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Abstract 

The iron and steel industry has become increasingly globalised. Market 
conditions are also changing and de-carbonisation of production is 
challenging.  

The objective of this thesis is to assess how energy efficiency and 
greenhouse gas emissions reductions can be promoted and effectively 
monitored in the steel industry. The thesis contributes with analyses 
based on the Malmquist Productivity Index for a top-down analysis of 
the energy efficiency of EU Member States’ iron and steel production, and 
Partial Least Squares regression for bottom-up assessments of different 
monitoring tools. The thesis also contributes with a scrap availability 
assessment module to enhance the energy system model ETSAP-TIAM.  

The first phase of the research showed that future production needs to 
shift towards innovative low-CO2 technologies even when all available 
recycled material is fully used. Techniques using carbon capture and 
storage (CCS) as well as hydrogen-based technologies can be expected to 
become economically viable under tightened climate policies. 

The second phase of the research showed that current indicators are 
insufficient. System boundaries of energy use and emissions data do not 
align with production statistics. Indicators based on energy use or 
emissions in relation to production in physical terms may be useful to 
track specific processes. However, current indicators fail to reflect the 
companies’ product mix. Enhanced energy and climate indicators that 
adjust for the product mix provide better estimates while failing to reflect 
the increasing globalisation. 

Effective monitoring of industrial transformation will be increasingly 
important as pressure from climate policy via global CO2-pricing is 
unlikely in the short term. Current or enhanced indicators do not fully 
capture industrial transformation and are not recommended. Future 
research should focus on defining indicators to estimate energy use and 
emissions along industrial value chains in climate policy contexts. 

Keywords 
energy efficiency, greenhouse gas emissions reductions, indicators, iron 
and steel industry, systems analysis 
 
 
 



 

 

 



 

 

Sammanfattning 

Järn- och stålindustrin har blivit alltmer globaliserad. Marknadsvillkoren 
förändras samtidigt som utfasningen av fossila bränslen är utmanande. 

Målet med den här avhandlingen är att bedöma hur energieffektivitet 
och växthusgasutsläppsminskningar kan främjas och effektivt utvärderas 
inom stålindustrin. Avhandlingen bidrar med analyser baserade 
Malmquists produktivitetsindex för att analysera energieffektivitet av 
EU:s medlemsstaters järn- och stålproduktion, och partiell minsta-
kvadrat-regression för att bedöma olika utvärderingsmått. Avhandlingen 
bidrar även med en modul som bedömer skrottillgång för att förbättra 
energisystemmodellen ETSAP-TIAM. 

I en första fas visade forskningen att framtida produktion behöver 
ställas om mot innovativa teknologier med låga CO2-utsläpp även när allt 
tillgängligt återvunnet material används fullt ut. Tekniker som använder 
koldioxidinfångning och -lagring (CCS) samt vätebaserade teknologier 
kan förväntas bli ekonomiskt försvarbara under åtstramade 
klimatpolitiska styrmedel.  

I en andra fas visade forskningen att nuvarande indikatorer är 
otillräckliga. Systemgränser för energianvändnings- och 
växthusgasutsläppsdata stämmer inte överens med produktionsstatistik. 
Indikatorer utifrån energianvändning eller utsläpp i relation till fysisk 
produktion kan vara användbara för att följa upp specifika processer. 
Nuvarande indikatorer lyckas dock inte spegla företagens produktmix. 
Förbättrade energi- och klimatindikatorer som justerar för produktmixen 
ger bättre uppskattningar, men speglar inte branschens ökande 
globalisering. 

Effektiv utvärdering av industriell transformation blir alltmer viktig då 
påtryckning från klimatpolitiska styrmedel via global CO2-prissättning är 
kortsiktigt osannolik. Nuvarande eller förbättrade indikatorer fångar inte 
industriell transformation fullt ut och rekommenderas inte. Framtida 
forskning bör fokusera på att definiera indikatorer som uppskattar 
energianvändning och växthusgasutsläpp längs industriella värdekedjor. 

Nyckelord 
energieffektivitet, växthusgasutsläppsminskning, indikatorer, järn- och 
stålbranschen, systemanalys 
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1 Introduction 

This chapter introduces the topic of promoting and monitoring energy 
efficiency and greenhouse gas emissions reductions in the iron and steel 
industry. The chapter also presents the objective of the thesis, together 
with the research questions studied, and the organisation of the thesis. 
 
Climate change is one of the major challenges of our time. There is a 
significant gap between current greenhouse gas emission trajectories and 
the targets set out in the Paris Agreement under the United Nations 
Framework Convention on Climate Change. The goal of the Paris 
Agreement is to constrain global average temperature increase well below 
2°C and strive for a level of 1.5°C. The 2°C target is considered to be 
within reach but will require actions throughout global economies 
(Intergovernmental Panel on Climate Change, 2014; International Energy 
Agency, 2013a; United Nations, 2015). 
 

 
Figure 1: European greenhouse gas emissions from manufacturing 
industries in 2014. Source: European Environment Agency (2017). 
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Manufacturing industries cause significant greenhouse gas emissions. In 
fact, 17% of the total European (i.e. the 28 Member States of the 
European Union) greenhouse gas emissions1 came from manufacturing 
industries in 2014, see Figure 1. Production of iron and steel, non-
metallic minerals and chemicals were the main contributors to industrial 
emissions during that year. Greenhouse gas emissions from major 
manufacturing industries have been decreasing since 1990, see Figure 2. 
In fact, greenhouse gas emissions from production of chemicals show a 
steadily decreasing trend since the mid-1990s, and production of non-
metallic minerals and iron and steel show the largest reductions during 
the economic recession of 2009 (European Environment Agency, 2017). 
Although the importance of the manufacturing sector has been 
decreasing in terms of share in the European Gross Domestic Product, it 
is considered vital to the economy, providing the basis for the 
development of other sectors of the economy (Aiginger and Sieber, 2006). 
 
 

 
Figure 2: European greenhouse gas emission from manufacturing 
industries during 1990 to 2014. Source: European Environment Agency 
(2017). 

Industrial greenhouse gas emissions are closely related to the use of fossil 
fuels. European manufacturing industries used 25% of the region’s total 

                                                             
1  Greenhouse gas emissions emanating from the combustion of fossil fuels and industrial processes, 

but excluding fugitive emissions and emissions from energy by-products used in other sectors, see 
discussion in section 4.3.1, Consideration and Allocation of Coal and Coke Use. 
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final energy use2 in 2015, see Figure 3. However, the breakdown between 
industries is slightly different when compared to the emissions of 
greenhouse gases. For example, the pulp, paper and print industry was a 
large energy user according to statistics from 2015, but had comparatively 
small greenhouse gas emissions due to the high use of bioenergy in this 
industry (European Commission, 2016a).  
 

 
Figure 3: Final energy use in European manufacturing industries in 2015. 
Source: European Commission (2016a). 

Further understanding of the historic trends and future scenarios of 
manufacturing industries is needed to effectively promote energy 
efficiency and greenhouse gas emissions along pathways that can 
contribute to the objective of the Paris Agreement on climate change.  

The iron and steel industry is particularly interesting due to the 
complexity of its processes in relation to energy use and greenhouse gas 
emissions. Current iron production processes require coal, in the form of 
coke, which not only provides energy to the process but also acts as a 
chemical reductant in the blast furnace process. This implies an intrinsic 
fossil dependency since the alternative, charcoal, is only used as a 
supplement to fossil coal or in small-scale production. Producing iron and 
steel products based on recycled materials is another option, but is 
limited by the availability of scrap. Processes for the low-CO2 production 
of iron and steel products based on iron ore are under development, but 
                                                             
2  Final energy use for iron and steel does not include combustion of industry-derived gases for 

electricity and/or heat generation, see further discussion in 4.3.1, Consideration and Allocation of 
Coal and Coke Use, and Paper I. 
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these will not be available in the short-term, and future technology shifts 
will require significant investments (Bellevrat and Menanteau, 2009; Oda 
et al., 2013). Analyses of future demand for iron and steel products and 
the availability of scrap can facilitate the design of policies to promote 
recycling, innovative technologies and greener production chains. 
Specifically highlighting future iron and steel technology deployment 
under the requirements of tightened climate policies can provide insight 
into how the industry can be better integrated into the overall energy 
system in the future.  

Indicators for energy efficiency and greenhouse gas emissions 
reduction in industry, hereinafter referred to as energy and climate 
indicators, are needed to monitor the effectiveness of energy and 
environmental policy3 as well as specific initiatives that promote greener 
production. Indicators are also important to facilitate the design of new 
policies. However, traditional energy and climate indicators are defined 
as simple ratios between energy use or greenhouse gas emissions and the 
production of one specific product (Patterson, 1996; Pérez-Lombard et 
al., 2013; Schenk and Moll, 2007; Worrell et al., 1997). If such an 
indicator considers a crude product as benchmark, there is risk of not 
capturing the full value of production, especially for producers focusing 
on high-value segments of the market (Swedish Energy Agency, 2011). 

The iron and steel industry is also particularly interesting in this 
context. European iron and steel producers are modifying their product 
portfolios towards high-value market segments in response to increasing 
global competition (ECORYS SCS Group, 2008; Okereke and McDaniels, 
2012). This leads to new challenges when assessing and understanding 
the industry trends, especially in response to energy and climate policy. 
This is the case for Swedish iron and steel companies that are 
concentrated in niche markets for high-quality and high-strength steels, 
leading to high value creation. Swedish products often require more 
energy in the refining stages of production, and are well beyond the point 
of crude steel in the value chain (Sandberg et al., 2001). 

                                                             
3  The European Union and its Member States have implemented polices to achieve targets on climate 

change mitigation, renewable energy use and energy efficiency to 2020 and 2030. These policies 
include the Emission Trading System that intends to cap European greenhouse gas emissions, and 
the Energy Efficiency Directive that also aims to promote energy supply security and the 
competitiveness of European industries (European Commission, 2010c; European Council, 2014; 
European Parliament, 2012). 
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This thesis provides an assessment of how energy efficiency and 
greenhouse gas emissions reductions can be promoted in the iron and 
steel industry. If focusses on the usefulness of energy and climate 
indicators and pathways for the industrial transformation needed in the 
iron and steel industry based on historic trends and future scenarios 
under the requirements of tightened climate policies. While the thesis 
combines insight into trends at global and European levels, and draws on 
results from plant-level analyses of data from Swedish steel producers, 
the results can be useful for exploring the methods for monitoring energy 
efficiency and greenhouse gas emissions reductions in other 
manufacturing industries and regions.  

1.1 Objective and Research Questions 
The overarching objective of this thesis is to assess how energy efficiency 
and greenhouse gas emissions reductions can be promoted in the iron 
and steel industry, and how the technological transformation of the 
industry can be effectively monitored. 

The research is guided by two key questions, corresponding to the two 
phases of the thesis project: 

 
I. How can the iron and steel industry improve energy efficiency 

and greenhouse gas emissions reductions at the global, 
European and Swedish level? 

II. How can industrial transformation towards improved energy 
efficiency and reduced greenhouse gas emissions be effectively 
promoted and monitored? 

 
A hypothesis was formulated in relation to the second research question 
that indicators currently used for monitoring energy efficiency and 
greenhouse gas emissions reductions are sensitive to trends in market 
demand, technological development and product specialisation. These 
indicators are, therefore, insufficient for monitoring the iron and steel 
industry and promoting energy efficiency and greenhouse gas emissions 
reductions.  
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1.2 Organisation of the Thesis 
This first chapter introduces and outlines the motivation and 
contextualisation of the topic, and defines the objective of the thesis and 
the research questions studied.  

The second chapter presents the methodologies used for studying 
historic and future trends as well as the empirical analyses of indicators 
for energy efficiency and greenhouse gas emissions reductions.  

The third and fourth chapters present the results of the analyses, 
based on the annexed scientific papers. The third chapter describes the 
global iron and steel industry in terms of historic trends and future 
scenarios, and highlights how the industry needs to transform under the 
requirements of tightened climate policies. The fourth chapter presents 
the theory behind energy and climate indicators and empirical results 
from statistical analyses assessing the usefulness of energy and climate 
indicators, based on plant-level data from Swedish steel producers. An 
evaluation of the available statistics on energy use, greenhouse gas 
emissions and production is also presented, highlighting the Swedish 
case.  

The fifth and final chapter provides a concluding discussion, 
summarising the findings of the thesis. 
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2 Methodology 

This chapter presents the methodological framework used to meet the 
objective of the thesis. The methodologies used include trend analysis, a 
global energy system model enhanced with scrap availability 
assessment, the Malmquist productivity index and Partial Least Squares 
regression.   
 

   
Figure 4: Graphical representation of methodological framework 

This thesis project had two phases, see Figure 4. The first phase focussed 
on the trends of the industry and its future development in terms of 
energy use, greenhouse gas emissions and production levels aimed at 
identifying how the industry is likely to transform in response to the 
requirements of tightened climate policies and changing market 
conditions. The second phase focussed on the usefulness of energy and 
climate indicators, as well as the statistics required, for monitoring the 
transformation of the industry and promoting energy efficiency and 
greenhouse gas emissions reductions. Statistical analysis methods were 
applied in both phases, supported by literature reviews in relation to the 
context and methodologies. The phases were partly realised in parallel, 
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where the first phase served as input to designing the analyses performed 
in the second phase.  

The first phase was based on the combined insights from top-down 
and bottom-up tools4 to provide a comprehensive understanding of the 
variations in production levels, energy use and greenhouse gas emissions 
in the iron and industry. A global energy system model was used to 
understand future iron and steel technology deployment under the 
requirements of tightened climate policies. As part of the thesis project, 
the model was enhanced with a module to understand the impact of scrap 
availability at the global level. Further, a statistical model was used to 
decompose historic energy efficiency trends during the economic 
recession of 2009 to understand the impact of changing market 
conditions on the production levels and energy use of European iron and 
steel production. The methods are described conceptually below. Details 
are provided in the corresponding scientific papers, Paper II and Paper V. 

The second phase of the thesis project has a hypothetico-deductive 
character5, starting from patterns and trends identified during the first 
phase. This was used to form a hypothesis. Empirical tests were used to 
verify the hypothesis as well as provide insight into potential 
improvements. The hypothesis was that indicators currently used for 
monitoring energy efficiency and greenhouse gas emissions reductions 
are sensitive to trends in market demand, technological development and 
product specialisation. These indicators are, therefore, insufficient for 
monitoring the iron and steel industry and promoting energy efficiency 
and greenhouse gas emissions reductions. The hypothesis was tested 
using a statistical model, Partial least squares regression, which is 
described conceptually below. Details are provided in Paper IV. Enhanced 
monitoring tools were developed based on literature and the outcome of 
the statistical modelling. In both cases, the results were analysed using 
trend analyses, including data visualisation for interpreting trends and 
identifying erroneous data together with industry experts. Indicator and 
                                                             
4  Top-down tools analyse society at large, and often use economic relations to understand the 

development of various segments (e.g. the industrial sectors and their sub-sectors). In contrast, 
bottom-up tools focus on the activities of individual plants or households, showing trends that may 
be aggregated if necessary. While top-down tools are useful for understanding societal trends, they 
do not capture technological changes at the sectoral level. Bottom-up tools, on the other hand, can 
be used to show changes at the plant level, and aggregation of large numbers of plants, but may not 
capture societal trends fully (Fortes et al., 2009; Sue Wing, 2008). 

5  Hypothetico-deductive research starts from patterns and trends to form an hypothesis that may be 
verified through empirical tests (Lawson, 2005). 
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index definitions for monitoring energy efficiency and greenhouse gas 
emissions reductions are given in chapter 4, Robust Indicators for 
Monitoring Energy and Climate Efficiency.  

Trend analysis, using data visualisation, was also used to analyse the 
available statistics together with statistics experts. General discussion on 
statistics used for monitoring energy efficiency and greenhouse gas 
emissions reductions in industry may be found in section 4.3, Statistics 
on Energy Use and Greenhouse Gas Emissions. Discussions on the data 
used for the methods may be found in the sections below. 

2.1 Global Energy System Model – ETSAP-TIAM and SAAM 
An outlook on steel demand and technology development in the global 
steel industry was developed to understand the future trends of the 
industry under the requirements of tightened climate policies. The 
outlook was based on the results from a bottom-up energy system model, 
ETSAP-TIMES Integrated Assessment Model (ETSAP-TIAM), integrated 
with the Scrap Availability Assessment Model (SAAM) that was 
developed as part of this thesis project. ETSAP-TIAM is based on input 
from a top-down model (i.e. GEMINI-E3), and optimises the global 
energy systems to meet macro-economic constraints. SAAM was 
developed to assess the global availability of scrap and the in-use steel 
stock, serving as exogenous inputs to ETSAP-TIAM. A summary of these 
methods is given below; additional details are provided in Paper V. 

ETSAP-TIAM is a partial equilibrium model, optimising the cost of the 
global energy system based on detailed technology representation for the 
production, transmission and distribution of energy carriers. The model 
comprises of several thousand technologies throughout all sectors of the 
global economy. ETSAP-TIAM also includes emission coefficients for 
three major greenhouse gases: CO2, CH4 and N2O. ETSAP-TIAM was first 
formalised by Loulou and Labriet (2007a) and Loulou (2007) and 
represents the global energy system with the individual modelling of 15 
regions.  

An analysis of technology choices using ETSAP-TIAM under different 
scenarios provided insight to how future investments in steel production 
could be affected by imposing a global binding climate target, which is 
translated into a global CO2-price. The global climate target is set to limit 
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radiative forcing6 below 3.5 W/m2 in all time periods analysed (from 
2020 to 2100). The target on radiative forcing is directly related to a 
global mean temperature increase of 2°C above pre-industrial levels 
(Barker et al., 2007). A more detailed discussion on the analysed 
scenarios is available in Paper V. 

Previous efforts to identify future technology choices under the 
requirements of tightened climate policies include assessments as part of 
the ULCOS initiative. Bellevrat and Menanteau (2009) investigated 
technology choices for global steel production under different climate 
policy scenarios. The model used, known as POLES, is a partial 
equilibrium model of the global energy system, which was coupled with 
ISIM, a steel-sector simulation model including explicit steel production 
technology representation (Bellevrat and Menanteau, 2009; Hidalgo et 
al., 2005, 2003). Future technology choices for steel production have also 
been analysed using STEAP, a partial equilibrium model focussed on the 
iron and steel sector in eleven world regions. The studies highlight the 
case of Japan and show that carbon leakage could be extensive if only 
Europe and Japan introduce a CO2 tax (Gielen and Moriguchi, 2003, 
2002a, 2002b).  

