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SUMMARY 
 
This is the technical report on application of process integration (PI) in steel industry based 
on work carried out in the IEA IETS Annex XIV. Participants in the Annex have through 
different meetings and seminars together delivered material which this report is based 
upon. Process integration is a term for methodologies addressing the analysis, design, and 
optimization of resource efficiency (materials and energy) in industrial production systems 
in a holistic and systematic way. For the application of process integration studies in the 
steel industry three main concepts are important to consider, firstly the whole picture: 
consider the production system as an integrated. Secondly, apply process engineering to 
analyze the potential attainable improvements. Thirdly, realize performance: finalize and 
introduce the process designs and retrofit options to realize the identified system 
improvements. Implementation of PI remains a challenge in terms of investments required 
and acceptance of the methods used. 
 
For the steel industry processes, mathematical modelling is a suitable technique to handle 
the complex material and energy interactions. The success of using the tools and modelling 
approaches described for process integration, depends on the ability to mathematically 
describe the industrial system. Modeling of metallurgical processes requires a high 
understanding of the process. To successfully model a metallurgical reactor several aspects 
needs to be taken into consideration, including metallurgical properties, chemistry, 
thermodynamics, mass and heat balances, etc. System models have been developed in 
different organizations and different modelling frameworks. A general development of 
modelling framework that allows model sharing and sharing the development cost for 
modelling packages and models is needed. Pooling of resources across the industry 
including universities and institutes will facilitate efficient innovation environment to 
improve the industry resource efficiency.  
 
Because PI is an emerging field in iron and steelmaking, efforts are needed to educate 
personnel to gain acceptance and successfully implement PI in the industry. Education is 
required using a multidisciplinary approach at all management levels. PI is not only about 
methods and tools, it is about implementing a way of working within companies where PI 
is a natural part of everyday work. Although there are several good examples from 
industrial applications, there is still a lack or insufficient reporting of success stories in an 
accessible way. Hence, a lack of awareness of the benefits results in low probability to 
launch PI projects. This is important in order to overcome the hurdles of acceptance and 
understanding the potential of the techniques.  
 
This guideline document shows several good examples where process integration is of 
great importance in order to take into account the complex interconnectivity between 
individual processes, material and energy flows. 



- 3 - 

International Energy Agency, IEA 

The International Energy Agency, IEA, was founded in 1974 to coordinate measures in 
times of oil supply emergencies. As energy markets changed, and environmental concerns 
rose, the IEA broadened its mandate with the aims of reducing dependence on imported oil 
by developing a system of sharing oil supplies, researching alternative energy sources, and 
achieving improvements in energy efficiency. 
 
The shared goals of IEA members, adopted by IEA Ministers in 1993 and still governing 
the overall work and activities, are free and open markets for a sustainable economic 
development, energy security, and environmental protection. These are to be accomplished 
by consistent policy frameworks promoting diversity, efficiency and flexibility within the 
energy sector. This also relies on cooperation among all energy market participants for 
improvement of information and understanding, and encourages the development of 
efficient, environmentally acceptable and flexible energy systems and markets worldwide. 
 
Through the Technology Collaboration Programme, the IEA provides a framework for 
more than 40 international collaborative energy research, development and demonstration 
projects known as Implementing Agreements (IA), enabling experts from different 
countries to work collectively and share results for synergy effects. 
 
Industrial Energy-related Technologies and Systems, IETS 

IETS is an Implementing Agreement dealing with new industrial energy technologies and 
systems. IETS was established in 2005 as the result of merging, revamping, and extending 
activities formerly carried out by the separate industrial IEA Implementing Agreements 
Process Integration, Pulp and Paper, Heat Exchangers, and Heat Transfer. This was done to 
facilitate development of both industry-specific as well as crosscutting technologies, and to 
ease participation by countries in a broad range of industrial areas. 
 
The mission of IETS is to foster international cooperation among OECD and non-OECD 
countries for accelerated research and technology development of industrial energy-related 
technologies and systems. In doing so, IETS seeks to enhance knowledge and facilitate 
deployment of cost-effective new industrial technologies and system layouts that enable 
increased productivity and better product quality while improving energy efficiency and 
sustainability. 
 
IETS is evolving continuously with the aim to include a range of energy-intensive sectors, 
such as iron and steel, cement, non-metallic materials, aluminum, petrochemicals, 
chemicals and food, as well as manufacturing industries, and small and medium-sized 
enterprises. 
 
Through its activities, the IETS IA will increase awareness of technology and energy 
efficiency opportunities in industry, contribute to synergy between different systems and 
technologies, and enhance international cooperation related to sustainable development. 
 
More information: http://www.iea-industry.org 
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1 BACKGROUND 
 
Process Integration is a common name for system oriented methods and integrated 
approaches to complex industrial process plant design. In Process Integration, interactions 
in the industrial system are taken into account during process design and optimisation via 
their material and energy flows. The use of systematic methodologies is a very effective 
approach to improve the energy and material efficiency of large and complex industrial 
facilities. 
 
In an earlier IEA context (the Berlin Expert Meeting, 1993) Process Integration was 
defined as:  
 
“Systematic and General Methods for Designing Integrated Production Systems, ranging 
from Individual Processes to Total Sites, with special emphasis on the Efficient Use of 
Energy and Environmental Effects”. 
 
In the IEA Implementing Agreement on Process Integration (1995-2004) the distinction 
between different types of process systems engineering was made clearer. While Process 
Integration and Synthesis are systems approaches in space (the whole plant, the entire site, 
and sometimes the whole region including domestic needs), Life Cycle Analysis is a 
systems oriented methodology in time, and Integrated Process Design is more of a systems 
view across scientific disciplines and software systems.1   
 
Since Process Integration primarily is a Systems oriented methodology, the largest benefits 
and savings are expected for complex processes or plants such as Oil Refineries, Chemical 
and Petrochemical factories, etc.  However, even apparently small and simple processes in 
the Food and Drink industry are sufficiently complex to make Process Integration methods 
interesting and valuable.  Other industries where Process Integration has been successfully 
applied include Pulp and Paper and Pharmaceutical industries. The last few years, sparse 
reports on application of Process Integration in the iron and steel industries have started to 
come.  
 
Analysing the potential for improving energy use and environmental performance in 
steelmaking often involves complex interaction between the sub units of the industrial 
system. In the steel industry implementation of Process Integration methods can be further 
developed to powerful tools for strategic management which includes decision making in 
connection with design of new plants, reshape of existing plants, or process development 
projects. Process constraints and alternative design options can be evaluated on equal 
terms. The implementation of recommended measures in this type of studies is often 
closely linked to other strategic decisions. International cooperation can help to develop 
and spread this type of systematic approaches to be used for identification of energy saving 
and CO2 reduction potential for the industry in general, and within this Annex for the iron 
and steel industry in particular. 
 
