a much more pronounced effect of the economic reces-
sion on energy efficiency performance of the sector.

The reasons behind the differences between the two
approaches were scrutinized in the case of the Swedish
iron and steel sector and compared with an economic
indicator for energy efficiency, the EIVa. While the SEC
highlights the energy use compared to crude steel pro-
duction, the EIVa compares energy use with value cre-
ation. The comparison of the results for the EIVa
showed that the SEC is not equipped to capture value
creation in the Swedish case. However, there is a risk of
capturing market dynamics rather than actual energy
efficiency improvements, despite the EIVa being adjust-
ed for inflation. The MPI/DEA approach can be seen as
a compromise. It is based on physical quantities, thus
alleviating the drawbacks of the EIVa. It covers a
wider range of products as opposed to only one
product (crude steel) as benchmark for the SEC.
On the other hand, the MPI/DEA approach, as used in
this study, provides a relative energy efficiency index.
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When analysing a single Member State, the results
should therefore be seen as relative to the whole popu-
lation of DMU .

We conclude that the SEC is not sufficient for esti-
mating energy efficiency in European iron and steel
production. This is especially the case in countries and
regions that focus on a more diversified set of products
than only crude steel. To provide a more refined mea-
sure of energy efficiency, both economic and physical
production statistics should be used in the analysis. Such
a study, combined with more in-depth analysis of the
factors influencing energy efficiency in iron and steel
production, may help formulate more robust energy
efficiency indicators. These shall be essential in a con-
text of higher energy efficiency targets and greenhouse
gas emissions reductions in the EU.
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