In the approach used by Bellevrat and Menanteau (2009), 
POLES/ISIM assumes an inverse U-shaped relationship between steel 
production per Gross Domestic Product and Gross Domestic Product per 
capita. Pauliuk et al. (2013) suggest that this approach is very sensitive to 
the Gross Domestic Product’s growth rate. Further indications to this 
have been shown by Wårell (2014). They also note that there is no 
assessment of scrap availability in POLES and, hence, the technology 
choice between the primary and secondary route is made purely on an 
economic basis, neglecting the availability of the raw material. To bridge 
these gaps, SAAM was developed to capture the scrap availability based 
on the future demand scenarios and historic steel use. SAAM also gives 
indications on the global in-use steel stock as well as the saturation levels 
at the global scale, providing important insight into the future demand 
patterns of steel products. The concept of in-use steel stock is based on 
the fact that steel is accumulated in society over time (residence time) as 
part of infrastructure, machinery, vehicles and other everyday products. 

                                                             
6  Radiative forcing is the combined effect of the greenhouse gases warming up the planet. Radiative 

forcing of 3.5 W/m2 will result in an approximate global mean temperature increase of between 2.4 
oC and 3.2oC above pre-industrial levels (Barker et al., 2007). 
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When it reaches its end-of-life phase, steel is either dumped in a landfill, 
becoming part of the obsolete stock (steel that out-served its purpose, but 
cannot be recovered), or used as scrap feedstock in the secondary 
production route, see graphical representation in Figure 5 and 
mathematical interpretation in Paper V. SAAM was developed within the 
scope of a KIC InnoEnergy initiative, the Energy Systems Analysis 
Associates (ESA2). 

 
Figure 5: Graphical representation of SAAM and the link with ETSAP-TIAM. 
Source: Paper V. 

Oda et al. (2013) present a model for assessing global scrap availability 
until 2100, based on detailed data on historic steel production and use. In 
contrast, SAAM assumes an exponential growth as a simplification of the 
historic trends to increase flexibility when considering different demand 
scenarios as implemented in ETSAP-TIAM. Furthermore, the model by 
Oda et al. (2013) considers additional groups for the final products, which 
amounts to six compared to SAAM’s four, and differentiates the lifetime 
and market shares for these groups for two regional cases. In comparison, 
the two demand scenarios assumed by Oda et al. (2013) (projected based 
on a Gross Domestic Product per capita relationship) give similar results 
to SAAM, while the in-use iron stock and in-use iron stock per capita are 
significantly lower. The reason behind this difference is that the lifetimes 
of the various product groups are assumed to be lower in Oda et al.'s 
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(2013) model, especially in Asian and Middle Eastern countries. 
However, Hu et al. (2010) find it likely that the lifetime of Chinese 
housing will increase significantly. Both SAAM and Oda et al.’s (2013) 
model assume constant lifetimes and market shares over time for the 
different product groups. Hence, while there is a risk of SAAM 
overestimating the in-use steel stock by assuming longer lifetimes, the 
opposite is true in Oda et al.’s (2013) model. A sensitivity analysis showed 
that lifetime and market share parameters have a significant influence on 
the modelling results of SAAM, as shown in Paper V, hence caution 
should be taken when using the results. 

Oda et al. (2013) do not provide insight into technology choices based 
on cost-efficiency. They only analysed the evolution of the two major 
production routes, see the description of the production routes in the 
chapter 3.2, Iron and Steel Production Technologies, based on the 
evolution of the share between the two. Hence, Oda et al. (2013) 
overlooks the potential for innovative technologies in the production of 
steel from virgin materials, such as hydrogen-based or biomass-based 
reduction processes, carbon capture and storage, and efficiency 
improvements to current processes. 

SAAM was integrated with ETSAP-TIAM to overcome this limitation 
and provided insight into technology choices based on cost-efficiency in 
the global iron and steel industry. ETSAP-TIAM is a well-established 
global energy model maintained by the Energy Technology Systems 
Analysis Program (ETSAP). Although the model characteristics are 
similar in ETSAP-TIAM and POLES/ISIM, the steel production 
technologies are represented in a higher level of detail in ETSAP-TIAM, 
including production and use of industry-derived gases7. ETSAP-TIAM 
also benefits from cost-optimisation, which means being able to choose 
the most cost-efficient technology pathway for a specific region under a 
given set of constraints, whereas POLES/ISIM simulates the development 
of a scenario based on a given set of rules. Another benefit of using 
ETSAP-TIAM is its well-developed climate module, which translates 
targets on radiative forcing into limitations on emissions of the selected 
greenhouse gases (CO2, CH4 and N2O).  

                                                             
7  Industry-derived gases refer to the gases produced as by-products in iron and steel production 

processes. These gases have high calorific value and can be combusted for electricity and heat 
generating purposes.  
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One of the most important parameters for ETSAP-TIAM is the energy 
service demand for each time period. The energy service demand is 
needed for the model to choose energy production technologies to meet 
the demand cost-efficiently. The energy service demand is determined by 
the sectoral demands of each region. The sectoral demands are based on 
exogenous drivers provided by the CGE-model GEMINI-E3, a top-down 
macro-economic model, combined with the energy intensity of given 
sectors (Loulou and Labriet, 2007b). This representation is crude and 
does not provide possibilities for identifying demand-side improvements 
when ETSAP-TIAM is run. To alleviate this, explicit technology 
representation was introduced for the iron and steel sector by adding 
representation of the main iron and steel producing technologies, based 
on Piessens et al. (2012) and van Wortswinkel and Nijs (2010) as well as 
discussions with industry experts. The complete database of technologies 
represented is available in Appendix B of Paper V. 

SAAM was enhanced in two subsequent studies using the model 
presented in this thesis as a starting point, and extending the level of 
detail geographically, in relation to historic data on steel production and 
use as well as recycling rates and product lifetimes. Additional details on 
iron and steel products, and scrap qualities were added to the model. The 
model was also enhanced to estimate demand scenarios based on a 
relationship between a saturation of in-use steel stock per capita and 
income per capita (Xylia et al., 2016, 2014). 

2.2 Malmquist Productivity Index – MPI 
The Malmquist Productivity Index, based on Data Envelopment 
Analysis, was used to understand the historical trends of energy 
efficiency of iron and steel production in each European Member State, 
see details in Paper II. The objective of using this method in this thesis 
was to provide insight based on a more comprehensive method than 
provided by indicators traditionally used for evaluating energy efficiency, 
highlighting the effects of the 2009 recession on the energy efficiency of 
iron and steel production.  

The Malmquist Productivity Index methodology produces an index, 
total factor productivity, describing the productivity change over time 
based on results from Data Envelopment Analysis. Data envelopment 
analysis is a calculation technique for estimating the relative efficiency of 
a decision-making unit compared to the other units in a given sample set. 
The benefit of using Data Envelopment Analysis lies in the possibility to 
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evaluate efficiency without explicitly introducing a mathematical 
relationship between the inputs and outputs of the decision-making 
units. Multiple inputs and multiple outputs are evaluated relative to the 
frontier line constructed by the decision-making units with highest 
productivity, that is, either (i) utilising a minimum amount of inputs for 
producing a fixed amount of outputs, or (ii) utilising a fixed amount of 
inputs and maximising the amount of outputs (Chou et al., 2012; Cooper 
et al., 2007). 

The approach applied in this research, as well as in a previous study by 
Wei et al. (2007), was based solely on physical statistics. The use of 
physical quantities was meant to alleviate the risk of the analysis being 
affected by changing market dynamics. In this thesis, the inputs and 
outputs chosen to represent the activities of iron and steel industries were 
defined as to represent the structural division between production from 
virgin materials and recycled materials, see Figure 6, which stands in 
contrast to Wei et al.'s (2007) application of the method. The inputs are 
the physical requirement of different energy carriers: solid fuels (coal and 
coke), electricity and other energy carriers. Steel production based on 
virgin materials uses mainly solid fuels (coal and coke), while steel 
production based on recycled materials uses electricity.  
 

 
Figure 6: Inputs (x1, x2, x3) and outputs (y1, y2, y3) for each decision-making 
unit (DMU). Source: Paper II. 

The products chosen for the analysis were pig iron, crude steel and hot 
rolled steel. The products represent three major steps in steel making, 
and in terms of energy requirements. The products are intermediary 
products, but are also sold independently by the iron and steel producers 
of the Member States. Pig iron is the most energy intensive step. Crude 
steel can be produced based on either virgin or recycled materials. 
However, pig iron represents the production based on virgin materials. 
Hot rolled steels were considered in the analysis to capture one additional 
step in the value chain of steel products. Hot rolled steel products can be 
sold as is, but may be refined further (e.g. through cold rolling, annealing 
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etc.) into products designed for niche markets, thus, incurring higher 
prices, and creating higher value for the producers. 

The Malmquist Productivity Index was first introduced by  Malmquist 
(1953) and was enhanced by authors such as Färe et al. (1994) over the 
years. The method was first developed for measuring economic 
productivity (e.g. Chou et al., 2012; Li et al., 2005; Liu and Wang, 2008; 
Mohammadi and Ranaei, 2011; Morita et al., 2005; Ng, 2011; Pires and 
Fernandes, 2012). Nevertheless, it has been used extensively for analysing 
trends in energy efficiency and greenhouse gas emissions in recent years 
(e.g. Azadeh et al., 2007; Blomberg et al., 2012; Honma and Hu, 2009; 
Pardo Martínez, 2012; Rao et al., 2012; Wei et al., 2007; Wu et al., 2012; 
Zou et al., 2013). 

 

 
Figure 7: Innovation effect and catching-up effect of the Malmquist 
Productivity Index, inspired by illustrations in Cooper et al. (2007). Source: 
Paper II. 

A benefit of the method is that the index, total factor productivity, 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 innovation effect respectively, which were first defined by Färe et 
al. (1994). To illustrate this, consider the following example. If the 
productivity of one decision-making unit was analysed using one input 
and produce one output compared to a sample of decision-making units 
for two time periods, two productivity frontiers may be constructed based 
on the productivity of the whole sample. As explained in Paper II, the 
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catching-up effect is then defined as the efficiency of the decision-making 
unit in the second time period compared with the frontier of the second 
time period divided by the efficiency of the decision-making unit in the 
first time period compared with the frontier of the first time period. The 
innovation effect is demonstrated as an efficiency shift from the lower 
efficiency frontier of t1 (dashed grey line in Figure 7) to the higher 
efficiency frontier of t2 (blue line in Figure 7). The catching-up effect is 
illustrated in the figure as the decreasing distance when decision-making 
unit DMU1(t1) compared with the frontier of t1 moves to decision-making 
unit DMU1(t2) compared with the frontier of t2. 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 the investigated decision-making unit 
(Färe et al., 1994). Some studies also refer to this effect as the frontier 
shift effect (e.g. (Wei et al., 2007)). 

The Data Envelopment Analysis as well as the Malmquist 
Productivity Index has been widely used for evaluating trends in energy 
efficiency and greenhouse gas emissions. Azadeh et al. (2007) used data 
envelopment analysis to analyse energy efficiency of the petroleum 
refinement industry in a number of countries. In this case, principal 
component analysis and numerical taxonomy were integrated with data 
envelopment analysis to provide additional verification of the analysis. 
Pardo Martínez and Silveira (2012b) evaluated energy efficiency 
improvements and greenhouse gas emission reductions in the Swedish 
service sector under static conditions (using only the Data Envelopment 
Analysis), evaluating each segment of the sector as a decision-making 
unit. Blomberg et al. (2012) analysed the electricity and oil use of Swedish 
pulp and paper industries in relation to labour requirements and physical 
output using the Data Envelopment Analysis at the company level. The 
study highlights the effects of a Swedish energy efficiency programme on 
electrical efficiency of the companies. Honma and Hu (2009) constructed 
a total-factor energy productivity index, an extension of the Malmquist 
Productivity Index, and showed how the development of use of different 
energy carriers contributed to the Gross Domestic Product development 
in Japanese provinces. Rao et al. (2012) showed the energy efficiency of 
Chinese provinces and identified provinces with potential for 
improvements. Data Envelopment Analysis was used to take economic 
and energy inputs into account as well as economic outputs and 
undesired outputs (i.e. chemical oxygen demand and sulphur dioxide 



METHODOLOGY | 17 

 

emissions).  Zou et al. (2012) used the Malmquist Productivity Index 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 improvements, and that there is 
further potential for improvements. Wu et al. (2012) considered the 
Chinese provinces as decision-making units. The authors’ conclusions 
were based on results from both static and dynamic models. Ramanathan 
(2006) analysed the linkage between CO2 emissions, energy use and 
Gross Domestic Product development using a version of data 
envelopment analysis.  

2.3 Partial Least Squares Regression – PLS 
Partial Least Squares regression analysis was used to verify the 
hypothesis of this thesis using plant-level data. The objective was to 
assess how economic and operational factors influence traditional energy 
and climate indicators, see section 4, Robust Indicators for Monitoring 
Energy and Climate Efficiency, for indicator definitions and additional 
details in Paper III.  

Partial Least Squares regression is a method that was originally 
developed for use in chemistry due to its ability to analyse the relation 
between a large number of factors even when the statistical sample is 
relatively small (Abdi, 2010; Wold et al., 2001). Siitonen et al. (2010) 
applied this method for analysing the factors influencing specific energy 
use and specific CO2 emissions for the case of one integrated8 steel mill. 
Siitonen et al.’s analysis was limited to one type of steel production 
employed in the analysed mill, and to physical energy and CO2 indicators. 
In this thesis, three traditional energy efficiency indicators, as described 
in section 4, Robust Indicators for Monitoring Energy and Climate 
Efficiency, were analysed together with three equivalent indicators for 
monitoring CO2 emissions trends. The analyses were based on plant-level 
data from three iron and steel producers using different processes and 
focusing on different segments of the iron and steel market. 

Ideally, a mathematical relationship between the indicators and the 
economic and operational factors analysed should be identified. However, 
the interactions between an industrial system and its environment are 
                                                             
8  In an integrated steel mill, steel is produced from iron ore using a blast furnace and a basic oxygen 

furnace. An integrated mill covers the whole chain of production, including coke production, steel 
making as well as rolling and finishing processes (Siitonen et al., 2010; Smil, 2006). 
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highly complex and such interactions cannot be distinguished from each 
other or from the effects from other systems. Nevertheless, the statistical 
correlation between the indicators and the analysed factors can provide 
an indication of the relationships, and the potential influence of the 
analysed factors on the indicators. If correlation exists, it means that the 
trends seen in the specific factor analysed are reflected in the indicator. 
This can be interpreted in two ways. In the case of the analysed factor 
being an output of the system described by the indicator, correlation can 
be interpreted as the indicator capturing the trend of the factor (e.g. the 
production of crude steel or another product group). In the case of the 
analysed factor being an input to the system or belonging to the 
environment (i.e. economic factors), the correlation can be interpreted as 
the indicator being influenced by the specific trend. 

Linear regression analysis is an established methodology for assessing 
the correlation of variables. Regression analysis quantifies the correlation 
with the aim of predicting the trend of a dependent variable y, based on 
the trend of an independent variable x. Multiple linear regression extends 
the concept and takes a set of x variables into account, under the 
assumption that all x1… xn are truly independent. Kandel et al. (2008) 
used a generalised least squares model to analyse the influence of factors 
related to weather, demographics and fuel use on energy use per capita 
for the USA. The generalised least squares method is an extension of the 
linear regression analysis for considering correlated observations. He et 
al. (2012) used multivariate linear regression to analyse factors, such as 
economic growth, grid investments, electricity price, etc., influencing the 
Chinese energy use per unit of Gross Domestic Product. Lin et al. (2011) 
used multivariate linear regression to analyse the influence of R&D 
intensity, energy saving investments, labour productivity and industry 
concentration on the energy savings potential of the Chinese steel sector. 
Combined with scenarios for different industrial policies, Lin et al. (2011) 
then used the model to estimate the energy savings potential in the 
future.  

In this thesis, the influencing factors chosen for the Partial Least 
Squares regression analyses were based on the suggested factors for 
adjusting indicators for energy efficiency in the Energy Services Directive 
(European Commission, 2006). The product mix, use of raw materials, 
amount of energy sold, outside temperature, price levels of raw materials 
and energy, investments and number of employees, as well as the Gross 
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Domestic Product development and the net price index for Sweden, were 
considered as influencing factors in the analyses. Only factors applicable 
to the company in question were considered in each analysis. Details on 
the factors considered and the reasoning behind including each of them 
can be found in Paper III. 

Since these factors are expected to correlate with the indicators, the 
risk of them also correlating with each other is high. Hence, the risk of 
multicollinearity9 is high and the independence assumption of multiple 
linear regression cannot be fulfilled (Wold et al., 2001). Partial Least 
Squares regression has the possibility to model how a number of 
measurable variables, called predictors, interact to produce a response 
variable. When applied in chemistry, the response variable is difficult to 
measure directly, which is why the method is used as a prediction based 
on simpler measurements. Partial Least Squares regression is especially 
preferable if multicollinearity is present among the predictors and, also, 
among the response variables, if multiple response variables exist (Abdi, 
2010; Wold et al., 2001).  

Since the method has the ability to reduce the complexity of the 
system, it is often used for analyses where the number of observations of 
the system is lower than the number of predictors being analysed, 
referred to as the “small n, large p problem” (Abdi, 2010; Mehmood et al., 
2012). Assuming that a set of independent latent variables can explain 
the behaviour of the response variables, based on different combinations 
of the predictors, the issue of multicollinearity and a relatively low 
number of observations can be alleviated. In Partial Least Squares 
regression, a number of latent variables are identified based on the 
predictors. These vectors are orthogonal and linear combinations of the 
predictors, calculated to capture as much of the covariance between the 
predictors and the response variables as possible (Abdi, 2010; Martens 
and Martens, 2000; Wold et al., 2001). The method cannot only handle 
multicollinear predictors, but also noisy data. Noisy data exist if the data 
are not correlated to the analysed system. Data not serving to explain the 
linear relationship between the latent variables and the response 
variables are collected in a residual term of the model, which is 
disregarded (Wold et al., 2001).  