 
 

                                                 
1 Gundersen, Truls: A Process Integration PRIMER, IEA Implementation Agreement on Process Integration, 
Annex I, 2002 
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2 TECHNICAL /SCIENTIFIC SECTOR 
 
Steel is one of the most common materials in our planet. There is hardly any fabricated 
object used today that does not contain steel or that is not produced with equipment made 
of steel. Steel holds this position because of its versatility, its strength, and because it is 
easy to sort and recycle as used material. There are few other materials that can be recycled 
over and over again like steel. Since the global steel consumption keeps growing (see 
Figure 1) the production of crude steel is based on both recycled and virgin raw materials.  
 

The steel industry is one of the industry 
sectors which are closely linked to carbon 
dioxide emissions. Over the last 50 years, 
the concentration of CO2 in the 
atmosphere increased from 280 ppm to 
360 ppm, something which is assumed to 
be an important factor for the global 
temperature increase. Significant 
improvements have been achieved 
through technical developments. 
Nevertheless the iron and steel industry 
still accounts for 6-7 % of the global CO2 
emissions. To make further progress in 
reducing greenhouse gas emissions there 
is an increasing focus on new technologies 
and new approaches to produce steel. 
  
Figure 1- Global steel production growth, 
million metric tons (Worldsteel, 2014). 
 

 
The iron and steel industry is one of the most energy intensive, as the processes operate at 
high temperatures. The increasing concerns about energy consumption and climate change 
have led to the need to refocus on energy efficiency and new technologies for a lower 
energy consumption and CO2 emission in steel production.  
 
Different technologies can be used for steel production. About 1/3 of the global production 
is scrap based, often referred to as electric arc furnace (EAF) steelmaking. Besides the 
EAF, the production process normally consists of casting, rolling and finishing operations. 
Scrap is the traditional input, but scrap substitutes such as direct reduced iron (DRI) are 
increasingly being used in some regions. The typical plant capacity is 0.5 to 1.0 Mtpy. 
Smaller plants are often oriented towards specialised steel products while the larger plants 
are generally focusing on bulk products. 
 
The more common production method, accounting for approximately 2/3 of the total 
production, is based on the natural resources iron ore and coal and referred to as integrated 
steelmaking. This means that steel is produced from iron oxide (iron ore) in a multi stage 
process where blast furnace (BF) ironmaking and basic oxygen steelmaking (BOS) are the 
two most important process steps. The complete plants can also include coke making 
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facilities, ore agglomeration plants, continuous casting, and rolling and finishing 
operations. The typical capacity of these plants is 3-5 Mtpy of finished steel.  
 

 
 

Figure 2. Steelmaking involves efficient management of excess heat and mass 
 
The best modern steel plants today operate very close to the limits set by physics, and 
further reducing the amount of carbon used for making steel is not possible without 
technological change. Faced with this challenge, therefore, some innovative technologies, 
e.g. carbon lean ironmaking and technologies for CO2 capture and storage (CCS) are also 
important to achieve a lower energy use and reduced CO2 emissions. To evaluate the 
different options it can be of vital importance to set up case studies to compare the 
different abatement and/or CCS options, alternatively to substitute some of today’s 
processes for newer technologies. In many countries it is a reality that new plants cannot be 
built, instead specific operations are upgraded or replaced over time.  
 
3 OBJECTIVES AND SCOPE 
 
Efficient use of energy in industrial systems is important in order to decrease the total 
energy conversion in an industrial plant. It is desirable to use the excess heat generated 
from industry to produce a useful product as well as reduce the thermal pollution. The 
objective of the IETS Annex is to reduce the use of energy and greenhouse gas emissions 
in the iron and steel industry by: 
 
 Creation of a network of experts involved in projects with the iron and steel industry 

and the use of Process Integration methods as a common denominator, 
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 Bringing together and sharing information on the present state of the art of methods as 
well as practical tools for systems optimisation with regard to energy and GHG 
emissions, and 

 Creation of guidelines for the application of Process Integration methods in the 
industry. 

 
This is the first Annex focused on the iron and steel industry. 
 
The technical focus areas were defined into three tasks. Examples from these three task 
areas are used in the Guidelines developed by the Annex. 
 
Task 1, Methods and Tools 
Task coordinator: Henrik Saxén, Åbo Akademi University, Finland. 
 
The three major features of Process Integration methods are the use of heuristics (insight), 
about design and economy, the use of thermodynamics and the use of optimisation 
techniques. There is significant overlap between the various methods and the trend today is 
strongly towards methods using all three features mentioned above.  
 
Appropriate tools, such as user-friendly and reliable software, are keys to industrial use, 
and there are computer programs available to assist the researcher and/or engineer in one 
or more areas of Process Integration. These software’s cover a wide range of problem 
areas, and the quality of the software is ranging from high standard commercial products 
being used routinely in industry, to prototype software from universities that were 
developed primarily to assist research. Some of this software may even be available free of 
charge. 
 
The purpose of this first Task is to collect and to put together information of methods (e.g. 
pinch technology/analysis, mathematical programming, exergy, hierarchical analysis, 
stochastic search methods, knowledge based systems…), for modelling and analysis, and 
available tools which are used, or can potentially be used, to optimise iron and steelmaking 
or other metallurgical industries.  
 
In the most general terms, optimisation theory is a body of mathematical results and 
numerical methods for finding and identifying the best candidate from a collection of 
alternatives without having to explicitly enumerate and evaluate all possible alternatives. 
Process design often deals with multiple, possibly conflicting, objectives or design criteria. 
A typical example is maximisation of a performance criterion while minimising its cost. 
Multi-Objective Optimisation (MOO), the process of simultaneously optimising two or 
more conflicting objectives subject to defined constraints will therefore be an important 
part of the task. As the formulation of optimisation problems can be very complex and can 
involve the evaluation of a number of different models with various formulations, the 
investigation of MOO techniques which are based on evolutionary computation, simulated 
annealing and ant colony optimisation are particularly interesting.    
 
Task 2, Energy efficiency 
Task coordinator: Marianne Viart, ArcelorMittal R&D, France. 
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Efficient use of energy is a key objective of the Annex. Currently, energy represents about 
20% of the total cost of producing steel. The increasing cost of energy and even its current 
and future availability have led to the need to refocus attention on energy intensity in iron 
and steel production. Process developments aiming at energy savings include the 
elimination of ore agglomeration and cokemaking. Process Integration offers powerful 
tools for analysis of new or modified process parts. In pinch analysis for example, the 
back-foreground analysis has proven to be useful in other industrial sectors.  
 
There are energy losses in today’s industrial systems which can be minimised e.g. through: 
 
 Efficient utilization of process gases and minimizing flares, 
 Efficient use of waste heat through interaction with society (district heat, cooling, 

electricity generation, and so forth), or integration with other industries, and 
 Possibility of utilizing lower temperature heat sources such as industrial low to medium 

enthalpy waste heat sources to be recycled internally and generate a useful product, e.g. 
electricity and/or heat through proper heat system design or other existing techniques 
such as Rankine cycles (e.g. Organic Rankine Cycle) or other techniques. 

 
Different subtasks will form this Task.  
 
Site modelling 
Fundamental study related to selected industries, to investigate potential areas to improve 
energy efficiency by using different Process Integration methods and models. Based on the 
model results, find out the optimal level of heat/energy recovery within the steel 
production system given the local conditions in terms of energy and raw material supply, 
internal and external heat and power demands, and environmental regulations.  
 
Energy coordination between industries, or between industry and society 
In countries with colder climate it can be a great advantage to utilise excess heat from the 
industry for district heating purposes both within and outside of the industrial site. The 
conditions may then change according to season or the market conditions for the industry. 
Similar optimisation problems can sometimes be formulated for industries that operate 
with common steam networks or similar.    
 
Utilization of lower temperature heat sources 
Analysis of the possibilities and the system effects of utilizing lower temperature heat 
sources such as industrial low to medium enthalpy waste heat sources to generate a useful 
product, e.g. electricity and/or heat. 
 
Task 3, Greenhouse gas mitigation 
Task coordinator: Habib Zughbi, BlueScope Steel, Australia 
 
By nature, as an industrialized process, steelmaking generates a variety of air emissions, 
including air greenhouse gasses (GHG). Steelmaking generates GHG emissions both 
directly and indirectly. For example, the blast furnace process produces CO2 when 
transforming coke and iron ore into iron. Additionally, both minimills and integrated mills 
consume significant amounts of electricity, the generation of which often results in GHG 
emissions. Internationally, the steel industry has established the CO2 Breakthrough 
Program to fund the development of new steelmaking technologies that do not emit CO2. 
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The program also includes research and development into technologies that capture and 
sequester CO2.  
 
The primary attention within the Annex will be on GHG mitigation with the already 
existing technologies, by streamlining of the production systems, by use of alternate 
reducing agents in ironmaking, by use of alternate fuels for heating purposes in 
steelmaking and after-treatment processes, and/or by more efficient support process 
systems. 
 
4 PARTICIPANTS 
 
There were seven countries and 13 companies and institutions involved, shown in Table 1.  
 
Table 1. Countries and institutions active in the Annex 
 
Country     Country Coordinator Companies/institutions 
Australia    Paul Zulli BlueScope Steel, CSIRO 
 
Finland   Henrik Saxén Åbo Akademi, Ruukki, (Oulu University,  

 in biomass study only) 
 

France    Marianne Viart ArcelorMittal R&D 
 
Sweden   Lawrence Hooey Swerea MEFOS, Luleå University of  

 Technology, SSAB 
 

Italy    Valentina Colla Scuola Superiore Sant’Anna 
 
Korea    Hee Dong Chun RIST, POSCO 
 
Japan    Tatsuro Ariyama Tohoku University, JFE Steel,  

 NSSMC - Nippon Steel & Sumitomo Metals  
 Corporation 

 
Institutions in countries that were not IETS members during part or all of the Annex 
operation were handled by the Executive Committee as participants in an individual Annex 
only with special provisions. 
 
5 ANNEX MANAGEMENT 
 
Responsible for management of the Annex were the Annex managers: Christer Ryman to 
2012; and then Lawrence Hooey from 2012 onwards. Both are from Swerea MEFOS, 
Sweden. Task coordinators and country coordinators assisted the Annex manager in 
preparation of the workshops, presentations, data collection and review of the Guidelines.  
 
6 ANNEX ACTIVITIES 

The primary means of collaboration were the three workshops which were distributed 
between regions, in Germany, Sweden and Japan. The first two workshops were held 
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immediately following major international conferences and were for IETS Annex 
participants or prospective participants by invitation. The third and largest workshop was 
open to all with invited speakers. The third workshop was organized  together with the IEA 
GHG, Worldsteel Association, The German Steel Institute (VDEh), Tata Steel, and the 
Japanese Steel Industry by Prof. Tatsuro Ariyama. A summary of the workshop 
participation is in Table 2.  
 
Table 2. Annex XIV workshop participation 
 Düsseldorf, Germany 

1st July 2011 
Luleå, Sweden 

13th - 14th June, 2012 
Tokyo, Japan 

5th-8th Nov., 2013 
Notes: Kick-off /Invitation Invitation Open 
Australia 1 1 2 
Finland 3 3 2 
France  2 1 1 
Sweden 4 10 3 
Italy 1 1 1 
Japan 3 5 6 
Korea 2 1 1 
SUM IETS 15 22 16 
Others (open) --- --- 34 
Total  15 22 50 
 
 
The original work programme, by progressing the tasks from methods to energy to GHG 
mitigation through a structured programme, was not practical. All three tasks in focus in all 
workshops with continuing exchange of information. All member countries were 
represented and contributed presentations at all three workshops.  
 
Presentations, and other information about the annex (meeting minutes etc.) were shared 
amongst Annex members at the workshops and through a file-sharing site set up for the 
Annex. This was open to Annex members only on an individual basis. The presentations 
and other information shared are used in the Guidelines.  
 
Between the workshops, discussions were held in teleconferences. Webinars series were 
conducted on specific topics of Biomass integration and Process Gas optimization. 
 
7 PUBLICALLY AVAILABLE INFORMATION 

The Guidelines below is the publically available technical summary from the Annex.  A 
summary of the third workshop is publically available from the IEA GHG at 
http://ieaghg.org/exco_docs/2014-07.pdf and the agenda including links to presentations 
are available here: http://ieaghg.org/education/19-ccs-resources/technical-workshops/392-
iron-steel-workshop  
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1 ANNEX XIV SCOPE AND OBJECTIVES 

Efficient use of energy in industrial systems is important in order to decrease the total 
energy conversion in an industrial plant. It is desirable to use the excess heat generated 
from industry to produce a useful product, as well as reduce thermal pollution. The 
objective of the IETS Annex is to reduce the use of energy and greenhouse gas emissions 
in the iron and steel industry by:  
 
 Creation of a network of experts involved in projects with the iron and steel industry 

and the use of Process Integration methods as a common denominator,  
 Bringing together and sharing information on the present state of the art methods as 

well as practical tools for systems optimization with regard to energy and GHG 
emissions, and  

 Creation of guidelines for the application of Process Integration methods in the 
industry.  