                                                             
9  In contrast to correlation, which is a linear relationship between the dependent variable and an 

independent variable, multicollinearity indicates that a linear relationship exists between independent 
variables or with a linear combination of a set of other independent variables (Alin, 2010). 
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Partial Least Squares regression was chosen for assessing the 
correlation between economic and operational factors and energy and 
climate indicators. Specifically, the regression coefficients give an 
indication of the magnitude of the correlation and whether it is positive or 
negative. Furthermore, the variable importance in projection-method 
may be used to identify factors that are more important for describing the 
trends of the response variables. The research focussed on traditional 
indicators for energy and CO210 efficiency, see definitions in section 4, 
Robust Indicators for Monitoring Energy and Climate Efficiency. Due to 
the production-based accounting of CO2 emissions, no emissions related 
to electricity generation were included in the analysis11. Details on the 
methodological considerations made while applying the Partial Least 
Squares regression method can be found in Paper III.  

2.4 Trend Analysis 
Trend analysis has been used throughout the research in different forms: 
using more advanced statistical analysis methods, and in a simpler form 
to help understand the results of statistical models and datasets used as 
the basis for indicator analyses. The more advanced statistical analysis 
methods were used to understand the trends of complex systems in more 
detail, as described in the following sections. The simpler form of trend 
analysis used in this thesis was data visualisation, where the analyst 
together with the person(s) who collected the data try to identify errors in 
the dataset that could potentially influence the observed trends (Chandler 
and Scott, 2011).  

Time series plots were used to analyse the datasets together with 
industry experts, in the case of plant-level data, and together with experts 
at the Swedish Energy Agency and Statistics Sweden, in the case of public 
statistics on industrial energy use. The data were aggregated to the 
smallest common level (quarterly for plant-level data; annually for public 
statistics). The datasets were not complemented with additional values in 

                                                             
10  The only greenhouse gas considered was CO2 since it represents the majority of the greenhouse 

gas emissions from Swedish iron and steel production (i.e. 99.8% of the total greenhouse gas 
emissions in 2013) (Swedish Environmental Protection Agency, 2015). 

11  These emissions amounted to 2% for Höganäs, 12% for Sandvik and 0.6% for SSAB (estimated 
based on the average Swedish electricity generation mix) compared to total emissions as defined in 
this study. Structural shifts related to electricity use may thus be underestimated, such as the shift 
between electrical and oil-based boilers at Sandvik, see Paper III. The underestimation of structural 
shifts is likely to be more significant if a similar approach was used for analysing companies in 
regions with a more CO2 emission intensive electricity generation mix. 
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cases where data were missing for visualisation. However, such 
adjustments were made before applying the statistical methods explained 
below, see details in corresponding scientific papers. 

2.5 Scope and Limitations of the Applied Methods 
The iron and steel industry was defined in line with international 
statistics for the purpose of the analyses based on public statistics: the 
economic sub-sectors 24.1-24.3 and 24.51-24.52 in NACE 2.0 statistical 
classifications (Nomenclature statistique des activités économiques dans 
la Communauté européenne). This covered all iron and steel production 
processes including crude steel production (blast furnaces/basic oxygen 
furnaces and electric arc furnaces), rolling mills etc. (warm and cold 
rolling as well as warm and cold drawing), refinement processes 
(annealing and coating) as well as iron and steel foundries. However, 
coke ovens were not included since they are considered an energy 
transformation activity (i.e. 19.1 in NACE 2.0 statistical classifications). 
Coke ovens produce coke and coke oven gas from hard coal. Sintering and 
pelletizing processes were also considered outside the iron and steel 
sector boundary as they are counted as part of the iron ore mining sector 
(i.e. 7.10 in NACE 2.0 statistical classifications) (European Commission, 
2008).  

The plant-level analyses of the energy and climate indicators were 
based on data from three Swedish iron and steel producers: Höganäs AB 
(Höganäs); Sandvik Materials Technology, part of Sandvik AB (Sandvik); 
and SSAB in Sweden (SSAB). The system boundaries of the plant-level 
data collected were designed to correspond with the system boundaries of 
public aggregated statistics.  

Höganäs uses two main processes for iron powder production: (i) 
solid-state reduction of iron ore based on natural gas and coke breeze, 
and (ii) smelting of scrap and hot briquette iron in an electric arc furnace. 
The company’s advanced products require several annealing and coating 
steps after the initial iron reduction. The products are not related to crude 
steel, since their applications and production processes differ 
significantly from those of crude steel. Sandvik uses an electric arc 
furnace for producing stainless and carbon steels, mainly based on a 
scrap feedstock. Their product portfolio includes tubes, wires and strip 
steel products. The company’s advanced products require several 
refinement steps, such as hot and cold rolling, coating, annealing, 
pickling and grinding. SSAB operates three blast furnaces for reducing 



22 | METHODOLOGY 

 

iron ore using coal and coke. Their product portfolio includes advanced 
high strength steels and quenched and tempered steels, as well as 
standard strip and plate steel. SSAB also operates coke ovens and several 
rolling facilities. The company’s products are manufactured for the high-
strength segment and, therefore, also require annealing. Three SSAB 
production sites were included in the analysis: one integrated mill, one 
mill for crude steel production (includes blast furnace and coke oven) and 
one rolling mill. 

Final industrial energy use was defined as the net input of energy to an 
industrial activity, hence the energy used for the industrial activity minus 
the energy transformed into another energy carrier. Energy 
transformation (or conversion) was defined as the amount of energy that 
is used for performing the activity of generating a new energy carrier (e.g. 
producing petrol from crude oil in a refinery). The transformation 
efficiency may be below 100%, resulting in the energy input being higher 
than the energy output. While energy use was allocated to the end-user 
(i.e. the iron and steel sector in this case), energy transformation – and 
transformation losses in the case of transformation efficiencies below 
100% – was allocated to the energy sector in energy use statistics. A 
thorough discussion on energy use statistics is provided in section 4.3, 
Statistics on Energy Use and Greenhouse Gas Emissions. 

Territorial accounting of energy use and greenhouse gas emissions 
was applied and energy use data was based on final energy use statistics 
for the specific sector or company. Hence, the energy and emissions 
embodied in raw materials and intermediary products were not 
considered in the analyses.  
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3 A Global and Resource Intensive Industry 

This chapter provides an outlook for the iron and steel industry in terms 
of production, energy use and greenhouse gas emissions. Market trends 
and the development of demand for steel products, historically as well as 
expectations for the future, are presented. Production technologies are 
described and scenario analysis for potential technology shifts are 
evaluated particularly in line with the anticipated requirements of 
tightened climate policies. 
 
Iron and steel as commodities carry old legacies; iron products have been 
found as early as when the Egyptians built the pyramids around 2000 BC. 
This iron must have been harvested from meteorites given its high nickel 
content. Iron products from terrestrial iron ore were produced in the 
Middle East around 1000 BC, when forging techniques were developed 
for products with some steel properties. Repeated re-heating and forging 
increased the carbon content of the surface layer, giving it the 
characteristic hardness of steel. Heating was done in a charcoal fired 
furnace. Similar techniques were adopted throughout Southern Europe. 
In China, cast iron was invented by heating the iron ore to higher 
temperatures, above the melting point of iron, probably using coke 
instead of charcoal (Enghag, 2004). 

One of the major iron production processes still used today dates back 
as far as the 13th century – the blast furnace. The foundation of modern 
societies led to increased demand for iron products. Blast furnaces could 
be run continuously and produced liquid metal. Due to the significant 
need for charcoal, the blast furnaces were located in forest regions, and 
waterpower was often used to produce the blast of air required in the 
process. The cast iron could be used directly to manufacture products 
such as cannon balls and several types of household equipment, for 
example cooking tools and water tubes. However, the iron produced in 
blast furnaces had a carbon content that was too high to be forged in 
contrast to previous techniques. This was overcome by placing the iron on 
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a bed of charcoal and letting it melt under blasts of air and then drop 
down to the bottom of the hearth in which the carbon in the iron reacted 
with the atmosphere producing iron and carbon oxides. This produced 
wrought iron that could be forged into new shapes and products by a 
blacksmith. Technologies for further refining the wrought iron were 
developed over time (Enghag, 2004). 

The production of wrought iron was important for Swedish 
industrialisation. The combination of good access to charcoal from 
Swedish forests and the available iron ore deposits made it possible for 
Swedish production to take a significant share of the European market 
during the 18th century. Prior to this, the Swedish iron industry 
restructured from small-scale production to larger-scale production using 
blast furnaces and hammers for producing iron bars. This was called 
Swedish Walloon Iron after the blacksmiths that had moved in from 
Belgium, Germany and Austria to modernise the Swedish iron industry. 
Sweden and Russia dominated the European market largely due to their 
good access to forests for charcoal production (Enghag, 2004; Schön, 
2012).  

The early production processes were mechanical, based on water 
power, and required high-quality iron ore. Ingot casting was introduced 
in Europe in the middle of the 19th century. Ingot casting required larger 
amounts of energy, oxygen and chemicals, but could produce high-quality 
steel from lower-grade iron ore and also allowed for larger-scale 
production. The ingot casting process had replaced almost all of the 
wrought iron production in Sweden by the end of the 19th century. The 
number of iron mills were almost halved during this transition due to the 
larger scale of the ingot casting process as well as increased international 
competition. At the same time, the first rolling mills were electrified 
(Schön, 2012). 

In the 1920s, the international production capacity for high-quality 
crude products grew faster than the demand, resulting in overcapacity. 
This had negative consequences for small producers, especially the few 
that still used charcoal, but also spurred innovation in new processes and 
products. The next revolution in the Swedish iron and steel industry came 
in the 1950s and 1960s, resulting in investments in new processes. The 
Swedish iron and steel industry had been dependent on exports and, with 
decreasing transport costs, international competition increased. At the 
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same time, demand was increasing domestically in the residential, 
automotive and shipbuilding sectors (Schön, 2012).  

Electric steelmaking had been an alternative technology since the 
beginning of the century, but had not been used other than for special 
grades of steel due to high electricity prices. Electric steelmaking can use 
scrap as a feedstock and can therefore be used independent of access to 
charcoal and coke as well as iron ore. However, the process did not gain 
ground until the 1930s when electricity became cheaper and access to 
scrap increased. A large number of mills were built in Europe and the 
United States up until the 1970s. Deployment of the technology has 
continued to grow worldwide since then. Electric steelmaking based on 
scrap constituted a secondary route for steel production, in contrast to 
the primary route based on virgin materials, i.e. iron ore (Smil, 2006). 

3.1 Market Trends of Iron and Steel Products  
 

 
Figure 8: World crude steel production 1900-2016. Source: World Steel 
Association (2017). 

Global production slowed down in the 1970s as a result of stagnating 
demand for steel products in the global market, see Figure 8. This was 
seen as an opportunity for the industry to again restructure and invest in 
new technology since the industry expected demand to start growing 
shortly thereafter. However, the economic recessions of the 1970s caused 
several markets to plunge in the second half of the decade. In fact, global 
steel production did not start growing significantly again until the mid 
1990s, except for some inter-annual variations. The Swedish iron and 
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steel industry was severely affected by this long down turn together with 
increased energy and oil prices in the 1970s. This resulted in 
consolidation of companies and increased government involvement in 
some. The remaining companies focussed on specialised products with 
higher profit margins (Schön, 2012).  

3.1.1 Increasing Global Competition in Steel Markets 
Global crude steel production has doubled since the mid-1990s and 
continues to grow, see Figure 8. Increase in the capacity of Asian 
production accounts for most of the recent growth, especially Chinese and 
Indian production. Crude steel production in the European Union and 
the United States followed stable trends up until the economic recession 
of 2009. Production volumes dropped drastically that year and have not 
fully recovered since then, see Figure 9. This has contributed to changes 
in the global dynamics of iron and steel markets, together with the 
intensified actions towards climate change mitigation that followed from 
the adoption of the United Nations Framework Convention on Climate 
Change (UNFCCC) in 1992, and international competition for resources 
worldwide (ECORYS SCS Group, 2008; Platts, 2013). 
 
 

 
Figure 9: Crude steel production 1990-2016 for selected countries. Source: 
World Steel Association (2017). 

Since the 1990s, the iron and steel industry has undergone privatisation 
as well as consolidation. A range of different producers have emerged, 
which can be divided into four sub-categories: (i) global players, (ii) 
regional players in low-cost countries focussed on a variety of steel 
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products, (iii) regional players in low-cost countries focussed on basic 
iron and steel products, and (iv) niche specialists. The only player that 
can be categorised as a true global player is ArcelorMittal, although 
several other actors have been consolidated into larger international 
groups (Deforche et al., 2007; González and Kamiński, 2011).  

The focus of steel industries has previously been on optimising the 
supply chain of raw materials upstream of crude steel production, see a 
simplified representation of the value chain of steel products in Figure 10. 
However, downstream focus on the needs of the clients may grant steel 
producers higher margins on their products. The managing director for 
the Metals department at Accenture emphasised the opportunities for 
increased value creation for iron and steel industries by becoming more 
client-oriented (Accenture, 2012). Actually, according to ECORYS SCS 
Group (2008), increased productivity, client-oriented business models 
and restructuring towards niche specialisation have granted European 
producers competitive positions in domestic as well as international 
markets. 

 

 
Figure 10: Simplified graphical representation of the value chain of a steel 
product. Source: Paper I. 

Nevertheless, iron and steel industry representatives as well as groups 
providing support documents for European policy-making have 
expressed concerns regarding the competitiveness of European steel 
producers. The largest of these concerns is related to the global 
production overcapacity. The pressure of regional environmental policies 
comes in second place together with rising energy and raw material prices 
(ECORYS SCS Group, 2008; Okereke and McDaniels, 2012; Platts, 2013). 
In response, the European Commission (2013a) published an action plan 
for ensuring a competitive and sustainable steel industry.  

The report by ECORYS SCS Group (2008), which has received 
significant contribution from iron and steel industry representatives, 
suggests that the iron ore based production will have difficulties passing 
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CO2 reduction costs on to their customers. The industry also claims that 
the iron ore based production route has reached its technological limit for 
drastic reductions in CO2 emissions (Okereke and McDaniels, 2012). 
However, Okereke and McDaniels (2012) argue that the industry’s claim 
that the technological limit has been reached may relate to the fact that it 
has not properly considered the pressure of the CO2 cost since the 
industry has been exempted from paying the CO2 price under the 
European Union Emissions Trading System. Furthermore, European 
producers should be able to influence the pricing of their products due to 
their focus and dominance on high-end niche markets. Hence, European 
producers should be able to pass the cost of CO2 emissions or mitigation 
actions on to the customers without compromising their competitiveness. 

3.1.2 Impact of Economic Recessions on Energy Efficiency 
Production levels dropped significantly in European iron and steel 
production during the economic recession of 2009, see Figure 9. In this 
thesis, a comprehensive energy efficiency evaluation method was applied 
to iron and steel production at Member State level to provide insight into 
how the economic recession of 2009 affected energy efficiency. Through a 
decomposition analysis, the method provided an indication into what 
influenced the trends, see details on the method in section 2.2, 
Malmquist Productivity Index – MPI. 
 

 
Figure 11: Comparison of the aggregate Malmquist Productivity Index, the 
Technical Change Index, the Technical Efficiency Change Index and 
Specific Energy Use in index form for European iron and steel production. 
Source: Paper II 
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Energy efficiency improved in European iron and steel production during 
the first half of the 2000s. The indicator specific energy use and the 
Malmquist Productivity Index show similar trends during this period. A 
decomposition of the Malmquist Productivity Index showed that the 
efficiency increase was slightly more related to the catching-up effect of 
Europe as a whole rather than the innovation effect, where the efficiency 
frontier was being pushed forward, compared with the technical change 
index and technical efficiency change index in Figure 11. In other words, 
the increased efficiency of European iron and steel production was not 
uniformly distributed among the Member States. 

In the second half of the 2000s the energy efficiency of the indicator 
specific energy use continued to increase with a slight exception for the 
year 2009, while the Malmquist Productivity Index already started 
decreasing in 2007 and then plummeted in 2009, to only slightly recover 
in 2010. The difference between the trends of the two methods can be 
explained by the Malmquist Productivity Index being based on six 
variables that were all severely affected by the recession of 2009 while 
only two are part of the specific energy use. Furthermore, shifts between 
the production from virgin materials and recycled materials (the latter 
having lower energy requirements) were observed during the time of the 
economic recession, which may have influenced the trend of the specific 
energy use towards increased energy efficiency while such shifts are 
adjusted for in the Malmquist Productivity Index. 

A decomposition of the Malmquist Productivity Index showed that 
while the energy efficiency of individual Member States gradually 
decreased during the period 2005 to 2010, the efficiency frontier 
progressed for the first two years and then plummeted in 2009. The 
strong trend of the frontier’s development drove the trend of the 
Malmquist Productivity Index. This tells us that several Member States 
likely pushed the frontier forward towards increased energy efficiency in 
the years before the crisis but the crisis then affected many Member 
States simultaneously to a degree that the frontier fell back far below the 
level in the year 2000.  

The development up until 2005 could be interpreted as efficiency 
improvements related to industries more efficiently manufacturing their 
products, while the large variations seen after 2005 are more likely 
related to capacity utilisation. The decrease in energy efficiency during 
the economic recession could be explained by a sudden drop in capacity 
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utilisation rates, while the earlier increase in energy efficiency resulting 
from the progress of the efficiency frontier could be the result of a 
combination of favourable capacity utilisation rates as well as process 
improvements and changes in the product mix downstream of hot rolled 
steel. Shifts between the primary and secondary production routes should 
not influence the trends since the Malmquist Productivity Index was 
defined to adjust for such shifts. 
 

 
Figure 12: Data Envelopment Analysis scores for iron and steel production 
of European Member States for 2008. Based on the results of Paper II. 

European iron and steel production decreased significantly during the 
economic recession, by around 30%, from 2008 to 2009 (32.7% for pig 
iron, 29.7% for crude steel, and 27.3% for hot rolled steel). The individual 
data envelopment analysis scores for 2008, see Figure 12, showed that 
iron and steel production of seven Member States was considered 
inefficient in 2008. Scores in Figure 12 equal to one are considered to be 
on the efficiency frontier. Scores larger than one indicate higher levels of 
efficiency and scores lower than one indicate lower levels of efficiency, 
compared to the population of units.  