 
A focus of the Annex is to strongly facilitate international cooperation and networking 
within this field.  
 
2 BASIS OF GUIDELINES 

These guidelines have been produced based on three workshops, webinars and publications 
provided by the network of experts over the duration of the Annex.   
 
These guidelines are designed to: 
 Review the state-of-the-art PI methods appropriate for the steel industry 
 Highlight the importance of PI with concrete examples with emphasis on energy and 

CO2 emissions reductions 
 Identify key areas for further development in methods and applications 
 
These guidelines are not prescriptive. PI is a fast evolving field. New approaches and 
applications have yet to be developed and implemented.   
 
2.1 Background to Process integration 

The global drive towards sustainable development and rising energy prices are putting 
increasing pressure on the steelmaking industry to markedly increase their environmental 
performance.  
A consensus view is that the industry must achieve high performance in the following 
areas: 
 Minimal consumption of non-renewable resources, including land, water, 
 Materials, and fossil fuels; 
 Minimal atmospheric emissions related to global warming and acidification; 
 Minimal liquid effluents and solid waste; 
 Minimal negative impacts on site ecosystems; 
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Process integration (PI) is a powerful methodology with diverse uses in the steel industry. 
PI emerged over the past 30 years or so primarily from the petrochemical sector. The 
drastic increase in the cost of energy as a consequence of the first energy crisis in the 
1970s led to an increased awareness of energy conservation on the part of the industry. The 
interest in energy saving projects in various industries became economically attractive. 
Techniques for heat integration of processes (pinch analysis) were developed and the 
science of process integration emerged out of this. The basic principles of the pinch 
analysis method are presented in the book, “User Guide on Process Integration” (Linnhoff 
et al. 1982). Today, the scope of process integration has been widened to include more 
aspects of the energy system. The common aim of all process integration methods is to 
minimise energy use, but the approach varies between different methods.  
 
Process integration is a holistic approach to process design which considers the interactions 
between different unit operations from the outset, rather than optimizing them separately. 
Also called integrated process design or process synthesis. In the IEA Implementing 
Agreement on Process Integration (1995-2004)(2 the distinction between different types of 
process systems engineering was made clearer. While Process Integration and Synthesis 
are systems approaches in space (the whole plant, the entire site, and sometimes the whole 
region including domestic needs), Life Cycle Analysis is a systems oriented methodology 
in time, and Integrated Process Design is more of a systems view across scientific 
disciplines and software systems Figure 1.  
 

 
 
Figure 1. The role of process integration in relation to systems engineering.  

The International Energy Agency (IEA) has adopted the following definition: "Process 
Integration is the common term used for the application of methodologies developed for 
system-oriented and integrated approaches to industrial process plant design for both new 
and retrofit applications. Such methodologies can be mathematical, thermodynamic and 
                                                 
2 Gundersen, Truls: A Process Integration PRIMER, IEA Implementation Agreement on Process Integration, Annex I, 
2002 
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economic models, methods and techniques. Examples of these methods include: Artificial 
Intelligence (AI), Hierarchical Analysis, Pinch Analysis and Mathematical Programming. 
Process Integration refers to Optimal Design; examples of aspects are: capital investment, 
energy efficiency, emissions, operability, flexibility, controllability, safety and yields. 
Process Integration also refers to some aspects of operation and maintenance. This 
definition of process integration is still valid. 
 
For the steel industry, process integration builds on three main concepts: 
1. The whole picture, consider the production system as an integrated system where the 

processes are interconnected with both primary and secondary process streams. 
2. Process engineering, apply techniques such as thermodynamics, chemistry, mass and 

heat balancing to analyze the potential attainable improvements on the scope of 
material and energy efficiency within the system 

3. Realize performance, finalize and introduce the process designs and retrofit options to 
realize the identified system improvements. 

 
There is an extensive range of applications of PI which have been identified. These 
include: 
 Heat integration, Pinch analysis, exergy analysis 
 Mathematical modelling, optimization and simulation  
 
With these applications comes a wide range of tools which have been applied, and further 
that can be applied. These include the more classical pinch analyses with some 
modifications to system wide optimization models.  
 
2.2 Process integration within the steel industry, 

Steel is one of the most common materials in our planet. There is hardly any fabricated 
object used today that does not contain steel or that is not produced with equipment made 
of steel. Steel holds this position because of its versatility, its strength, and because it is 
easy to sort and recycle as a used material. There are few other materials that can be 
recycled over and over again like steel. Since the global steel consumption keeps growing  
(see Figure 2), the production of crude steel is based on both recycled and virgin raw  
materials. 
 
The steel industry differs from the petrochemical industry. Petrochemical industry is 
dominated by liquid-liquid and liquid-gas processes. The separation and upgrading 
processes in the steel industry are primarily very high temperature metallurgical processes, 
namely blast furnace and Basic oxygen furnace processes (BF/BOF) or electric arc furnace 
(EAF) systems surrounded by extensive material handling of solids including coals, iron 
ores, slags and steel as well as dusts and sludges. The applicability of the traditional 
process integrations techniques within this industry is depends on the question at hand.  
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Figure 2. Global steel production growth, million metric tons (Worldsteel(3). 

About 30 % of the global production is scrap based, often referred to as electric arc furnace 
(EAF) steelmaking, Figure 3. Besides the EAF, the production process normally consists 
of casting, rolling and finishing operations. Scrap is the traditional input, but scrap 
substitutes such as direct reduced iron (DRI) are being increasingly used in some regions. 
The typical plant capacity is 0.5 to 1.0 Mtpy. Smaller plants are often oriented towards 
specialized steel products while the larger plants are generally focusing on bulk products. 
 
The more common production method, accounting for approximately 70 % of the total 
production, is based on the natural resources iron ore and coal and referred to as integrated 
steelmaking. This means that steel is produced from iron oxide (iron ore) in a multi stage 
process where blast furnace (BF) ironmaking and basic oxygen steelmaking (BOS) are the 
two most important process steps. The complete plants can also include coke making 
facilities, ore agglomeration plants, continuous casting, and rolling and finishing 
operations. The typical capacity of these plants is 3-5 Mtpy of finished steel. The 
difference in production routes is the main explanation to the significant differences in e.g 
CO2 emissions and energy use for steel making. In iron ore based steelmaking, the iron ore 
(oxides) is reduced to iron and melted, while in scrap based steelmaking the iron source is 
melted.  
 

                                                 
3 World Steel Association, World steel in figures 2013, ISBN: 978-2-930069-73-9 (2013). 
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Figure 3. Steelmaking routes 

In Process Integration, interactions in the industrial system are taken into account during 
process design and optimization via their heat and mass flows. In optimizing process 
efficiency it should be clear which parameter will be optimized, e.g. productivity, energy 
use, CO2 emissions, process stability, purity of produced steel. In some cases a 
combination of parameters will be optimized. Boundary conditions may exist such as the 
minimum quality of a product. The extent to which process efficiency can be improved by 
process control depends on the potential to influence the processes. 
 
3 METHODS 

For successful application of process integration in the steel industry the mass and energy 
interaction in processes must be taken into account. Mathematical modelling is a suitable 
method to analyze the complex material and energy interaction within the steelmaking 
system. Pinch and exergy analysis is suitable to analyze the heat recovery possibilities.  
 
In the pinch analysis method, the system is analysed with respect to heat transfer 
possibilities between different streams within the network. Possibilities for minimisation of 
the external heating and cooling demand for the system are analysed. The method is 
preferably used in systems with heat exchange possibilities between different process 
streams, e.g. in heat and steam networks but also for heating ovens etc(4. A similar analysis 
technique for the BF, the Reichhardt diagram(5, has been used in the steel industry since 
the 1920s. The analysis method is a way of characterising the energy balance in the BF 
based on the heat transfer possibilities between the burden materials and the reduction gas. 
In the exergy analysis method, the processes and process steps are analysed based on 

                                                 
4 Grip, C., Harvey, S, Isaksson, J, Karlsson, J., (2011) Possibilities to implement pinch analysis in the steel industry: a 
case study at SSAB EMEA in Luleå 2011 Proceedings of the World Renewable Energy Congress 2011 (WREC 2011). 
Linköping  
5 Reichhardt P (1927). Ein neues Wärmeschaubild des Hochofens. Arch. Eisenhuttenw., 1927/28, 1, 77-101. 
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energy quality levels (usefulness). The processes can be analysed with respect to the 
energy losses and from this, different practices can be compared(6. In mathematical 
programming (also called optimisation), different mathematical models are used to analyse 
and optimise the system. The method is suitable for defining process behavior and the 
interplay between different processes, as well as for analysing the total system effect of 
changes in a sub-system. Simulation models are widely used in the industry for total 
system analyses.  
 
In the most general terms, optimization theory is a body of mathematical results and 
numerical methods for finding and identifying the best candidate from a collection of 
alternatives without having to explicitly enumerate and evaluate all possible alternatives. 
An optimization problem often consists of a set of independent variables or parameters, 
and also conditions or restrictions/constraints that define acceptable values of the variables. 
The solution of an optimization problem is a set of allowed values of the variables for 
which the objective function assumes an optimal value. In mathematical terms, 
optimization is the minimization or maximization of a function subject to constraints on its 
variables.  
 
Different algorithms for solving the optimisation problem are used depending on the type 
of problem. A linear problem is solved by linear programming (LP). A problem using both 
continuous and discrete variables, i.e. binary variables, to represent the system requires 
mixed integer linear programming (MILP). The use of discrete variables makes the 
modelling more flexible (e.g. possibilities to approximate non-linearities, discrete choices 
between processes routes, or in situations where real values do not make sense). However, 
the problem and the technique to solve the problem increase in complexity. Non-linear 
programming (NLP) and mixed integer non-linear programming (MINLP) increase the 
flexibility in modelling even more. The complexity on the other hand also increases. 
Simulation models are widely used in the industry for total system analyses. 
 
The choice of system boundary and setting an appropriate system boundary are important. 
If the system boundary is chosen incorrectly, important effects may be overlooked and 
omitted. It is important that the system boundary is set appropriately to handle the aims of 
the study. According to the systems approach(7, variables inside the system boundary are 
those that can be affected and those that might be affected by the system (e.g. material and 
energy variables). Outside the system boundary are those variables that affect the system 
but cannot be affected by the system (e.g. taxes and legislation). Two different system 
boundaries can be set for the system, one including only steelmaking parameters and 
processes (process and plant level) and one including the interplay with the surroundings 
(community level). Figure 4 shows a high level schematic of various system boundaries. 
 

                                                 
6 Grip, C, Elfgren, E, Söderström, M, Thollander, P., Berntsson, T, Åsblad, A.,  Wang, C., (2011). Possibilities and 
problems in using exergy expressions in process integration, 2011 Proceedings of the World Renewable Energy Congress 
2011 (WREC 2011). Linköping  
7 Churchman, 1968 
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Figure 4. System boundary aspects in PI 
 
Validation is important in order to determine if the model description is sufficient to solve 
the problems formulated. Both the model and model results needs to be validated. In order 
to perform model validation, known cases can be modelled and used as basis for 
comparison, i.e. black-box validation. In this approach it is possible to validate both model 
and model result, including the objective function. For the optimised results, where no real 
operation data exists, discussions of modelling results with the industry are needed. 
  
3.1 System analysis, system optimization, mathematical modelling - Models and 

tools 

Process integration techniques and scenario analysis are suitable for investigation studies 
such as options to improve the efficiency of the industrial processes and to reduce costs, 
material and energy use, emissions (CO2, SOx, NOx), by-products (by improved recycling), 
water use. The concept can be used to investigate improvement options to enhance 
productivity (logistics), material use, and recovery of valuable by-products from the 
industrial processes. It is a way to find novel and more sustainable industrial production 
concepts. Even though process integrations studies have shown to be effective in solving 
and improving the total production systems the success of a process integration study is 
depending on several factors such as: 
 
 The possibility to use and adapt existing software and tools: 

“…People do not necessarily understand the potential of the techniques, as it requires 
some basic understanding of optimization. Lack of acceptance and understanding: 
Psychological inertia. Commercial process simulators do not efficiently solve PI 
problems. Static material balance models cannot estimate effects of drastic changes, 
dynamic models are complex…” 
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 The possibility to present and explain results: 
“…Multiple stakeholders/commercial interests which have to understand the results, 
making high level summaries for decision-makers. Lack of accuracy or missing 
information may be used as arguments against the technique…” 

 
There are several appropriate tools for system modelling on the market. In the general case, 
important factors for a wide and efficient industrial use of process integration into the iron 
and steel industry are: 
 
 Tool interoperability to enable reliable and easy model exchange 
 Good numerical performance, solver speed and robustness 
 Supporting model construction from modular unit process models 
 Multi-domain modelling support (e.g. fluid flow, electrical, chemical) 
 Possibilities for visualization of results 

 
For the future it is believed that tool interoperability will be a key factor for successful and 
efficient development of process models and co-operation between different stakeholders. 
Techniques for co-simulation are supported by several available modelling environments. 
It is however rather recently that a standard for model exchange and co-simulation has 
made a break-through by the development of Functional Mock-up Interface and Functional 
Mock-up Units (FMI and FMU). Much of the FMI and FMU development has been driven 
by the needs in the automotive industry and currently over 35 simulation tools support the 
standard and users can be found in almost all industrial sectors(8. 
  