Statistics on production levels reveal that inefficient Member States 
reduced production between 2008 and 2009 to a larger extent than 
efficient Member States, in relative terms. In absolute terms, Germany 
and Italy reduced their production to the largest extent but were also 
among the top producers in 2008. Coal use decreased more than 
electricity use; 37% and 23%, respectively. Shifts from coal-based 
(primary) to electricity-based (secondary) production routes were 
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observed during the recession, but would have resulted in increasing 
energy efficiency trends since electricity-based production is considered 
more energy efficient, see details on production processes in section 3.2, 
Iron and Steel Production Technologies.  

 
Figure 13: The Malmquist Productivity Index for 2008 to 2009. The black 
circle denotes the result of one for the indices. Index values higher than one 
indicate efficiency progress relative to the previous year and index values 
lower than one indicate efficiency deterioration. Based on the results of 
Paper II. 

Energy efficiency in iron and steel production regressed in all but six 
Member States from 2008 to 2009, see Figure 13. Common for three of 
these is that the innovation effect drove energy efficiency, see the 
technical change index for Latvia, Portugal and Slovenia. This means that 
their energy efficiency progress is more likely related to the efficiency 
frontier approaching their current level of efficiency rather than their 
catching up with the energy efficiency of other Member States. Hungary, 
Poland and Spain were instead drove energy efficiency by the catching-up 
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effect, which was most likely related to efficiency improvements or more 
efficient capacity utilisation. 

From 2009 to 2010, the energy efficiency of iron and steel production 
in all but six Member States was improved, see Figure 14. The six 
Member States’ iron and steel production regressed in energy efficiency 
due to an inverted catching-up effect, see the technical efficiency change 
index, with Slovenia regressing the most. Bulgaria and Sweden showed 
significant efficiency progress from 2009 to 2010, but this was not related 
to the innovation effect. Instead, it is more likely that efficiency 
improvements or more efficient capacity utilisation were achieved. 
 

 
Figure 14: The Malmquist Productivity Index for 2009 to 2010. The black 
circle denotes the result of one for the indices. Index values higher than one 
indicate efficiency progress relative to the previous year and index values 
lower than one indicate efficiency deterioration. Based on the results of 
Paper II. 

All in all, the results confirm that the economic recession influenced the 
energy efficiency of European iron and steel production. However, the 
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method cannot distinguish between energy efficiency changes due to 
changes in the capacity utilisation rate and process improvements. Steel 
production processes have a high base load energy demand, which is not 
affected by lower production levels and a reduced capacity utilisation 
rate, as shown by e.g. Siitonen et al. (2010). Since this approach does not 
take capacity utilisation rate into consideration, benefits from 
technological improvements may be hidden in the energy efficiency 
deterioration shown in aggregated statistics at times of low production 
levels.  

3.1.3 The Influence of Capacity Utilisation on Efficiency 
Capacity utilisation describes how the production capacity is used in 
relation to its design. The capacity utilisation rate denotes how many per 
cent of the total capacity is utilised compared to the maximum possible. 
The relationship between the capacity utilisation rate and energy 
efficiency is not known in detail, but is likely to have significant influence 
on the manufacturing energy efficiency (Boyd, 2005; Lundgren et al., 
2016; Siitonen et al., 2010; Virtanen et al., 2013).  

The influence that the capacity utilisation rate has on energy efficiency 
can be analysed from physical and economic perspectives. Both indicate 
that failing to use the optimum capacity utilisation could have significant 
impact on energy efficiency and greenhouse gas emissions. Higher levels 
of capacity utilisation should improve energy efficiency at the process 
level. The reason behind this is that many energy-intensive processes 
need additional energy at the start-up or for maintaining a certain level of 
performance between batches, for example to keep large furnaces heated 
in-between batches in refinement processes within one of the steel 
production routes. If the capacity utilisation rate is low, this additional 
energy use would be spread across a lower volume of products. When it 
comes to the main production processes in iron and steel production, the 
capacity utilisation rate is especially important for iron ore reduction 
processes (e.g. the blast furnace). These processes exhibit a U-shaped 
relationship between the specific energy use of the production process 
and the capacity utilisation rate. This means that optimum efficiency is 
reached while capacity utilisation is still below the maximum, according 
to industry representatives. 

Capacity utilisation also connects to the economic concepts of 
economies of scale at the company and industry levels. Economies of 
scale imply an increase in the level of production and consequent cost 
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reductions. Hence, economies of scale is a way of increasing the 
productivity. Crompton and Lesourd (2008) found that global iron 
making is largely affected by economies of scale due to the high fixed 
production costs (i.e. the costs that are invariable on the level of 
production). However, the authors also highlight that it is not the only 
factor influencing competitiveness. They also found the price of raw 
materials, especially iron ore, to be important factors. 

Since the economic recession of 2009 had a significant impact on 
production levels, it could be argued that lower capacity utilisation rate is 
behind the energy efficiency regression during this period. Natural 
Resources Canada (2011) indicate that capacity utilisation may have 
influenced the energy efficiency of the Canadian manufacturing sector 
significantly during the economic recession of 2009. Jenne and Cattell 
(1983) also showed that the economic recessions in 1975 and 1980 had 
similar effects on manufacturing in the United Kingdom, but there is one 
difference between those recessions and the more recent one. In 1975, 
energy efficiency decreased as a result of reduced production levels, and 
unfavourable capacity utilisation rates. Energy efficiency recovered in the 
following years, but continued to increase through the 1980 economic 
recession. This could be explained by inefficient plants surviving the first 
recession but not making it through the second. 

 
 

 
Figure 15: Global steel capacity utilistation rate for 2008-2016. Source: 
World Steel Association (2017). 
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The World Steel Association provides estimates on the global steel 
capacity utilisation rate based on country-level statistics. Hence, the rates 
are calculated top-down and may be difficult to interpret since different 
processes exhibit different relationships between efficiency and the 
capacity utilisation rate. Nevertheless, the estimates provide an indication 
of the development of the capacity utilisation rate for steel production 
worldwide. A sharp decrease in global capacity utilisation rate was seen at 
the end of 2008, see Figure 15. The global capacity utilisation rate 
recovered slowly during the following years and peaked in mid-2011. The 
rate was almost as low as in 2008 at the end of 2015 and slightly higher in 
2016 (World Steel Association, 2017b). During the same period, 
worldwide steelmaking capacity has continuously increased, although at a 
slower pace since 2013, which could explain the slow recovery of the 
global capacity utilisation rate, see Figure 16. The capacity increase has 
mainly occurred in non-OECD countries, with China contributing the 
most in absolute terms (Sekiguchi et al., 2016). The low levels of capacity 
utilisation seen in recent years indicate that steel producers struggle with 
competition from increasing capacity worldwide at the same time as the 
global steel markets still have not completely recovered from the 
recession of 2009. 
 

 
Figure 16: Global steelmaking capacity for OECD and non-OECD countries 
during 2000-2017. Source: Sekiguchi et al. (2016). 

3.1.4 Future Resource Limitations on Steel Demand 
The iron ore resource is finite and this limits the amount of iron and steel 
products that can be used in society. When iron and steel products are 
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disseminated in society, they are accumulated in the form of in-use iron 
stock (equivalent to approximately the same amount of crude steel). The 
products stay in society’s in-use stock as part of infrastructure, 
machinery, vehicles and other everyday products. When the material or 
infrastructure reaches its end-of-life phase, the iron (or steel) is dumped 
in a landfill where it becomes part of the obsolete stock (steel that has 
out-served its purpose, but cannot be recovered), or is used as scrap 
feedstock in the secondary production route. Depending on the specific 
area of use, steel is accumulated in society for different durations of time 
(Davis et al., 2007; Grosse, 2010; Müller et al., 2011; Pauliuk et al., 2013). 

Several studies support the idea that countries go through a cycle 
where demand for iron and steel products increases while the country 
industrialises to then stabilise and, and in some cases, decline in the long-
term (Grosse, 2010; Holloway et al., 2010; Müller et al., 2011; Pauliuk et 
al., 2013). Evidence from industrialised economies suggest that demand 
stagnation occurs when the in-use steel stock reaches a level between 8 
and 16 tonnes per capita (Müller et al., 2011; Pauliuk et al., 2013). This 
would be in line with a global stagnation of iron and steel demand by 
2050, while a later stagnation in demand would result in significantly 
higher in-use steel stock per capita as shown in the scenarios developed 
in Paper V, see Figure 17.  

 

 
Figure 17: Cumulative global in-use steel stock per capita if demand 
stagnates in 2050 or 2100. Source: Paper V, updated with respect to 
population and historic steel production data (United Nations Population 
Division, 2015; World Steel Association, 2017a). 
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In total, there are approximately 230 billion tonnes of iron available on 
Earth, which can be referred to as the resource. Roughly 80 billion tonnes 
are economically viable to extract from the Earth’s crust using current 
technology, which can be referred to as the reserve (Müller et al., 2011; 
U.S. Geological Survey, 2012a, 2012b; Vital and Pinto, 2009). Another 20 
billion tonnes were in the in-use steel stock in society as of the early 
2000s (Müller et al., 2011). This number has reached more than 30 
billion tonnes in 2010, see Figure 18. 

As shown by the demand scenarios developed in Paper V, demand 
stagnation in 2100 would result in a total cumulative in-use steel stock 
close to 250 billion tonnes in the long-term. This number is above the full 
resource potential and would require new techniques to extract iron from 
the Earth’s crust. Grosse (2010) claims that the resource would last for 
approximately 135 years from 2010 at a growth level of 3% and recycling 
rate of 80% and that the effect of recycling only would be marginal for 
conserving the resource. If demand instead would stagnate in 2050, the 
needed virgin resources are available in the reserve, i.e. iron that is 
currently economically viable to extract from the Earth’s crust, see Figure 
18. 
 

 
Figure 18: Total cumulative in-use steel stock if demand stagnates in 2050 
or 2100 compared to the iron reserve and total resource. Source: Paper V, 
updated with respect to historic steel production data (World Steel 
Association, 2017a). 

Several studies emphasise the importance of assumptions on residence 
times and sectoral split for the estimation of in-use stock as well as scrap 
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availability (Grosse, 2010; Müller et al., 2011; Pauliuk et al., 2013). While 
Grosse (2010) estimated the average 17 years of residence time through 
relating it to the recycling rate, Pauliuk et al. (2013) estimated the 
residence time and the sectoral split using a model to minimise the 
difference between the estimated scrap supply and the historic demand of 
scrap. The approach of Grosse (2010) was deemed too general for the 
analysis presented in Paper V, whereas the approach of Pauliuk et al. 
(2013) was not applicable due to lack of data. Also, Pauliuk et al.'s (2013) 
approach is not applicable for future scenario modelling. Details on the 
issue of residence time and recycling rates as well as a sensitivity analysis 
are provided in Paper V.  

It is clear that the demand scenarios presented and discussed are 
uncertain due to the large number of assumptions. Nevertheless, the 
results give insight into the possible trends of future steel demand. There 
are several regions in the world that are on the brink of – or already 
starting to – transition towards industrialisation. These regions will 
require materials for building infrastructure and for their everyday 
products, so the question is how these products are going to be 
manufactured while at the same time trying to meet global climate 
change mitigation targets and avoiding competition with other sectors for 
energy resources. 

3.2 Iron and Steel Production Technologies 
Several of the technologies used to produce steel were invented during 
the 18th and 19th centuries and have since then been perfected, reaching 
higher levels of efficiency and productivity. In fact, iron production 
technologies have reduced their energy requirements almost tenfold per 
tonne of iron produced since early 1900s (Smil, 2006).  

Current iron and steel production can be divided into two production 
routes. The primary route uses virgin materials, i.e. iron ore as a ferrous 
resource. Reduction of iron ore to iron is mainly done in a blast furnace, a 
technology that was first introduced in the 13th century. The technology 
has been significantly enhanced since then, but still requires large 
amounts of coke and coal for the chemical reduction process. Charcoal 
may be used as reduction agent, but is only used to a minor extent today. 
One of the more significant breakthroughs for the blast furnace process 
was coal injection, where coal is directly injected into the blast furnace 
circumventing the coking process (i.e. refining coal into coke) that has 
high environmentally impacts in itself. The use of coal injection led to 
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large reductions in coke use, and the injection of other carbon sources has 
been implemented in later years, such as natural gas and plastic wastes. 
The use of biomass has been considered for reducing the environmental 
impact further, but its use for injection in blast furnaces is still plagued by 
technical difficulties. The reduction process, together with the high 
temperatures required, results in the significant energy requirement of 
the process. Although some direct reduction technologies are currently in 
use, the majority of iron and steel products have passed through a blast 
furnace (Hu et al., 2011; Johansson and Söderström, 2011; Smil, 2006; 
van Wortswinkel and Nijs, 2010).  

Direct reduction is also known as solid-state reduction and is mainly 
used in small-scale plants. The process reduces iron ore to iron in its solid 
state and was used to a large extent before the blast furnace gained 
popularity. Direct-reduced iron, also known as sponge iron, is sometimes 
used in electric arc furnaces for further refinement into steel and as a 
supplement to the scrap feedstock. Direct reduction is also used for 
special products where the process is favourable (Johansson and 
Söderström, 2011; Smil, 2006; van Wortswinkel and Nijs, 2010). 

Iron from a blast furnace (sometimes referred to as hot metal) is 
further refined into steel using for example a basic oxygen furnace. The 
iron has a high carbon content of approximately 4%, which is reduced in 
order to produce steel. The basic oxygen furnace, also known as the LD12 
converter, is the most commonly used technology today. The process 
adds pure oxygen gas to the hot metal, refining iron into steel and 
generating carbon monoxide rich exhaust gases. The process is 
exothermic, meaning that the process generates heat. The excess heat 
from the process enables the use of scrap to supplement the hot metal (up 
to approximately 30%). Iron can also be refined to steel in open-hearth 
furnaces, but the process is slower and significantly more energy 
intensive. It is only used to a small extent today (Smil, 2006; van 
Wortswinkel and Nijs, 2010).  

The secondary production route uses steel scrap as a ferrous resource 
and is less energy intensive than the primary route. Steel production from 
scrap has a lower energy requirement since the scrap has already gone 
through the reduction process during its previous life cycle. The scrap is 
melted in an electric arc furnace. The electric arc furnace has the benefit 

                                                             
12  The LD converter was named after the two towns Linz and Donawitz in Austria where significant 

contributions were made to the technology (Smil, 2006). 
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of not being geographically bound to supplies of iron ore, limestone and 
coke, in contrast to the primary production route. Therefore, many mini-
mills focussed on producing simpler products were built during the 
second half of the 20th century in the wake of decreasing electricity prices. 
High-grade steels have been produced in electric arc furnaces since the 
1980s (Smil, 2006).  

The use of coal and coke for the reduction process results in 
intrinsically high levels of greenhouse gas emissions from current 
processes, see the examples in Table 1. The vast majority of the emissions 
are in the form of CO2. Exhaust gases – or industry-derived gases – can 
be combusted to generate electricity or heat for use within the plant or for 
sale to the national grids. Gases originating from the blast furnace consist 
of CO and H2 as well as N2 and CO2. Gases that cannot be used are flared 
as a safety precaution to avoid pressure surges in the internal gas grid as 
well as to prevent health problems and the environmental impact of 
emitting untreated gases. Secondary production technologies could 
theoretically be close to greenhouse gas emission-free since they use 
electricity as their main source of energy, see last row of Table 1 (Pugh et 
al., 2013; Smil, 2006; United States Environmental Protection Agency, 
2015).  

Table 1: Energy and CO2 emission13 intensities of steel production 
processes (International Energy Agency, 2007; World Steel Association, 
2008). 

Processes 

Specific Energy 
Use [GJ / tonne 
steel] 

Specfic CO2 
Emissions [tonne 
CO2 / tonne steel] 

Primary Route – BF/BOF 19.8 – 31.2  
- Advanced BF  1.3 – 1.6 
- Present Average BF  1.5 – 1.8 

Primary Route – BF/OHF 26.4 – 41.6  
Primary Route – DR/EAF 28.3 – 30.9  

- Coal-based  2.3 – 3.0 
- Natural Gas-based  0.7 – 1.2 

Secondary Route – 
Scrap/EAF 

9.1 – 12.5 0.3 – 0.5 

 

                                                             
13  The specific CO2 emissions vary depending on the country due to differences in the national 

electricity mix. The range represents emissions for CO2-free versus coal-based electricity generation 
(International Energy Agency, 2007). 
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New and innovative processes for production from virgin materials have 
the potential to reduce CO2 emissions from steel production further. The 
European Ultra-Low CO2 Steelmaking initiative (also known as ULCOS) 
aims at reducing CO2 emissions from steel production technologies by 
50% compared to current best practice. Three groups of options are 
considered within this initiative, all at different stages of development: (i) 
carbon capture and storage embedded in current steel production 
technologies; (ii) decarbonised steel production using hydrogen or 
electrolysis in the reduction process (e.g. the MIDREX process can use 
synthetic gas containing approximately 70 % pure hydrogen as a 
reduction agent), and (iii) the use of biomass as reduction agent 
(potentially together with carbon capture and storage to effectively 
remove CO2 from the atmosphere). These processes have great potential 
to reduce the climate impact of steel production, but their 
implementation will require significant investments that are not foreseen 
in the short-term (Birat, 2009; Birat et al., 2008; Elliot et al., 2009; Gojić 
and Kožuh, 2006). 

Structural shifts towards an increased share of production of steel 
based on recycled materials also offers a plausible pathway for reducing 
the CO2 emissions from steel production in the long run. However, the 
growth of scrap-based steel has been relatively slow in the past decades. 
Total steel scrap use increased by more than 60%, from 350 million 
tonnes in the late 1990s to around 550 million tonnes in 2015. Crude steel 
production doubled over the same time period (Bureau of International 
Recycling, 2016, 2010; World Steel Association, 2017a). Scrap availability 
limits the use of the secondary production route, and is strongly linked to 
historic production and the time lag of iron and steel products’ use in 
society (Davis et al., 2007; Grosse, 2010; Müller et al., 2011, 2006; 
Pauliuk et al., 2013).  

3.2.1 Global Potential Limited for Scrap-Based Production 
The analyses in Paper V confirmed that the amount of steel that can be 
produced using the secondary production route is limited by the 
availability of ferrous scrap.  

Iron and steel products become scrap once they have reached their 
end of life in society and has not become part of the obsolete stock (scrap 
that cannot be retrieved). Iron and steel products have different lifetimes 
depending on their application (referred to as the time lag of scrap in 
society). A bridge will for example stay in use for a much longer time than 
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a can (Davis et al., 2007; Grosse, 2010; Müller et al., 2011, 2006; Pauliuk 
et al., 2013). 
 