The maturity of different design software is ranging from high standard commercial 
products being used routinely in industry, to prototype software from universities that were 
developed primarily to assist research. Development tools for PI can be divided into tools 
for modelling and optimization even though this categorization is not completely 
unambiguous since modelling and optimization can be done in the same tool and also 
sometimes a remodeling (simplification) is needed for the statement of the optimization 
problem. 
 
System site modelling for process integration:  
 
 Static models describe the system behavior at one instance of time, typically at 

equilibrium. Static models can be based on empirical data, physical data or a 
combination of both.  Some suitable tools for static , flow sheet modelling are: 

o Spread sheet (e.g Excel, Liber Office) 
o Matlab 
o Aspen+, HSC, SimuSage 
o Custom code, in e.g. C, C++, Fortran etc. in-house models: 

 
 
 

                                                 
8 www.fmi-standard.org 
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 Dynamical models describe the system behavior over time, i.e. including the systems 
transient behavior. Static models can be based on empirical data, physical data or a 
combination of both. Some suitable tools for dynamic modelling are: 

o Matlab 
o Modelica 
o DCS (distributed control systems) or SCADA (supervisory control and data 

acquisition system) built in tools 
o AspenTech products 

 
Optimization for process integration: 
 Continuous constrained optimization.  

o Spread sheet: linear programming, non-linear programming (through add-ins) 
o Remind/CPLEX: Linear programming 
o Matlab, GAMS suitable for non-linear and linear programming 

 Discreet constrained optimization 
o Remind/CPLEX: Mixed integer linear programming 
o Matlab, GAMS: Mixed integer linear and non-linear programming 

 
All these tools and approaches have their own pros and cons. For the future, the most 
important factor for long term success is to provide means for multi-physical modelling 
and tool interoperability. Furthermore, a general conclusion of the current state is that 
although there are several modelling and optimization platforms on the market, there are 
no model libraries for metallurgical processes available on commercial or open source 
terms. The fact that there is no model packages available, results in a very wide range of 
models developed by various organizations. To a large extent, these models are 
representing similar processes and the main difference often lay in the parameterization to 
fit the model for each company’s equipment. With a common model development and 
sharing of models within the research community a larger impact on the industry would be 
generated. The competition between companies is not in the area of being able to model 
different processes but rather on the ability to adapt and use the model framework to 
improve equipment efficiency. 
 
In-house models  
Bluescope steel has developed an integrated steelworks energy and emission model, 
ISEEM(9, 10, 11. The model is a steady state, comprehensive mass and energy balance 
model, including the various unit models (BF, BOS, coke oven etc.) interlinked via 
distribution systems (COG, BFG, Electricity, product flows). The metallurgical models e.g. 
BF and BOS, are based on mass and energy balances taking into account metallurgical and  
thermodynamic relationships. The ISEEM model is a gate-to-gate model, Figure 5, where 
the results are not a solution on a unit by unit basis, but a simultaneous whole 
configuration setup. The modelling is based on the Aspentech’s flowsheeting package 
(Aspen Custom Modeler). To the modelling package an excel interface have been 

                                                 
9 Zughbi, H., Mathieson, J. G., Zulli P.: Modelling of Energy Consumption and CO2 Emissions in Port Kembla 

Steelworks, Scanmet III, June 8-11, (2008), Lulea, Sweden. 
10 

Zughbi, H., Zulli, P. and Mathiesen J. G.: ”Modelling of Energy Consumption and CO2 Emissions in PORT 
KEBMLA STEELWORKS”, EECRsteel, METEC InSteelCon 2011, June 27 – July 1 (2011) Dusseldorf, Germany 
11 

Zughbi, H. and Zulli, P.: Energy Consumption and CO2 Emissions Benchmarking and Modelling in PORT KEBMLA 
STEELWORKS, CHEMECA, September 18-21 (2011), Sydney, Australia 
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developed, enhancing the user friendliness and allowing easier use of the ISEEM by end 
users. 

 
 

Figure 5. Scope of ISEEM, High Level Flowsheet Configuration)9 

This type of modeling have been used successfully to understand the complex process 
interactions within the steelworks, decision support in scenario modelling (e.g. new 
technology, new recycling, new raw materials), analyzing and determining energy saving 
potentials, and a basis for future steelworks modelling advances. The requirements of the 
development of the ISEEM PI model have been on flexibility, robustness, realistic outputs 
and has optimizing capabilities. 
 
At Scuola Superiore Sant’Anna a similar model for an integrated steel mill have been 
modelled in Aspen. The development and further applications of the tool as a decision 
support tool have been described in various literature(12,13,14. Similar development has also  
been made and applied by ArcelorMittal for evaluation of energy and environmental 
efficiency of their various production units. 
 
At SSAB EMEA, Ruukki, Swerea MEFOS and LTU development of two different site 
models have been conducted since a long time. Different types of modelling approaches 

                                                 
12 Porzio. G, Amato. A, Colla. V, Branca . T. Holistic Modelling Development to Reduce Energy Demand and CO2-
emissions within the Iron and Steel Industry. 2nd International Conference and Exhibition “CLEAN TECHNOLOGIES 
IN THE STEEL INDUSTRY”, 2011, Budapest (Hungary). 
13 Porzio. G., Colla. V, Fornai. B, Amato. A, Cateni. S, Vannucci. M., A model for simulation of an integrated 
steelmaking plant focused on energy consumption and CO2 emissions. Scanmet IV Conference, Lulea, Sweden 2012. 
14 Porzio, G., et al. An integrated approach to the reduction of energy demand and CO2-emissions within a conventional 
iron and steel works. 2nd International Conference and Exhibition “CLEAN TECHNOLOGIES IN THE STEEL 
INDUSTRY”, 2011, Budapest (Hungary). 
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have been addressed. An optimization model based on mixed integer linear programming 
modelling (MILP) principle(15,16,17 has been developed. A general layout of the steel plant 
site optimization model is shown in Figure 6.  
 
The integrated steel making system has been delimited, important processes identified and 
reasonable boundaries and simplifications are introduced. The variables used in the model 
include main continuous variables (material and energy flows), float variables (used within 
individual process nodes for creating mass and energy balance), binary variables to make 
the modelling more flexible (e.g. possibilities to approximate non-linearities, discrete 
choices between processes routes). A commercial software is used for solving the 
optimization problem. The different processes have been modelled separately and 
connected together by each primary product and any possible by-product interactions. The 
model sophistication varies between simple linear process models, empirically derived 
process relations based on engineering practice, and models based on mass and energy 
balances for the different processes. The driving force for the model is the production of 
the final product from the system (first-rate steel slabs).  

 
 
Figure 6.  Schematic model description and system boundary, future steel plant  
 
The modelling has been applied for various studies on material and energy efficiency 
optimization of the steelmaking site.  
 

                                                 
15 Ryman. C, Larsson. M., Adaptation of process integration models for minimisation of energy use, CO2-emissions and 
raw material costs for integrated steelmaking, Chemical Engineering Transactions, 12 (2007), 495-500 
16 Ryman. C, Larsson M., Reduction of CO2 emissions from integrated steel-making by optimised scrap strategies: 
Application of process integration models on the BF-BOF system, ISIJ International, vol. 46 (2006), 12, 1752-1758. 
17 Wang. C, Ryman. C, Dahl. J., Potential CO2 emission reduction for BF-BOF steelmaking based on optimised use of 
ferrous burden materials, International Journal of Greenhouse Gas Control (2009), 3:29-38. 
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Further developments of a detailed site simulation model (flow sheet modelling tool) have 
been based on a Microsoft® Excel based BF process(18. The detailed process description 
allows higher degree of details in the system analysis, e.g. tramp element distributions, etc. 
As in previous models, the site flowsheet modelling is determined by the main process 
units identified and modelled. The process units are modelled based on mass and energy 
balances taking into account metallurgical and thermodynamic relationships. The model 
have been successfully applied in analysis of CO2 emission reduction and conducting 
techno-economic studies of e.g. CO2 emission capture applied to integrated steelworks(19. 
The strength with the tool developed is its flexibility and applicability. The weakness with 
a large site model developed in Excel is the solution efficiency and user friendliness.  
 
At Åbo Academy optimization models for the integrated steel making site based on non-
linear programming have been developed and applied in several studies. The development 
has been based on a detailed description of the blast furnace process(20,21 to be further 
extended to include the main processes within the system, Figure 7. 
The model has been used in several studies regarding energy and CO2 emission reduction 
possibilities. The possibility to utilize a non-linear process description has been used in 
analysis regarding e.g. feasible BF process parameter configurations. The detailed process 
descriptions allows a high degree of details in the modelling. The optimization feature 
makes it possible to derive interesting decision support guidance, such as analyzing the 
Pareto optimal frontier when taking into consideration more than one objective function or 
optimal strategies for introducting new raw materials e.g new bio-based reductants or 
direct reduced iron(22. 
 

                                                 
18 Hooey L., Boden A., Wang C., Grip C-E., Jansson B. Design and application of a spreadsheet-based model of the 
blast furnace factory, ISIJ International, 2010; 50(7): 924-930. 
19 Hooey L. Techno-economic study of CO2 capture applied to integrated steelworks, Iron and Steel Industry CCUS and 
Process Integration Workshop, 5-7 November, Tokyo, Japan 
20 Petterson F., Saxén H. Model for Economic Optimization of Iron Production in the Blast 
Furnace, ISIJ International, Vol. 46 (2006), No. 9, pp. 1297–1305 
21 

Pettersson F. and Saxén H. Model for economic optimization of iron production in the blast furnace, ISIJ International 
46 (2006) 1297-1305. 
22 Huitu K., Helle H., Helle M., Kekkonen M., Saxén H. Optimization of Steelmaking Using Fastmet Direct Reduced 
Iron in the Blast Furnace, ISIJ International, Vol. 53 (2013), No. 12, pp. 2038–2046. 
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Figure 7. Flows and units included in the system model23 
 
Microsoft® Excel based MINLP models are also being developed by POSCO and RIST24. 
The optimization of GHG emissions and cost can be performed within specific constraints 
including, for example carbon prices and production rates, CCS facilities and so on.  
 
System analysis versus benchmarking 
As described in the methods, integrated steelworks are complex networks involving 
material and energy systems. In order to assess the overall impact of changes in operating 
conditions or material input in one unit system models are required. Although there are 
standardized accounting methods useful for benchmarking, such as ISO 14404-1 for GHG 
emissions, the purpose of process integration modelling is not limited to accounting but for 
analyses and prediction of scenarios including unit sub-models within specified boundary 
limits. Process integration modelling is thus useful for developing impact assessments for 
application of new technologies or process changes at varying levels of detail, or in 
decision support systems. The models are developed for site-specific conditions. However 
by applying system-wide models under normalized operations and configurations, sites can 
be compared. An example from BlueScope’s model is shown in Figure 8 for various 
conditions. 

                                                 
23 Helle. H, Helle. M, Saxén. H, Pettersson. F., Optimization of Top Gas Recycling Conditions under High Oxygen 
Enrichment in the Blast Furnace, ISIJ International, Vol. 50 (2010), No. 7, pp. 931–938 
24 Kim H., Kwon S., Han K., Lee I-B. ”Selection and optimization of GHG reduction strategies based on a material flow 
network model of an integrated steel mill, Proceedings of Scanmet IV, June 2013.  
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Figure 8. Changes in CO2 emissions for various scenarios (Habib Zughbi, BlueScope Steel, 

Workshop 3). 
 
4 APPLICATION STUDIES  

Effective energy management in the steel industry is important and includes optimizing the 
purchase and consumption of all types of energy carriers, propose comprehensive 
management of all major energy flows within the plant and optimize the use of waste 
energy (incl. metallurgical gases). The overall goal with energy management is to reduce 
the energy intensity of production which correlates with reduced CO2 intensity and other 
emissions. To improve the energy efficiency in the iron and steel industry different options 
are available, these possible measures can be quantified as add-on, process control, 
maintenance, process intensification and new technology measures.  
 
Various examples of the application of process integration have been gathered from 
participants in the Annex workshops. Experiences from various iron and steel companies 
have indicated different types of actions to improve the energy efficiency and reduce 
emissions.   
 