 
Figure 19: Annual steel production and scrap use from 1900 to 2100. 
Source: Paper V, with updated historic steel production data (Bureau of 
International Recycling, 2016, 2010; World Steel Association, 2017a). 

The future steel demand is the most important factor for determining the 
gap between demand itself and scrap available for the secondary 
production of steel, see Figure 19 based on the analyses in Paper V. The 
gap between scrap availability and demand is in the order of 2 billion 
tonnes (more than the total global steel production today) in a scenario 
where steel demand stagnates in 2100. If steel demand stagnates earlier, 
around 2050, there will be a significant gap up until 2050 that will then 
gradually close. In any case, production from virgin materials will be 
necessary in both scenarios. 

In Paper V, both demand scenarios use current demand growth as a 
starting point and then gradually slow down, see Figure 19. This is more 
plausible than demand growth sharply shifting in the short-term (i.e. 
within a few years), but considering a scenario where demand growth 
slows down sharply in the short-term can improve understanding of the 
conditions necessary to reach a situation where scrap can supply the total 
global production of steel (provided that technical difficulties in reaching 
the same quality levels as for virgin steel are overcome). Nevertheless, 
steel production from virgin materials would be necessary in 2050 even 
under such conditions, see Figure 20. Steel production from virgin 
materials will be just below 40% in 2050 even in a situation where 
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demand growth reaches 0% within a few years (i.e. demand stagnates) 
and then becomes negative in the long-term (i.e. demand starts 
decreasing). 

 

 
Figure 20: Share of production from virgin materials in 2050 depending on 
short-term and long-term demand growth. Source: Paper V. 

The share of production from virgin materials in 2100 approaches zero 
under the conditions that demand growth in the short-term and the long-
term decreases to below 1%, see the blue and grey curves crossing the x-
axis in Figure 21. In the case of a negative share of production from virgin 
materials in total steel production, the available scrap actually exceeds 
the scrap needed to meet global steel demands. A true circular economy 
for steel products could be achieved at the global level under such 
conditions. However, this scenario is unlikely since there is no support for 
the notion of growth in global steel demand decreasing in the short-term. 

All in all, the analyses of future steel demand and scrap availability 
presented in Paper V showed that the production of steel using the 
secondary production route, based on ferrous scrap, presents an 
important alternative to more resource intensive processes based on 
virgin materials. Still this cannot be seen as the only alternative to meet 
future demand for iron and steel products even if issues with the material 
properties of steel produced from scrap would be resolved. The findings 
corroborated the conclusions of previous studies, such as Grosse (2010), 
Müller et al. (2011) and Oda et al. (2013), and put them in context of 
future scenario modelling to enable the modelling of how new and 



44 | A GLOBAL AND RESOURCE INTENSIVE INDUSTRY 

 

innovative technologies can be used to meet global targets on climate 
change mitigation. 
 

 
Figure 21: Share of production from virgin materials in 2100 depending on 
short-term and long-term demand growth. Source: Paper V. 

3.2.2 Future Scenarios for Innovative Technologies 
The results of the scenario modelling presented in Paper V showed that 
several new or improved technologies become cost-efficient relative to 
traditional steel production technologies under the assumption that a 
global binding target on climate change mitigation is introduced, 
resulting in a global price and cap for CO2 emissions. Traditional blast 
furnaces enhanced with direct coal injection, top gas recycling and carbon 
capture and storage (CCS) would become cost-efficient in this scenario, 
see Figure 22. Direct reduction, using hydrogen as reductant, would also 
become cost-efficient. Hydrogen-based steel production is especially 
interesting since it is one of the few primary production methods that can 
come close to greenhouse gas neutral if the hydrogen is produced using 
either electricity or biomass. 

It is also interesting to note that the traditional blast furnace 
combining direct coal injection and carbon capture and storage has the 
benefit of producing hydrogen as a by-product from the CO2 removal 
unit. The CO2 removal unit is based on a shift reactor that produces 
hydrogen as a by-product by physical absorbing the CO2 (Gielen, 2003). 
This technology is economically attractive in this scenario due to the price 
increase of hydrogen. Hydrogen becomes an attractive resource due to its 
increased use in the transport sector (primarily aviation and heavy 
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trucks) and in industry under the imposed climate change mitigation 
target. 

 

 
Figure 22: Technology choices for steel production for meeting a steel 
demand stagnating in 2050. Source: Paper V. 

The modelling results, combined with an ex-post calculation, also showed 
that carbon capture and storage would become cost-efficient at a CO2-
price of between 25 and 120 USD per tonne of CO2. The lower level is 
based on the assumption that traditional blast furnaces and blast 
furnaces enhanced with carbon capture and storage compete under the 
same conditions. A discount rate of 5% and a technical lifetime of 30 
years were assumed. However, it is likely that industries would consider 
higher discount rates for technology improvements using carbon capture 
and storage due to the higher risks associated with the technology. The 
upper level reflects the extreme case of a discount rate of 25% for the 
blast furnace enhanced with carbon capture and storage technology.  

Carbon capture and storage is an important technology option for the 
iron and steel industry in contributing to mitigating climate change 
(Bellevrat and Menanteau, 2009; Hu et al., 2006; Pardo and Moya, 
2013). The technology is also considered closest to commercialisation by 
industry representatives compared to other low-carbon alternatives 
(European Commission, 2010a). Although there are plans to demonstrate 
the technology, the issue of capturing and storing carbon dioxide is 
contested. ArcelorMittal’s plans on a demonstration plant were cancelled 
in 2012. The industry is now looking towards Emirates Steel to complete 
their pilot in 2016 (EurActiv, 2012; World Steel Association, 2014).  
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The modelling results presented in Paper V also showed that the 
future for steel production is likely to look different in a scenario where 
carbon capture and storage does not become a viable option. Direct-
reduction using hydrogen as a reduction agent receives a more prominent 
position in this scenario. The steel produced from virgin materials is 
shifted from the carbon capture and storage enhanced technologies 
towards traditional blast furnaces (with and without top gas recycling) as 
well as traditional blast furnaces using biomass in the reduction process, 
see Figure 23. 
 

 
Figure 23: Technology choices for steel production for scenario Demand 
stagnation in 2050 and no CCS availability. Source: Paper V. 

In this scenario, steel prices rise significantly due to the increased CO2 
price. The CO2 price triples in 2100 compared to the scenario allowing 
CO2 storage. However, the price is likely inflated due to the use of CO2 
emitting technologies in other sectors. Other alternative renewable 
technologies that would otherwise not be seen as cost-efficient could be 
possible in this case, especially in the electricity sector. Use of such 
technologies may alleviate some of the pressure, and deflate the CO2 
price. This should not influence the iron and steel production technology 
choices since electricity use is closely tied to scrap availability rather than 
the electricity price. The price of steel produced in the secondary 
production route is instead inflated due to greater scrap scarcity. This 
means that the scarcity of the commodity drives the price up and allows 
for additional costs in its recovery from society. A similar situation to this 
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has already been observed for copper, although both virgin and recycled 
resources faced scarcities (Conrad, 1999). 

The iron and steel industry has evolved from small-scale and resource 
intensive production technologies for virgin materials to a modern and 
efficient industry using two production routes. Despite this, additional 
efficiency improvements will be needed, especially in relation to 
greenhouse gas emissions from production. It is likely that the diversity 
in iron and steel production technologies will continue into the future 
together with a broader spectrum of products being produced.  

Technologies based on hydrogen and biomass as feedstock together 
with technologies enhanced for carbon capture and storage will likely be 
important for the future development of the sector. Differentiating 
between these production routes and traditional routes is especially 
important due to the risk of resource scarcity. The modelling results 
showed that the scarcity of scrap would be the main driver of the price of 
steel from the secondary production route. Demand for iron and steel 
products that stagnates in 2050 will also result in the depletion of the 
iron ore reserve that is economically viable to extract using current 
methods. If global demand stagnates later, iron ore resources could be 
fully depleted, see Figure 18. Fossil-free energy resources, such as 
hydrogen and biomass, will likely be used for several low-CO2 
technologies in different sectors, and this will lead to competition and 
scarcity risks, especially if carbon capture and storage is unavailable. 
However, additional research is needed on how fossil-free energy 
resources can be generated in such scenarios, since more expensive 
technologies that were not represented in the model could become viable. 

It is also likely that technology choices will differ regionally, both due 
to the differing energy systems from country to country and due to the 
regional character of resource availability. Under the assumption of 
tightening global climate policy, that translates into a global price and cap 
for CO2 emissions, and well-functioning global markets for steel products, 
the regional differences should not impact on the capacity to achieve a 
global pathway towards the targets set out in the Paris Agreement. This is 
because the cap ensures that increased emissions in one region are 
counteracted by decreased emissions in another, regulated in the market 
through tradable emission allowances. 

However, it should be pointed out that this assumption is not in line 
with the current development of the international climate agenda. The 
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Paris Agreement aims to achieve its objective through nationally-based 
policies and actions, and does not provide any foundation for harmonised 
pricing and a global cap for CO2 emissions. Hence, this assumption in 
modelling exercises may underestimate the economically viable potential 
for future emissions reductions at national level, particularly for the iron, 
steel and cement industries (Denis-Ryan et al., 2016).  

Additional policy intervention will be needed to reach the global 
targets through instruments that ensure that carbon leakage14 does not 
occur. Such instruments could take the form of (i) border tax adjustments 
based on the CO2 intensity of imported products – although such 
measures may be contested due to the risk of unfair protectionism from 
restrictions on trade, (ii) sectoral approaches, such as emissions trading 
in specific sectors, that could level the playing field for highly globalised 
industries – although these would require international agreements that 
have proven difficult within climate negotiations, or (iii) consumption-
based emissions pricing where the full cost of the climate impact is moved 
directly to the consumer (Åhman et al., 2016; Denis-Ryan et al., 2016).  

Regardless of if such instruments are introduced or if low-CO2 
pathways are left to be realised within the framework of national policies 
and measures, robust monitoring of greenhouse gas emissions reductions 
that promote improvements will be required to ensure that the industry is 
on the right track towards meeting the agreed global targets. 

                                                             
14  Carbon leakage is the phenomenon of CO2 emissions increasing elsewhere as a result of 

implementing regional regulations to reduce emissions (i.e. the Kyoto Protocols mitigation policy’s 
pressure on Annex B countries that could result in emissions increasing in non-Annex B countries) 
(Peters and Hertwich, 2008). 
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4 Robust Indicators for Monitoring Energy and Climate 
Efficiency 

This chapter reviews the theory of energy and climate indicators, 
supporting the hypothesis that current energy and climate indicators 
are insufficient for monitoring the iron and steel industry. How can 
energy efficiency and greenhouse gas emissions reductions be effectively 
promoted and monitored? Methods for enhancing current energy and 
climate indicators are explored, together with an evaluation of available 
statistics on energy use, greenhouse gas emissions and production. 
 
The body of scientific literature on energy efficiency – as well as on the 
indicators used for the evaluation of energy efficiency policy – is vast. The 
topic of how to define indicators for evaluating the energy efficiency of 
industrial activities has been discussed since the 1990s.  

Energy efficiency indicators can be divided into two groups: 
descriptive and explanatory. Descriptive indicators are used to depict 
trends over time, whereas explanatory indicators are used to explain the 
characteristics of the trends shown by the descriptive indicators. The 
latter are often only estimated for specific years due to lack of data 
(Eichhammer and Mannsbart, 1997; Patterson, 1996; Phylipsen et al., 
1997). Descriptive energy efficiency indicators can be purely 
thermodynamic (e.g. the ratio between energy use, defined as heat 
content of a fuel, and a useful energy output, defined as the work 
potential in energy terms), thermo-physical (e.g. the ratio between energy 
use and production of a physical quantity), thermo-economic (e.g. the 
ratio between energy use and economic production) or purely economic 
(e.g. the ratio between the cost of energy use and the value of produced 
goods or services) (Patterson, 1996). Tanaka (2008) added two indicators 
to the ones defined by Patterson (1996), the absolute energy use and 
diffusion rate of energy efficient equipment. Tanaka (2008) also 
identified reliability, feasibility and verifiability as important aspects 
that are not always considered in energy analyses. Essentially, indicators 
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need to be defined using proper system boundaries and data with high 
reliability. 

Patterson (1996) found thermodynamic indicators to be less useful as 
no product or service is related to the output. Thermo-physical indicators 
alleviate this problem by relating energy use to the production of physical 
quantities. Phylipsen et al. (1997) further elaborate these basic concepts 
into recommendations for indicators for various industries in the context 
of international comparisons. In the case of iron and steel production, the 
specific energy use15 was proposed as a descriptive indicator, 
complemented by additional insight from explanatory indicators, such as 
the share of different processes, fuels and raw materials.  

Proskuryakova and Kovalev (2015) separate the issue of efficiency 
from discussions on intensity and argue that while energy intensity may 
be based on economic production (i.e. Gross Domestic Product) it does 
not measure energy efficiency since the link to the technical level is lost. 
Efficiency can instead be tracked using exergy analyses based on purely 
thermodynamic indicators that are aggregated through weighted averages 
based on the process’s share in total energy use. An exergy analysis at a 
higher level of aggregation was considered impractical due to the cost of 
collecting the data. While the approach could have merits, it was not 
considered in the development of this thesis due to the extensive data 
requirements of the analyses, even at process level. 

The International Atomic Energy Agency (2005) proposes a number of 
energy indicators for sustainable development. For industrial activities, 
the agency suggests using energy intensity based on economic production 
(i.e. thermo-economic energy efficiency indicators). Economic production 
may be represented by value added as well as production value (i.e. gross 
output).  The value added has the benefit of representing the company’s 
contribution to the Gross Domestic Product. The International Atomic 
Energy Agency (2005) argues that, although the production value is more 
stable over time, there is a risk of double counting if this indicator is used 
to represent economic production. Since the production value is 
equivalent to the total price of production, it also includes the cost of raw 
materials that have already been represented in the energy intensity of 
other sectors, see graphical representation in Figure 24. The 
International Atomic Energy Agency (2005) also suggests the specific 

                                                             
15 The indicator specific energy use is also known as specific energy consumption or unit consumption 

in literature but should be denoted as use since energy cannot be consumed. 
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energy use as an alternative, but indicates that defining the physical 
output may be difficult. Nevertheless, specific energy use is widely used 
to track the energy efficiency of iron and steel production (e.g. as the 
“unit consumption” – the indicator representing iron and steel in the 
Odyssee energy efficiency index (Enerdata, 2012)). 

 
Figure 24: Graphical representation of system boundaries of value added, 
production value and crude steel in the value chain of steel products. 

Mathematically, these indicators are defined as follows, see equations 1-3 
for energy efficiency indicators together with respective units. Energy use 
may be replaced by greenhouse gas emissions – or CO2 emissions 
specifically – for monitoring greenhouse gas emissions reductions (the 
unit for emissions is kg), referred to as energy and climate indicators in 
this thesis. 
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The economic term value added is considered to be equivalent to the 
industries’ contribution to the Gross Domestic Product. The production 
value (sometimes referred to as gross production) is considered to be 
equivalent to the total price of production (International Atomic Energy 
Agency, 2005; Statistics Sweden, 2013). Economic production (value 
added and production value) may be defined as follows in its simpler 
form (Statistics Sweden, 2013), see equations 4-5. 
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LMNK#	QJJ#J = (\EU + ]#"*#$%MF%I) + !FM&&	[I.F., [K**#)$,   (eq. 5) 

where 

EBIT = earnings before interest and taxes (i.e. operating income). 

 
The International Energy Agency (2007) proposed a number of indicators 
that could complement specific energy use, differentiated on the 
production technology route upstream from crude steel. The indicators 
would compare total final energy use with physical production for each 
major production route. Indicators for the efficiency of finishing 
technologies (i.e. downstream of crude steel) were seen as impossible to 
track due to varying product properties. This example confirms the 
statement made by a managing director at Accenture (2012), that focus 
has been given to optimising upstream activities rather than downstream 
activities in the iron and steel industry. 

The challenge of tracking energy efficiency and greenhouse gas 
emissions downstream of crude steel essentially boils down to a problem 
of aggregation. The product mix becomes more diversified downstream, 
which introduces a challenge as to how production should be represented 
in the indicator (Nanduri et al., 2002; Pérez-Lombard et al., 2013). In 
fact, one of the major issues with the specific energy use, as pointed out 
by the Swedish Energy Agency (2011), is that the system boundary of the 
numerator (i.e. energy use) does not match the denominator (i.e. crude 
steel production) and, hence the indicator does not capture product 
differentiation.  

The Swedish Energy Agency (2011) proposed to use the indicator 
energy intensity based on value added instead. The advantage with this 
indicator is that production is represented as contribution to value 
creation for the company rather than physical mass. The value added 
would, in theory, resolve the aggregation problem in the case of industries 
focussed on markets requiring products refined beyond the point of crude 
steel – and associated with a higher market value per tonne. Such an 
indicator would also facilitate national aggregation since the value added 
of a company represents its contribution to the national Gross Domestic 
Product. However, thermo-economic indicators (e.g. energy intensity 
based on value added) are not considered useful for capturing technical 
improvements behind the shifts in energy use. Furthermore, there is a 
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risk that thermo-economic indicators are affected by market dynamics 
and the development of the economy at large to the extent that they are 
no longer useful for monitoring energy efficiency developments 
(Patterson, 1996; Proskuryakova and Kovalev, 2015; Schenk and Moll, 
2007; Worrell et al., 1997). 

Indicators can facilitate the design of new policies and measures for 
further reducing energy use and greenhouse gas emissions. However, if 
indicators are not properly defined, they may display trends other than 
those intended by the analysis. The use of results from improperly 
defined indicators may lead to uninformed decisions at company, 
national and regional levels with a variety of implications. It may hinder 
the implementation of abatement measures at company level, provide 
false evidence on the need for additional climate change policy at national 
level, and complicate the assessment of potential abatements that inform 
the process of adopting new – or increasing the ambition of current – 
targets. 

4.1 Factors Influencing the Trends of Energy and Climate 
Indicators 

To understand what drives the trends of current energy and climate 
indicators, Paper III presents an analysis of how economic and 
operational factors influence energy efficiency and CO2 emissions 
indicators, using plant-level data from three Swedish iron and steel 
producers, see details on the method in section 2.3, Partial Least Squares 
Regression – PLS. The results were analysed together with industry 
representatives. The analysis served to test the hypothesis posed in this 
thesis, that current energy and climate indicators, as defined in the 
section above, are sensitive to the trends market demand, technology 
development and product specialisation, and are therefore insufficient for 
monitoring and promoting energy efficiency and greenhouse gas 
emissions reductions in the iron and steel industry. 

The results, presented in detail in Paper III, showed that shifts 
between the major production routes within the site had strong 
correlations with trends in the indicators, known as intra-sectoral 
structural shifts (Eichhammer and Mannsbart, 1997). The results also 
showed that the differences in what is included within the system 
boundary of the site influence the indicators significantly, especially the 
amount of energy sold from the site (e.g. industry-derived gases used for 
electricity and heat generation) and energy used for on-site steam 
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production, corroborating findings by Siitonen et al. (2010) and Tanaka 
(2008). Moreover, the trends of the indicators demonstrated tendencies 
to be influenced by the capacity utilisation rate of the production 
processes. However, evidence to the relationship between indicators 
based on value added and the production of high-value products were 
inconclusive. Additional details on these results are given below together 
with the interpretations providing evidence that supports the arguments 
presented. Complete results and thorough descriptions of the analysed 
variables are provided in Paper III.  

The graphs, presenting the results from Paper III in Figure 25 to 
Figure 29, can be read as follows: regression coefficient (left axis) shows 
how the variable correlates with the indicator (i.e. a variable that follows 
the trend of the indicator gives a positive regression coefficient and a 
variable that has the opposite trend of the indicator gives a negative 
regression coefficient). Variable importance in projection (right axis) 
shows how significant the variable is in explaining the trend of the 
indicator. Variables marked in blue are considered significant according 
to this method. Variables marked in green are considered significant due 
to their relatively large absolute magnitude, despite the variable 
importance in the projection value being low. Results for other variables 
should be disregarded. 

4.1.1 Indicators Capture Shifts Between Production Routes 
Physical indicators based on crude steel, such as specific energy use, 
capture significant shifts between production routes. In the case of the 
company Höganäs, several of the main factors influencing the specific 
energy use provide direct or indirect indications of shifts between 
production routes, see Figure 25. The negative correlation with the 
production of iron powder using an electric arc furnace (ProdInt2) shows 
that the indicator is inversely proportional to the variable (i.e. ProdInt2) 
and would thus decrease with the increased production of iron powder in 
the electric arc furnace.  

Iron and steel products can be manufactured through several different 
production routes with significantly different energy requirements and 
related CO2 emissions, see section 3.2 Iron and Steel Production 
Technologies. In the scrap-based route using an electric arc furnace for 
smelting the scrap for example, uses less than half of the energy 
compared with steel produced using a blast furnace and basic oxygen 
furnace route, and reduces the emissions by roughly 80% depending on 
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how the electricity was produced. Scrap has already gone through the 
chemical reduction process during its previous life cycle, which explains 
the lower energy requirements. 

 
Figure 25: Regression coefficients for Höganäs for the indicator Specific 
Energy Use. Source: Paper III, fifth graph in Figure 8. 

Indirect indications to the shifts between production routes are shown by 
the positive correlation with the use of coke (RawCoke), the negative 
correlation with the use of hot-briquette iron (RawHBI), and the 
temperature at the sites (TempSite1 and TempSite2). Coke is used in the 
chemical reduction process and the indicator is therefore expected to 
increase proportional to the use of coke. Hot-briquette iron is used to 
supplement scrap in the electric arc furnace and is therefore expected to 
follow the trend of the production in the electric arc furnace. Hot-
briquette iron has been reduced from iron ore at another point in time 
on-site, or bought from off-site suppliers. The shifts between production 
routes do not have any actual relationship with the temperature at the 
site, but the shifts do exhibit seasonal variations that coincide with the 
seasonal variation of the outside temperature. 

An example of another shift in the companies’ production routes is the 
supplementing of blast furnace and basic oxygen furnace production with 
scrap. This decreases the energy requirements of the process, as well as 
the CO2 emissions since the scrap has already been chemically reduced. 
However, Eichhammer and Mannsbart (1997) see this as an efficiency 
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effect rather than a structural shift since it does not imply a shift between 
routes. The authors call this the recycling effect. This effect was shown by 
the result through the trade-off between the use of scrap (RawScFe) and 
the use of coke (RawCoke) for SSAB, see Figure 26 and Figure 28. 

 
Figure 26: Regression coefficients for SSAB for the indicator Specific CO2 
Emissions. Source: Paper III, second graph in Figure 7. 

The influence of the capacity utilisation rate on energy efficiency may 
have been significant during the analysed period, due to the varying 
production levels during and after the economic recession of 2009. 
However, only few correlations were found to support this, such as the 
negative correlations between production from virgin materials and the 
specific energy use, see ProdInt1 in Figure 25 and Figure 28. 

The blast furnace process and the solid-state reduction process used to 
produce iron from virgin materials exhibits a U-shaped relationship 
between the specific energy use of the process and the capacity utilisation 
rate. That means that the process becomes more efficient in using the coal 
and coke as capacity utilisation increases, until an optimum is reached. If 
the optimum is surpassed, the process becomes less efficient again in 
contrast to other processes in which the relationship is linear, and 
efficiency continues to improve with increasing capacity utilisation. The 
regression analysis method applied in Paper III assumes that all 
relationships between the analysed indicator and the variables are linear. 
Furthermore, the error margins of the regression coefficients are large 
since this relationship is not actually linear (compare Figure 25 and 
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Figure 28 with Figure 29 that only uses an electric arc furnace for 
producing basic materials).  

4.1.2 Indicators Capture Trends Related to Auxiliary Activities 
The system boundary of energy use statistics includes not only the iron 
and steel production processes, but also minor activities supporting the 
production processes (i.e. the production of steam, compressed air and 
other gases used), see the mill site boundary in Figure 27. Energy 
generation activities are also part of the system if industry-derived gases 
from the production processes are used to generate electricity and heat, 
which is used within the site or sold to off-site grids.  

 
Figure 27: System boundary of energy use data. Source: Paper III. 

As described in Paper III, all three sites of SSAB sell energy carriers to 
off-site grids, which amounts to 250 GWh, 35 GWh and 1.9 TWh 
respectively, on average per year. The first site generates electricity and 
heat on-site from blast furnace gas, while basic oxygen furnace gas is 
flared. The second site sells excess heat to the local district heating grid 
and the third site sells blast furnace and basic oxygen furnace gases for 
electricity and heat generation at an off-site facility. Indications of a 
strong relationship between the gases sold by the third site at SSAB and 
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the company’s specific energy use is given by the negative correlation 
with energy sold from the third site, see ExtSite3 in Figure 28. 

 
Figure 28: Regression coefficients for SSAB for Specific Energy Use. 
Source: Paper III, fifth graph in Figure 10. 

Also, other activities within the energy system were found to have strong 
influences on the indicators. Sandvik operates two boilers: one electrical 
and one oil-fuelled. The boilers are used for producing steam mainly for 
space heating purposes, and exhibit strong seasonal variations, with 
peaks during the cold winter months. This explains the strong negative 
correlation between the specific energy use and the outside temperature, 
see TempSite1 in Figure 29. Indirect indications to shifts between the two 
boilers may also have been captured by correlations with the price of 
electricity and oil. Increased oil prices would have resulted in decreased 
energy use since the electrical boiler would be used to a larger extent. The 
electrical boiler is more energy efficient than the oil-fuelled boiler, and is 
CO2 emission-free (due to production-based accounting of CO2 

emissions). Increased electricity prices would therefore have resulted in 
increased energy use since the oil-fuelled boiler would be used to larger 
extent, which is indicated by the correlations found for the electricity 
price (PrElec) and the oil price (PrOil). 

S
pe

ci
fic

 E
ne

rg
y 

U
se

 



ROBUST INDICATORS FOR MONITORING ENERGY AND CLIMATE EFFICIENCY | 59 

 

 
Figure 29: Regression coefficients for Sandvik for Specific Energy Use. 
Source: Paper III, fifth graph in Figure 9. 

4.1.3 High Uncertainty in Results for Economic Indicators 
The analyses, presented in Paper III, were expected to demonstrate 
correlations between indicators based on economic production (i.e. 
energy intensity based on value added) and the production of high-value 
products. This was only demonstrated in one case (i.e. between the high-
value product group ProdHV1 and CO2 intensity based on value added for 
Sandvik). 

Table 2: Variance explained by regression analysis. Source: Paper III. 

Denominator Numerator Höganäs Sandvik SSAB 
Crude Steel Energy Use 

CO2 Emissions 
96% 
96% 

93% 
78% 

97% 
88% 

Value Added Energy Use 
CO2 Emissions 

41% 
41% 

78% 
87% 

70% 
68% 

Production 
Value 

Energy Use 
CO2 Emissions 

93%  
93% 

74% 
75% 

83% 
83% 

 
Moreover, the variance explained by the regression analysis was 
significantly lower for the indicator based on value added in most cases, 
see Table 2. The variance explained provides an indication of how well the 
variables of the regression model captured the trend of the analysed 
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indicator. Hence, the results were deemed inconclusive for providing 
evidence for the indicators based on the value added capturing product 
differentiation of the companies. 

Proskuryakova and Kovalev (2015) argue that energy intensity 
indicators are not measuring energy efficiency but rather energy use in 
relation to economic production. They base their argument on the fact 
that the indicator, if showing a relatively low value, does not provide a 
link to what is inefficient and to what measures could be implemented to 
improve the efficiency. 

In this thesis, some thoughts on the limitations of this indicator are 
elaborated in the case of the analysed companies, which further support 
why indicators based on value added are insufficient for tracking 
efficiency. Because of increased global competition, iron and steel 
production companies have consolidated into larger groups of companies 
and have focussed on markets that may not be in the same country or 
region as the production facilities, see the detailed discussion in section 
3.1.1, Increasing Global Competition in Steel Markets. It is likely that 
finished or semi-finished products are sold at less than full profit margin 
within such groups of companies. Hence, although the full energy use is 
allocated to the country of production, the value added could be shared 
between the different companies in the value chain of the products and 
sometimes allocated to other countries or regions. If this is the case, the 
value added will not capture the full portfolio of products produced using 
the energy in the numerator of the indicator. Furthermore, the opposite 
situation occurs if the company imports basic materials or semi-finished 
products from suppliers within the respective groups or externally. In 
that case, the embodied energy and emissions (from the production in 
another country) is not captured by the numerator of the indicator. If 
such imports are from suppliers outside of the EU to countries inside the 
EU, the imports may contribute to carbon leakage. The complex value 
creation process of international steel companies could explain why no 
evidence on capturing product differentiation was found, and may 
discredit indicators based on value added.  

The results showed some correlation between the production of high-
value products and indicators based on production value. However, since 
these correlations are not shown for the indicators based on value added, 
they are more probably related to the trends in raw materials than the 
production at the analysed company. The system boundary of energy use 
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and CO2 emissions do not match that of the production value, see Figure 
24. Since the production value includes the full price of a product, it also 
covers activities outside the boundary of the analysed mill. 

The hypothesis posed in this thesis was that current energy and 
climate indicators are sensitive to trends such as market demand, 
technology development and product specialisation, and are therefore 
insufficient monitoring tools. The results presented above and in Paper 
III have served to verify this hypothesis. 

4.2 Enhanced Energy and Climate Indicators 
To understand how current energy and climate indicators could be 
improved, the research focused on methods for enhancing the quality of 
energy and climate indicators. Indicators for energy efficiency and 
greenhouse gas emissions reductions can be seen as a function of a 
number of phenomena that contribute towards the trends of the 
indicators, see example in Figure 30. In the previous section, structural 
shifts as well as capacity utilisation were identified as significantly 
influencing the trends and could possibly hide process improvements, 
which corroborates previous studies.  
 

Designing indicators that capture and compensate for the structure of the 
industry – or its production routes and product portfolio – is essentially a 
problem of aggregation. The aggregation problem has been discussed in 
scientific literature for quite some time and deals with how to aggregate 
statistics (e.g. energy use or production levels) over sectors or economies. 
Sector or economy-wide indices can be used for tracking energy efficiency 
or greenhouse gas emissions developments, see Figure 31.  

An economy-wide index can be based on the aggregation of a chain of 
sectoral indices and indicators (e.g. the Odyssee energy efficiency index 
(Enerdata, 2012)). The economy is divided into its major sectors at the 
sectoral indices level, such as transportation, industry, agriculture. The 
sectoral indicators come into play at the next level. At this level, the 
specific energy use has been preferred for the case of iron and steel 

& ^
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Figure 30: Functional representation of an indicator. 
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industry. Sub-sectoral and process-specific indicators are generally 
explanatory indicators. National and international statistics rarely 
provide data at a more disaggregated level than what is needed for 
formulating sectoral indicators. 

 

 
Figure 31: Graphical representation of the relationship between indicators 
and indices, inspired by Taylor et al. (2010). 

Methods to address the aggregation problem include the fixed basket 
approach, the Laspeyres physical index, and the ratio given by dividing 
actual specific energy use with a reference specific energy use. The fixed 
basket approach defines aggregated energy intensity as a weighted 
average using the sub-sector’s share in energy use as a statistical weight, 
see equation 6. Hence, the fixed basket approach requires the output of 
each sector to be of the same unit (Nanduri et al., 2002).  
 

a%b#J	cM.d#F	%)J#b = 012345	672e
012345	672fgf
A ∙ !#$FI*MN	E)J%$MFI*A,

C

D4
.   (eq. 6) 

 
The Laspeyres physical index approach resolves the limitation of the unit 
by using the production level of a specific base year as a statistical weight 
and indexing energy intensities to the same base year, which enables 
combinations of energy intensities in different units, see equation 7 
(Nanduri et al., 2002).  
 

iM."#,*#.	%)J#b = >3?:9@<A?1	j2k2=e,flm∙;2@<?3P=	n1:A@P<?3e,fe,

>3?:9@<A?1	j2k2=e,flm∙;2@<?3P=	n1:A@P<?3e,flme,
, − .   (eq. 7) 
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The Odyssee energy efficiency index is another example of an economy-
wide index that is used to track the energy efficiency of the European 
economy. The index is based on a weighted average of the energy 
efficiency indicators for each sub-sector of the system being analysed, see 
equation 8. The index may be used for a sector of the economy or the 
economy at large. The statistical weights are the relative energy use for 
each sector for the base year of the analysis. The sectoral indicators are all 
indexed to the same base year, which allows aggregation despite units 
being different for the sectors (Enerdata, 2012). The Odyssee energy 
efficiency index actually represents a Laspeyres physical index, as defined 
by Nanduri et al. (2002), with the statistical weight defined as the relative 
energy use rather than the production level. 
 

XJ,..##	#)#*+,	#&&%$%#)$,	%)J#b = 012345	672e,flm∙;2@<?3P=	n1:A@P<?3e,fe,

012345	672e,flm∙;2@<?3P=	n1:A@P<?3e,flme,
, − .  (eq. 8) 

 
Another example is the composite indicator approach proposed by 
Nanduri et al. (2002). It focuses on the level of change in the sectoral 
indicators to form an economy-wide index, weighted by the share in 
energy use. 
 

[IZ"I.%F#	%)J%$MFI* = 012345	672e
012345	672fgf

∙
;2@<?3P=	A1:A@P<?3e,fop;2@<?3P=	A1:A@P<?3e,fq

;2@<?3P=	A1:A@P<?3e,fq
A , − .  (eq. 9) 

 
No scientific consensus has been reached on which approach to use and, 
hence, no final solution is given for the aggregation problem, as 
concluded by Pérez-Lombard et al. (2013) in their review of approaches 
for measuring energy efficiency.  

In Paper IV, a trend analysis of the results for three Swedish iron and 
steel producers indicated that methods, such as the one proposed by 
Farla and Blok (2001), can provide the necessary adjustments to 
compensate traditional indicators for shifts between production routes. 
Furthermore, the results from a new method, proposed in Paper IV, 
provided further evidence to the complexity of industrial value creation in 
globalised markets. 
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4.2.1 Structural Shifts and Efficiency Improvements 
In contrast to the increase in efficiency due to process or system-wide 
improvements while manufacturing a specific product, progress in 
efficiency due to structural shifts indicate a change in the structure of 
production towards less energy-intensive production. The difference 
between structural shifts and efficiency improvements depends on the 
indicators and parameters investigated. At the aggregated level, structural 
shifts are defined as changes in the composition of the sector, where the 
differences between sectors are defined in parameters such as capital, 
labour, and energy requirements. This is generally related to indicators 
based on economic production. For example, shifts from iron and steel to 
chemical manufacturing industries could be seen as a structural shift 
within the industry sector (Farla et al., 1997; Mulder and de Groot, 2012).  

At sub-sectoral level, Eichhammer and Mannsbart (1997) categorised 
the different phenomena behind intra-industrial structural change in two 
effects: the process substitution effect, and the product mix effect. The 
process substitution effect is when the same (or closely similar) product 
can be produced using two or more process routes. An example of this is 
if a company shifts between production routes to minimise costs. A 
company may have several production routes for the same product where 
one is more efficient than the other. While both routes may be needed to 
their full extent during normal production, shifts are likely to occur 
towards the more efficient production route at lower demand. In this 
case, the company would appear more efficient during the time of low 
demand, while in reality the efficiency is only temporary until both routes 
are again in full production. Eichhammer and Mannsbart (1997) suggest 
that as the shift results in an identical (or near identical) product, the 
phenomena should be treated as a change in efficiency rather than a 
structural change. Adjusting an indicator for such effects would imply an 
incentive for a company to use their production process as efficiently as 
possible at all times.  

The product mix effect is closely tied to the company’s product 
portfolio, and reflects the chosen market for their products. When market 
demand for a certain product goes up, price increases may allow for 
increased production using a less efficient production route for certain 
specialised products. That would result in a shift that increases the energy 
intensity of the company. If this effect were to be adjusted for, the energy 
efficiency trends of the company would be constant despite the fact that 
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the company has shifted towards less efficient production in response to 
market demand. This means that the company no longer contributes to 
reducing greenhouse gas emissions and energy use to the same extent. 

In Paper IV, a method was applied to attempt to adjust energy and 
climate indicators for both the process substitution and product mix 
effects. The method addresses the aggregation problem as well as 
structural shifts in the case of the iron and steel industry by using a 
physical production indicator for aggregating production from various 
processes (see equation 7-8). The statistical weights used to form the 
indicator were defined as the best-practice specific energy use of each 
process, i, in Farla and Blok's (2001) interpretation of the method. The 
method yields a unit-less aggregate specific energy use indicator that 
compensates for shifts between production routes. Since the method is 
based on the best-practice of each process, it essentially describes how far 
from best-practice the industry is (Farla et al., 1997; Farla and Blok, 
2001). 

 
Q++*#+MF#	."#$%&%$	#)#*+,	K.# = r?<P=	212345	972

>s57A@P=	t3?:9@<A?1	A1:A@P<?3
, − ,   (eq. 7) 

 
Hℎ,.%$MN	"*IJK$F%I)	%)J%$MFI* = H*IJK$F%I)A ∙ !FMF%.F%$MN	u#%+ℎFA1

Avw , x .   (eq. 8) 

 
The use of best-practice as a weighting factor can be considered a 
drawback since it may be difficult to estimate the specific energy use of 
best-practice processes, and properly define processes for manufacturing 
specialised products. Best-practice may be a good reference if comparison 
with an optimum is sought for a specific process, but only under the 
assumption that the requirements are similar for all products considered, 
and that the system boundary of the process is strictly followed. The 
reference needed for the physical production indicator (in equation 8) can 
instead be given by the base year of analysis. In this case, the physical 
production indicator represents energy use as if the structure of the 
sectors remained the same as in the base year (Nanduri et al., 2002; 
Taylor et al., 2010).  

This is supported by evidence from Swedish steel producers who use 
several processes beyond those listed in best-practice documents (e.g. 
European Commission, 2010b). Products impose specific requirements 
on the processes, and make it difficult to define best-practice for the 
processes in question. Moreover, analysts performing ex-post policy 
evaluations often seek to compare the development in energy efficiency or 
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greenhouse gas emissions reductions with the year before the policy 
measure was introduced. 

Another methodology for minimising the effects of structural shifts is 
to compare the production and energy use of each process with 
benchmark values as defined at the design stage of the process in 
question (Wu et al., 2007). This approach is favourable for understanding 
if the process is run at its optimal level, but it does not capture efficiency 
improvements at systems level due to the narrow boundary studied. 
Applied factor analyses (i.e. analysing the influence of specific factors on 
trends of energy efficiency indicators) may also be used to assess the 
influence of structural shifts (i.e. between scrap-based and iron ore-based 
production) (Hasanbeigi et al., 2014). 

Decomposition analysis is also a technique used for identifying the 
contribution of structural change, activity and technological 
improvements in aggregated indicators. Several attempts have been made 
to decompose the national energy efficiency trends of the iron and steel 
sector in different countries (Arens et al., 2012; Eichhammer and 
Mannsbart, 1997; Ozawa, 2002; Sheinbaum et al., 2010; Worrell et al., 
1997). Farla et al. (1997) also decomposed the energy efficiency trends of 
the pulp and paper industry in eight countries. Decomposition analysis 
makes use of the differences between a similar approach to Farla and 
Blok (2001) and the traditional specific energy use. The best-practice in 
terms of specific energy use is often used as a benchmark for 
differentiating improvements between structural improvements and 
efficiency improvements. Other studies have also performed similar 
analyses but using the specific CO2 emissions instead of the specific 
energy use (Kim and Worrell, 2002; Ozawa, 2002; Sheinbaum et al., 
2010). 

Although decomposing energy efficiency trends is not the main 
purpose of this study, it is interesting to note that the Malmquist 
Productivity Index approach (applied in Paper II) also provides a 
decomposed energy efficiency index. In the case of the Malmquist 
Productivity Index approach, the decomposition is relative to the 
population of decision-making units (represented by the iron and steel 
industry in European Union Member States) analysed instead of sub-
sectors of the aggregated data. The innovation effect gives an indication 
of technological improvements made in the decision-making unit relative 
to the other units, while the catching-up effect gives an indication of 
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efficiency improvements (detailed results are available in Paper II). The 
fact that the results are relative to a population of units may be 
considered a drawback compared to other decomposition studies. 
However, the use of best-practice as a statistical weight introduces an 
uncertainty of comparable magnitude. 

4.2.2 Adjusting Energy and Climate Indicators for Structural Shifts 
As presented in Paper IV, trend analyses of indices based on the physical 
production indicator were performed using company data from three 
Swedish iron and steel producers compared with traditional energy and 
climate indicators for the same companies. The analysis covered an 
energy efficiency index as well as a CO2 emissions index. The analyses 
used the specific energy use of the base year for each process as a 
statistical weight to form the physical production indicator, see equations 
9-11 for the CO2 efficiency index. The energy efficiency index was defined 
as analogue to the CO2 efficiency index; further details are available in 
Paper IV. In contrast to Farla and Blok (2001), the aggregate specific CO2 
emissions and the aggregate specific energy use were indexed to provide a 
measure of the development since the base year, see equation 9. 
 
[Xy	#&&%$%#)$,	%)J#b = 	

R44324P<2	7t2@AzA@	8{o	2|A77A?17flm
R44324P<2	7t2@AzA@	8{o	2|A77A?17f

, − ,   (eq. 9) 
 
Q++*#+MF#	."#$%&%$	[Xy	#Z%..%I). =
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, − ,   (eq. 10) 
 
Hℎ,.%$MN	"*IJK$F%I)	%)J%$MFI* = H*IJK$F%I)A,< ∙ !"#$%&%$	[Xy	#Z%..%I).A1

Avw , x . (eq. 11) 

 
The physical production indicator can be seen as a snapshot of the plant’s 
structure at the base year. Hence, a decreasing difference between the 
snapshot and the total energy use or CO2 emissions can be interpreted as 
an efficiency improvement. The method, as defined in Paper IV, does not 
consider the capacity utilisation rate of the analysed processes as having 
an influence on energy use or CO2 emissions. If the capacity utilisation 
rate’s influence on the process-specific energy use and CO2 emissions 
could be expressed as a function of the process’s production level, 
equation 11 could be altered to also compensate for this. 

Detailed results, including the scenario where coal and coke are 
excluded from the analysis due to being considered as raw materials and 
not energy use, are provided in Paper IV. 

Comparisons between the traditional indicators, specific energy use 
and specific CO2 emissions, and the energy and CO2 efficiency indices 
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show that the traditional indicators underestimated efficiency 
development, with one exception, see Figure 32, Figure 34 and Figure 33. 
The results for Höganäs show that traditional indicators overestimated 
the efficiency development in the latter years of the analysis, see Figure 
32. The reason is that production levels increased faster for the more 
efficient of the two productions routes during these years – an effect that 
was adjusted for in the efficiency indices. The adjustment of shifts 
between production routes had an impact on all three of the analysed 
companies. 

 

 
Figure 32: Efficiency indices and traditional indicators (indexed) for 
Höganäs for 2005-2012. Source: Paper IV. 

The method is based on production levels and does not take shifts 
between activities other than the manufacturing processes within the 
company into account. This is clear from the results for Sandvik, see 
Figure 33. Sandvik’s most energy intensive process, the electric arc 
furnace, uses electricity that is not considered to have any CO2 emissions 
– in line with the limitations of this study. Hence, the CO2 emissions 
reductions indicators follow other activities within the company where 
the oil-fuelled boiler is one of the largest users of fossil energy and 
therefore causes large CO2 emissions. The oil-fuelled boiler is used more 
during peak periods of heat demand, such as during the harsh winter of 
2010 as the results clearly show.  
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Figure 33: Efficiency indices and traditional indicators (indexed) for Sandvik 
for 2005-2012. Source: Paper IV. 

The results for SSAB showed that the energy and CO2 efficiency indices 
adjusted for the process substitutions that occurred due to disturbances 
at one of the two blast furnace sites during the period, see Figure 34. The 
trends of the indices show particularly low levels during 2009, when 
production levels were low due to the economic recession, which may be 
explained by lower capacity utilisation. 
 

 
Figure 34: Efficiency indices and traditional indicators (indexed) for SSAB 
for 2005-2012. Source: Paper IV. 

A number of risks were identified when adjusting to trends for intra-
industrial structural shifts: (i) difficulties in defining the end-products, 
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(ii) confidential statistical data, and (iii) the lock-in of production 
structures over time. 

The end-products of each production route must be defined in order 
to adjust an indicator for shifts between these routes. However, many 
production routes result in a multitude of products that may differ quite 
radically in characteristics. The product characteristics have bearing on 
energy use, raw material use (alloys etc), and the refinement level as well 
as the costs related to those factors and the profit margin of the final 
product. Hence, choosing one of these products as the average for the 
specific production route increases uncertainty in the analysis. 

In Sweden, some aggregate statistics are made publically available 
together with statistics on emissions16 by most larger companies. 
However, statistics on energy use are protected17 since they may disclose 
information related to the economic situation of the company. Because of 
this, the detailed statistics needed to adjust for shifts between production 
routes would most likely be bound by confidentiality. One way around 
this could be for an independent auditor to perform the analysis, 
following a thoroughly defined methodology. This would be similar to the 
approach applied today when verifying the emissions of companies 
participating in the European Union Emissions Trading System 
(European Commission, 2003). 

Finally, there is a risk of a lock-in of production structures over time. 
While adjusting for the structure a reference point is created. Previous 
studies have used best-practice levels as reference points (e.g. Farla and 
Blok (2001)). The method applied in this study suggests using intensity 
levels of a reference year instead. In either case, the structure adopted 
through these reference points create a lock-in to the production routes 
and products that were used at that point in time. Hence, the trends will 
not reflect if the company choses to shift towards a new product mix over 
time as one of their measures in increasing efficiency or in response to 
market trends.  

A key question to be asked before adjusting indicators for a company’s 
product portfolio is whether to include both the process substitution 
effect and the product mix effect. The product mix effect is in response to 
                                                             
16  Data on emissions are to be made publically available according to the Kiev Protocol under the 

Aarhus Convention (Swedish Environmental Protection Agency, 2010). 
17  The confidentiality of statistics that may disclose information on the economic situation of companies 

and individuals is regulated in paragraph 8 of the 24th chapter of the Swedish law: Offentlighets- och 
sekretesslagen (2009:400). 
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changing market trends that can be considered as either an exogenous 
driver or an endogenous driver of efficiency. In considering it an 
exogenous driver of efficiency, the company (or industry) disclaims 
themselves from responding to the trends of the market and expects an 
exemption from efficiency requirements since the changing market 
trends are outside of their control.  

On the other hand, companies cooperating in niche markets have the 
power to influence prices, and also influence demand indirectly (Okereke 
and McDaniels, 2012; Ottosson and Kindström, 2015). Changing market 
trends can, therefore, be seen as an endogenous driver of efficiency since 
the industry has means to influence its markets and, thereby, its own 
product portfolio. Under such conditions, an indicator for monitoring 
efficiency should not be adjusted for intra-industrial structural changes 
due to changes in their product portfolio. 

4.2.3 Estimating Value Creation – An Alternative to Value Added? 
The value added is strongly linked to measures that the industry might 
take in response to changing market conditions. If market opportunities 
open up, it may be possible to increase the profit margins of production 
resulting in increasing value added. If the costs of production increase, 
for example following increased competition on the markets for raw 
materials, the profit margins of production may decrease resulting in 
decreasing value added. Since the product portfolio of a company most 
likely targets more than one specific market, it is difficult to understand 
the underlying factors behind changes in the value added, particularly in 
relation to energy use and greenhouse gas emissions.  

While the system boundary of the value added is territorial (e.g. 
Sweden), many companies now belong to international groups that are 
increasingly global. While some products may be fully refined within the 
territorial boundary, they may be sold at low margin to another company 
in the same international group to then be sold at retail price in another 
country. In this case, the intensity indicators are not capturing the full 
value of production despite the full energy use or greenhouse gas 
emissions being covered by the numerator of the indicator.  

In Paper IV, an economic production indicator was proposed to 
complement the analysis, and show how energy use and CO2 emissions 
change in relation to economic production. The economic production 
indicator estimates the value creation of a company based on the average 
profit margin and the deliveries of different categories of production. The 
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efficiency indices built up by the economic production indicator do not 
aim to adjust trends for shifts between production routes.  

The economic production indicator was defined as the average value 
created by each product group (in terms of gross profit) multiplied by the 
amount of delivered products (in tonnes), see equation 12. The economic 
production indicator replaced the physical production indicator to 
produce the energy efficiency index as well as the CO2 efficiency index, see 
equations 9-11 above. 
 
($I)oZ%$	"*IJK$F%I)	%)J%$MFI* = ]#N%V#*#J	"*IJK$F.A,< ∙ H*I&%FA,<1

Avw ,  (eq. 12) 

 
The statistical weights, defined as the average gross profits, were not 
specified for the base year for the economic production indicator, but for 
each year analysed due to large inter-annual variations, see a more 
detailed discussion in Paper IV. The indicator delivered products was 
used as an indicator of the amount of sold products instead of production 
to avoid double counting (compare equations 11 and 12). Detailed results, 
including the scenario where coal and coke are excluded from the 
analysis, are provided in Paper IV. 
 

 
Figure 35: Efficiency indices and traditional indicators based on value 
added (indexed) for Höganäs for 2005-2012. Source: Paper IV. 

The results show higher levels of efficiency using the indices for all 
companies, for most of the time period. In the case of Höganäs, the trends 
of the indices are in line with the company’s focus on increasing its energy 
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efficiency and focusing on niche markets to enhance their profitability, 
according to company representatives, see Figure 35.  
 

 
Figure 36: Normalised average deliveries and margins indicating maximum 
and minimum values per product category for the companies Höganäs, 
Sandvik and SSAB during 2005-2012. Source: Paper IV. 

 

 
Figure 37: Normalised average profit margin and margins indicating 
maximum and minimum values per product category for the companies 
Höganäs, Sandvik and SSAB, during 2005-2012. Source: Paper IV. 

Over the course of 8 years, the average deliveries as well as the profit 
margin for the main product categories varied significantly for the three 
Swedish steel producers, see Figure 36 and Figure 37. The fluctuations 
should not be interpreted as uncertainties, but rather as results of 
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changes within the companies’ product portfolios during the analysed 
time period. The time period saw market expansions as well as a global 
economic recession, which may have caused larger fluctuations than 
during other time periods. Nevertheless, the figures illustrate the 
difficulties in choosing product groups that remain constant over time.  

The variations are especially evident in the results for Sandvik and 
SSAB, see Figure 38 and Figure 39. In the case of Sandvik, the indices are 
strongly dominated by the variations in company profits, which is clear 
when comparing with the efficiency indices based on the physical 
production indicator (compare Figure 33 and Figure 38). In the case of 
SSAB, production decreased rapidly in 2009, but the profit per product 
still remained quite high to decrease only in 2010. 
 

 
Figure 38: Efficiency indices and traditional indicators based on value 
added (indexed) for Sandvik for 2005-2012. Source: Paper IV. 

The inter-annual variations are not necessarily indications of high 
uncertainty, but rather reflects the actions taken by the companies in 
response to the economic recession. A more detailed discussion may be 
found in Paper IV. 

Similar to the physical production indicator discussed above, this 
approach suffers from issues related to defining the product categories as 
well as confidentiality of the statistics needed for the analyses. If the 
issues related to the confidentiality of data and uncertainties in relation to 
how product categories are defined, this approach could provide more 
insight to the value creation of industries. 
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Figure 39: Efficiency indices and traditional indicators based on value 
added (indexed) for SSAB for 2005-2012. Source: Paper IV. 

4.3 Statistics on Energy Use and Greenhouse Gas Emissions 
Several of the observations made when verifying the hypothesis of this 
thesis were related to the system boundaries of the data and statistics 
used for tracking energy efficiency and greenhouse gas emissions 
reductions. Iron and steel mills have complex energy and production 
systems. There is a risk of misrepresenting these systems in statistics. 
Coal and coke use is a factor that significantly affects the trends due to the 
large requirements of coke in the chemical reduction process of iron ore 
to iron. Furthermore, there are differing views on how to consider coal 
and coke use since the purpose of its use is the chemical reduction 
process rather than combustion for providing heat. At the same time, the 
chemical reduction process results in significant amounts of energy by-
products in the form of gases that can be used for other purposes. 

Iron and steel raw materials and commodities are traded to a high 
degree, as described in the current and previous chapters. The discussion 
has touched on the value that is embodied in trade, but also that energy 
use and greenhouse gas emissions are embodied in trade. Imports of raw 
materials and commodities (including scrap) may significantly impact the 
total energy use and greenhouse gas emissions of production and use of 
products, if the system boundary were to be broadened. In the same way, 
exports of raw materials and commodities may significantly impact the 
total energy use and greenhouse gas emissions from the production and 
use of iron and steel products in other countries. Energy embodied in 
trade was identified by Eichhammer and Mannsbart (1997) and referred 
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to as grey energy use. The issue is becoming more and more important 
with increasing pressure imposed by climate policy and the claims of 
carbon leakage.  

4.3.1 Consideration and Allocation of Coal and Coke Use 
Several previous studies have pointed out the importance of clearly 
defining the system boundary in analyses of industrial energy use and 
greenhouse gas emissions. The system boundaries of official statistics 
differed significantly from country to country and the iron and steel 
industry is one of the sectors that showed the largest differences 
(International Energy Agency, 2007; Phylipsen et al., 1997; Tanaka, 
2008). Results presented in this thesis as well as previous plant-level 
analyses have shown that the system boundary defined to analyse the 
energy conversion activities of iron and steel production plants 
significantly influences the results of the analysis (Siitonen et al., 2010). 

At the national level, additional issues come into play related to how 
activities are allocated throughout the economy. The issues are: (i) the 
allocation of coal and coke, (ii) the use of industry-derived gases for 
electricity and heat generation, and (iii) auxiliary activities on the iron 
and steel production site. 

The differences between Eurostat (European Commission, 2016a), 
Odyssee (Enerdata, 2016) and World Energy Balances (International 
Energy Agency, 2016) are primarily related to the assumptions behind the 
allocation between energy use and energy transformation (see trends in 
energy use of Swedish iron and steel production from the different 
databases in Figure 40). There are also some minor statistical errors in 
the data that can be explained by the databases being based on different 
statistical surveys. Eurostat and World Energy Balances are based on 
monthly and quarterly statistics, while Odyssee is based on the yearly 
industrial energy use survey that is conducted later and analysts may 
have corrected erroneous data from the earlier surveys. Furthermore, 
Odyssee seem to lack data on the use of blast furnace and coke oven gas 
for several years before 2005, see detailed discussion in Paper I. 
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Figure 40: Final energy use in the Swedish iron and steel sector. Source: 
Paper III, updated with data from Eurostat (European Commission, 2016a), 
Odyssee (Enerdata, 2016) and World Energy Balances (International 
Energy Agency, 2016). 

The Odyssee database fully allocates coal and coke used in the blast 
furnaces as energy use for iron and steel production. Eurostat allocates 
coal and coke to energy transformation activities in line with the heating 
value of the exhaust gases from the processes (including the amount that 
is flared). Hence, Eurostat assumes a transformation efficiency of 100% 
for producing the blast furnace and basic oxygen furnace gases. In 
contrast, the International Energy Agency’s and United Nations’ statistics 
are based on the assumption that the energy transformation efficiency is 
approximately 40%. If the reported transformation efficiency is lower 
than 40%, some of the blast furnace inputs are proportionally reallocated 
as energy use within the iron and steel industry to reach the indicated 
transformation efficiency. In this case, a significantly higher share of the 
coal and coke used in the blast furnace is considered to contribute to the 
generation of blast furnace and basic oxygen furnace gases than the actual 
heating value of the gases (International Energy Agency, 2013b). 

Full allocation of coal and coke use in iron and steel production 
despite the use of industry-derived gases for electricity and heat 
generation is misleading since it removes the incentive for improving 
energy efficiency at the systems level (Tanaka, 2008). On the other hand, 
the theoretical construct of a 40% transformation efficiency may result in 
underestimations of the coal and coke needed in the iron and steel 
production processes. In addition, it basically assumes that the main 
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activity of the blast furnace is to generate exhaust gases. Allocating coal 
and coke use as an energy transformation according to the heating value 
of the generated exhaust gases seems to be a compromise that provides 
the industry with proper incentives to use the exhaust gases they produce 
while ensuring that energy efficiency analyses captures the coal and coke 
requirements of the process. However, flared exhaust gases should still be 
allocated as energy use as it can be seen as a potential for further 
improving energy efficiency in the future. It should be noted that flaring 
is a security measure that is necessary if there is no demand for using the 
gas. 

The view of Swedish iron and steel producers stands in contrast to 
how coal and coke is allocated in the analysed databases. The industry 
considers coal and coke used in the reduction process as raw materials 
rather than energy carriers. The reasoning behind this position is that the 
main purpose of their use is in the chemical reduction process and for 
providing structural support in the loading and use of the blast furnace. 
While confirming that the coal and coke used provides energy to the 
process and exhaust gases as by-products in the industry, it is currently 
not interchangeable with other energy carriers. However, considering 
coal and coke solely as raw materials would distort the energy balance as 
well as mask potentials for efficiency improvements in the use of coal and 
coke. This is especially important considering new production processes 
that may enter the market in the short- and long-term (see discussion on 
production processes in 3.2, Iron and Steel Production Technologies). 

The greenhouse gas emissions statistics for Sweden are consistent in 
all reviewed international databases based on national greenhouse gas 
emissions statistics, such as Eurostat and United Nations Framework 
Convention for Climate Change (2014). Some databases, such as EDGAR 
(European Commission, 2016b) and Eurostat also estimate greenhouse 
gas emissions based on energy use statistics that are generally of greater 
uncertainty as cruder methods have been used and more detailed data 
were not considered. 

The methodology for estimating emissions from iron and steel 
production presents some inconsistencies when it comes to allocating 
emissions from the combustion of industry-derived gases between 
sectors. The Intergovernmental Panel on Climate Change (2006c) 
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recommends that only main activity18 producers’ emissions should be 
allocated to the sector for energy generation (CRF 1A1 “Energy 
Industries”), while emissions from autoproducers19 should be allocated to 
their respective sector (i.e. CRF 1A2a “Iron and Steel” in the case of 
combustion of fuels within the iron and steel sector). In the Swedish case, 
this recommendation results in an allocation being made based on 
ownership of the combustion plant rather than the purpose of 
combustion. 

 

 
Figure 41: Allocation of greenhouse gas emissions from steel production 
between sectors in 2013. Source: Swedish Environmental Protection 
Agency (2015). 

Two blast furnace sites are operated in Sweden, both involving coke 
production. Although, SSAB in Sweden owns both, one site sells their 
exhaust gases (i.e. blast furnace gas and coke oven gas) to an energy 
company and the other site owns and operates their own combustion 
plant. The energy company uses the gases for combustion to generate 
electricity and heat. The other site generates electricity and heat 
themselves that is sold to the electricity and district heating grids 
(Gustafsson et al., 2011). As pointed out by Gustafsson et al. (2011), 
emissions from the combustion of these exhaust gases are allocated 
differently to comply with international guidelines. The emissions from 
the combustion of industry-derived gases from the first site are 
considered as emissions from a main activity producer since the energy 
company buys the industry-derived gases from the steel company. The 

                                                             
18  A main activity producer is defined as a producer “whose primary activity is to supply the public [with 

energy]” and were formerly known as public utilities (Intergovernmental Panel on Climate Change, 
2006). 

19 Autoproducers are defined as producers that “generate electricity/heat wholly or partly for their own 
use, as an activity that supports their primary activity” (Intergovernmental Panel on Climate Change, 
2006). 
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emissions are therefore reported as emissions from energy generation 
(CRF 1A1 “Energy Industries”). The emissions from the combustion of 
industry-derived gases from the second site are instead considered as 
emissions from an autoproducer since the iron and steel company in this 
case owns the combustion plant. The emissions are in this case reported 
as emissions from combustion in the iron and steel sector (CRF 1A2a 
“Iron and Steel”). 

Finally, auxiliary activities, such as heat generation for space heating 
and the production of gases used in the processes, are included in the 
system boundary of industries due to the main activity principle20. From 
the perspective of benchmarking the processes, such activities complicate 
the analysis since not all sites include the same auxiliary activities 
(Siitonen et al., 2010). Furthermore, the analyses of traditional energy 
and climate indicators showed that the auxiliary activities can 
significantly influence the trends of the indicators, see section 4.1.2, 
Indicators Capture Trends Related to Auxiliary Activities. Nevertheless, 
the significance of the influence also indicates the potential for 
improvement. The auxiliary activities included in the analysis are also 
under the authority of the company analysed. Narrowing the system 
boundary removes incentives for implementing measures that make use 
of such potentials. 

4.3.2 Promoting Energy Efficiency and Emissions Reductions 
The design of indicators to promote energy efficiency and greenhouse gas 
emissions reductions in the iron and steel industry is limited by publicly 
available statistics.  

Data on energy use and greenhouse gas emissions are generally based 
on the territorial accounting of greenhouse gases, which means that only 
the emissions or energy use occurring within the borders of the specific 
region are considered. Translated to one specific plant, this means that 
only the energy used and greenhouse gas emitted directly within the site 
would be accounted for. In contrast, the production-based accounting of 
the national accounts, on which the Gross Domestic Product is based, 
account for the economic activities by institutions residing in the 
analysed country. This means that a company residing in Sweden could 
have production facilities abroad that are included in the Swedish Gross 

                                                             
20  Statistics following the main activity principle allocates all activities within the plants system 

boundary to the category of the plants main activity (Eichhammer and Mannsbart, 1997).  
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Domestic Product and vice versa. However, this definition does not apply 
to international groups of companies. Lastly, consumption-based 
accounting considers all the upstream energy use and greenhouse gas 
emissions of the final goods or services regardless of where, 
geographically or in which sector, the energy use and emissions occurred 
(Peters and Hertwich, 2007). 

This thesis support previous studies, such as Tanaka (2008), on the 
importance of system boundary definitions in efficiency analyses. This 
thesis particularly highlighted issues related to the system boundary of 
economic production statistics, where the full value of production is not 
captured in national statistics. This refers to how products are exported, 
but also imported intermediary products and raw materials are just as 
important for efficiency analyses. The energy use and greenhouse gas 
emissions that the production of intermediary and raw materials may 
cause in other countries risk being considered efficiency improvements 
nationally, and hide indications of carbon leakage. 

One possible example of this is the use of hot-briquette iron that 
showed negative correlations with specific energy use for one of the 
companies (see section 4.1.1, Indicators Capture Shifts Between 
Production Routes). The company both produces hot-briquette iron on-
site, in which case the energy use would be included in the analysis, and 
buy hot-briquette iron from off-site suppliers. In the latter case, the 
energy use is not included in the system boundary of the analysis, and 
since the hot-briquette iron is supplied from outside the boundary it 
would offset production inside the boundary and would be interpreted as 
contributing to improving energy efficiency. 

The Swedish iron and steel industry is focussed on markets abroad to 
large degree. Sweden exports approximately as many tonnes of finished 
and semi-finished iron and steel products as are used within the country 
(World Steel Association, 2017a). When estimating the consumption-
based21 emissions of Swedish goods and services, Wadeskog and Björk 
(2016) found that iron and steel products are among the top embodied 

                                                             
21  Consumption-based emissions estimated by Statistics Sweden for the Swedish Environmental 

Protection Agency are based on an input-output analysis. The analysis uses economic transactions 
between sectors and countries at various levels of aggregation as starting points, known as input-
output tables. The tables are extended with an environmental or energy component that describes 
that activity’s energy use or environmental impact under the assumption that the economic unit at 
the lowest level of aggregation produces homogenous products (Kissinger and Rees, 2010; Lenzen 
et al., 2007; Swedish Environmental Protection Agency, 2017). 
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emissions contributors in Sweden’s exports. Furthermore, more than half 
of the total emissions embodied in exported iron and steel products did 
not occur in Sweden but in other countries from where raw materials and 
intermediary products were imported. 

The method applied by Wadeskog and Björk (2016) is based on the 
environmentally extended input-output tables, that essentially link 
economic transactions with environmental impacts or energy use using 
emission factors similar to the energy intensity based on value added. As 
suggested in this thesis, such emission factors are uncertain for domestic 
production. Uncertainties are even higher for the emission factors of 
production in other countries22. Nevertheless, the emission estimates 
provide an indication of the extent of the problem in energy efficiency and 
greenhouse gas emissions reductions analyses. 

An alternative to consumption-based accounting based on 
environmentally extended input-output analysis is technology-adjusted 
consumption-based accounting. The basic idea behind this approach is 
that the exports of a country are not accounted by their actual emissions 
but rather as the equivalent emissions if the products were produced 
using the average world market emissions intensity for the particular 
product group (Kander et al., 2015). Hence, this approach presents the 
potential scenario of a certain country stopping its exports, and the world 
market filling in the gap. If that would result in higher global emissions, 
the country is given benefit through this method and vice versa.   

Another approach, that has been applied for comparing the CO2 
emissions of the iron and steel industry between countries, is to use 
physical indicators to account for emissions abroad due to trade. Using 
the specific energy use at the sectoral level as a basis, the analysis can be 
enhanced by adding the emissions caused by the import of various 
intermediary products and subtract emissions from exported products 
based on physical conversion factors. The conversion factors are in this 
case equivalent to process-specific indicators based on physical 
production (Hasanbeigi et al., 2016). 

The choice of accounting method essentially corresponds to the 
responsibility for the provided goods or services. Territorial or 

                                                             
22  There are initiatives collecting multilateral input-output data as well as environmental statistics (such 

as the Global Trade Analysis Project and World Input-Output Database), but these are published 
with long time-lags due to the amount of data being collected and only cover a limited number of 
world economies (Purdue University, 2017). 
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production-based accounting allocates the full responsibility23 of energy 
use and greenhouse gas emissions to the producers of goods or services, 
while consumption-based accounting as well as technology-adjusted 
consumption-based accounting allocates the full responsibility to the 
consumer. The approaches present two extremes on how to allocate 
energy use and greenhouse gas emissions from production. The problem 
is that neither approach is in line with reality. One cannot argue that the 
producer bears no responsibility what-so-ever over the environmental 
impact of their products. The producers are experts in relation to how 
their products are manufactured, and thus responsible for developing the 
products and influencing the market. At the same time, one cannot argue 
that the consumer bears no responsibility since they basically provide the 
demand for products (Kander et al., 2015; Lenzen et al., 2007). 

More detailed statistics are needed to provide further understanding 
of the value chain of iron and steel products. Designing and evaluating 
policy only focusing on domestic production activities makes it beneficial 
for industry to relocate to regions with low energy prices and non-
stringent environmental policies. Designing indicators that consider 
domestic production as well as how domestic companies work with others 
globally can promote globally sustainable energy efficiency and 
greenhouse gas emissions reduction measures in the iron and steel 
industry. 
  

                                                             
23  Lenzen et al. (2007) discuss the issue of producer and consumer responsibilities for ecological 

footprints. Ecological footprints are defined in a different way to the indicators discussed in this 
thesis, but the authors’ discussions and conclusions are applicable since greenhouse gas emissions, 
and energy use indirectly, are essential parts of the ecological footprint. 
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5 Conclusions and Recommendations 

This thesis has presented evidence on how the iron and steel industry 
can develop to meet climate policy targets in the future and how this 
development can be monitored and promoted through robust 
monitoring tools. This chapter describes the conclusions that can be 
drawn from analysing these results.  
 
The first phase of the research showed that the iron and steel industry is 
sensitive to changing market conditions. The economic recession of 2009 
caused production levels to drop significantly in European iron and steel 
production, which had a significant negative impact on production energy 
efficiency. The observed energy efficiency decline during this year is most 
probably related to low capacity utilisation rates during the economic 
recession. At the same time, Swedish and European producers are to a 
large extent focussed on niche markets and not affected by global 
competition to the same extent. 

The first phase of the research also showed that the industry needs to 
transform towards low-carbon production technologies based on recycled 
as well as virgin materials. Demand for iron and steel products is likely to 
continue to grow in the future. Indications point to a stagnation in 
demand around 2050 due to a saturation of iron and steel products in 
society. The thesis showed that such demand scenarios are more likely 
than those based on demand growth linked mainly to economic growth. 
The latter is often assumed in scenario modelling, and result in a later 
stagnation. Also, continued demand growth beyond 2050 at the same 
pace as in past trends would result in the depletion of global iron ore 
reserves that are economically viable to extract in the long-term, in which 
case prices for iron and steel products would rise due to scarcity of the 
resource.  

Production based on recycled materials is limited by scrap availability 
worldwide and can only respond to part of the demand up to 2050. 
Hence, production based on iron ore will still be needed by 2050 and for 
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several decades after that. Production processes based on iron ore must 
therefore be changed to meet climate policy targets. Innovative low-CO2 
steel production technologies are foreseen to become economically viable 
under the requirements of tightened global climate policies, especially 
techniques using carbon capture and storage. Without the availability of 
carbon capture and storage, hydrogen-based and biomass-based steel 
production technologies gain importance in the scenarios.  

The second phase of the research showed that indicators currently 
used to monitor the iron and steel industry are insufficient, which verify 
the posed hypothesis. System boundaries of energy use data and 
greenhouse gas emissions do not align with production statistics. Even if 
such deficiencies were adjusted for, the ability to effectively promote and 
monitor energy efficiency and greenhouse gas emissions reductions is 
limited by how the product mix of companies focussed on niche markets 
can be captured, and how increasing globalisation is reflected in 
monitoring tools. 

Empirical evidence from analyses based on plant-level data showed 
that intra-sectoral structural shifts strongly influences the trends of the 
indicators. System boundary definitions, especially in relation to on-site 
energy generation, are key to providing robust estimates of energy 
efficiency and greenhouse gas emissions reductions trends. Indicators 
based on ratios between energy use or greenhouse gas emissions and 
physical production may still be useful to benchmark specific processes. 
For those purposes, the system boundary should be narrow, only 
including the activities of that specific process. Data on the international 
nature of Swedish iron and steel companies and insights into the complex 
value chain of steel products support the assumption that indicators 
based on economic production should also be considered insufficient. The 
results were inconclusive in showing whether indicators based on 
economic production capture the companies’ focus on niche, high-end 
markets. 

Enhanced energy and climate indicators, as assessed in this thesis, 
could alleviate some of the identified problems, but the ability to 
effectively promote and monitor energy efficiency and greenhouse gas 
emissions reductions in the iron and steel industry is still limited by two 
key points.  

The first point relates to product specialisation and the focus of 
industries on downstream integration. European and Swedish iron and 
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steel producers are focussed on niche markets that give them an 
advantage over competitors. The industry has gone from pure base 
material production, with homogenous products, to diverse product 
portfolios ranging from base materials to specialised high-value products 
with specific characteristics and requirements. However, energy use and 
greenhouse gas emissions per tonne of product do not always align with 
these product groups. The enhanced energy and climate indicators 
assessed in this thesis take steps towards adjusting for the industry’s 
product portfolio. However, such adjustments risk promoting the 
inefficient use of processes if adjustments are made for process 
substitution, which is when similar products are produced in multiple 
processes. 

The second point is related to the increasing globalisation of the iron 
and steel industry, which is currently not reflected in the monitoring tools 
nor in the enhanced energy and climate indicators assessed in this thesis. 
On the one hand, raw materials and intermediary products are traded, 
carrying energy use and greenhouse gas emissions from other countries 
with them. There is a risk that industries reduce the domestic production 
of these materials and import them instead if this is not reflected in the 
tools used to monitor the industry and promote energy efficiency and 
greenhouse gas emissions reductions, which could lead to carbon leakage. 
On the other hand, finished products are in many cases exported, and 
their contribution may be spread across a larger value chain than what is 
represented in domestic statistics. Consumption-based accounting of 
energy use and greenhouse gas emissions could alleviate some of these 
issues, but the estimates are highly uncertain in their current form. 

Robust monitoring of greenhouse gas emissions reductions is required 
to ensure that the industry is on the right track towards meeting the 
agreed global targets, particularly in light of the nationally determined 
character of the mitigation actions set out in the Paris Agreement and a 
global price on CO2 being unlikely in the short-term. However, this thesis 
showed that current energy and climate indicators, or the assessed 
enhanced indicators, are not recommended for monitoring and 
promoting industrial transformation in the context of policy evaluation. 
Additional insight is needed to understand how energy use and 
greenhouse gas emissions are distributed over international value chains, 
and the relationship with energy and climate policy targets. Future 
research should specifically focus on enhancing indicator definitions to 
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account for the globalisation of iron and steel companies and for how the 
industry is expected to develop. 
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