4.1 Dry slag granulation, energy efficiency improvement  

Slag is a by-product of a number of stages of production, including blast furnace, BOF and 
Ladle treatments. BF slag is usually produced in the greatest quantity. The blast furnace 
slag is often quenched rapidly, producing granules suitable for grinding and adding to 
cement as replacement of clinker. In some cases slag is air cooled, as shown in Figure 9. 
Quenching of the slag from about 1500 °C represents a large loss of heat, as well as release 
of some H2S. A technique that has been under development for some time is so-called dry 
granulation. The goal of dry granulation is to transfer heat to air at high enough 
temperature to be able to produce steam and in addition produce cement-grade granulated 
slag, Figure 10. It has been found to be possible to recover heat and produce cement-grade 
slag at pilot-scale, and demonstration scale trials are expected in the near future.  
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Figure 9. Slag air-cooling – CSIRO workshop 2 
 

  
 
Figure 10. BF slag granulation. Left, Picture from dry slag granulation trials; Right 

Comparison of wet and dry granulated slag product (Terry Norgate, CSIRO, 
Workshop 2) 

 
From a PI perspective, this technology produces steam, and the impact of the use of the 
steam will be determined by the final application. In the CSIRO analysis, a number of 
options for steam use were evaluated with the results shown in Figure 11. Net recovery 
saving was highest for preheating steel ladles or lime kiln combustion gas. Further techno-
economic assessment led to the conclusion that when including various other factors such 
as capital cost and difficulty of integration, that delivering the steam to the existing system 
network would be the optimal choice. The process concept, to recover sensible heat from 
liquid slag and simultaneously producing a valuable product that can be used in other 
industries.  
 
A successful implementation of the technology in the industry requires a robust design of 
the equipment but also an extensive process integration study to assess the different heat 
integration possibilities. Pinch analysis can be used to quantify and design the heat 
recovery and integration into the existing het networks (steam, heat etc.). Mathematical 
modelling is needed to assess the potential system effects from integration and utilization 
of excess heat recovered.  
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Figure 11. Dry slag granulation opportunities (CSIRO) with Process Integration 

 perspective of steam use options(Terry Norgate, CSIRO, Workshop 2) 
 

 
4.2 Process gas management  

In order to improve plant Overall Equipment Efficiency (OEE), recirculation of internally 
generated energy-containing gases is performed at most steel plants. Since there are several 
producers (e.g. blast furnace) and consumers (e.g. hot stoves) large scale gas networks with 
buffering and homogenization capacities are used. Mismatches in supply and consumption 
of process gases are inherent in the process, normally resulting in non-optimal operations, 
e.g. flaring. If the gas flow is not managed in an optimal way, cost from unnecessary 
flaring and introduction of supporting external fuels will reduce the OEE. In addition, 
production capacity (ton/h) and quality may be affected in a negative way by, for example, 
unnecessary reduction of gas heat value in mixing containers or transients introduced at, 
for example, reheating furnaces.  
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To quantify the potential of introducing improved process integration strategies for gas 
management three different steel plants from Finland, Australia and Western Europe where 
studied from an energy point of view (hot metal production between two and three Mt per 
year). Each plants unique gas network and gas management strategies provide different 
results and based on the shared data combined with other literature a rough estimation is 
that between 200-300 TJ/year could be saved annually by improved process integration. To 
improve the situation several options are at hand. Focusing on low capital intensive 
investments (favored by the industry) it is believed that a combination of improved gas 
management, production planning, and education of personnel are important areas for 
successful process integration. Enablers are the application of automatic control, real-time 
optimization, simulations for training, and better usage of passive gas holders like lime 
stone buffers. Simulations should mainly be dynamical and promote co-operation by 
supporting model exchange by application of e.g. functional mock-up units.  

 
4.3 Process gas usage  

One area where direct energy losses occur which are easily measured is the flaring of 
process gases – coke oven gas, blast furnace gas and BOF gas. However, the gas 
distribution and use system is complex, e.g. as shown in Figure 12. There are numerous 
unit operations using these process gases. The metallurgical processes are operated for 
maintaining steel production, irrespective of gas supply. Therefore, tools are required to 
minimize process gas flaring while at the same time maintaining process output at the 
desired levels. It has been one conclusion of the annex that dynamic system modelling is 
required to tackle this challenge. Planned production stops of different units, process 
disturbances and batch or intermittent operations (BOF, reheating furnaces) must be 
accounted for in the system in order to model, predict and recommend either short-term 
adjustments or focused investments to improve the gas usage.  
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Figure 3. Sankey diagram for the process gas utilisation at the Ruukki Raahe Steelworks 
 (Mikko Helle, Åbo Akademi, Workshop 3). 
 
In the case shown in 13, an Excel-based model with VBA macros was used to model on an 
hour-basis the BFG use. Further development of dynamic or short-time pseudo-dynamic 
(short time step) models and ability to develop strategies to apply them is necessary to 
realize the benefits. Whole plant gas management systems integrated with production 
planning and operational control are long terms goals.  
 

 
 
Figure 4. Results from analysis on gas management (Mikko Helle, Åbo Akademi, 

 Workshop 3). 
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4.4 Heat integration of CO2 capture unit 

The capture of CO2 from integrated steelmaking is considered to be an important 
development to mitigate climate change. Lower temperature (e.g. < 200oC) streams 
available at steelmaking sites can be used to regenerate solvents used for CO2 capture, 
however these capture systems need to be developed to suit the specific applications. In 
particular, lower temperature regeneration temperatures are needed. For example, RIST, 
Korea has successfully piloted at POCSO an aqueous ammonia CO2 stripping plant which 
removes CO2 from blast furnace gas and uses waste heat recovered from power plant off-
gas as the heat source for solvent regeneration, as shown in 14. This avoids the use of 
external fuels and is a clear example of process integration of CO2 capture into integrated 
steelmaking. Successful pilot production of 10 t/d CO2 at >95 % purity capturing 90 % of 
CO2 from BF gas has been achieved. There are plans for upscaling to 1000 t/d.  
 
A further advantage of stripping CO2 from BF gas is the possibility to further utilize the 
high concentration of CO remaining as a reducing agent either in the blast furnace or in 
alternative ironmaking such as the FINEX process. In this way, more of the carbon input 
into the blast furnace can be utilized for steel production.  

 
 
Figure 5. Schematic diagram of RIST aqueous ammonia CO2 capture using waste heat for 

 regeneration (Man-Su Lee, RIST, Workshop 3). 
 
4.5 Improving existing operations: The Blast furnace 

The Blast Furnace is the major energy consumer in an integrated steelmaking plant. 
Developments over the past half-century have increased the efficiency of the blast furnace 
to a very high level whereby only very minor improvements could be achieved through 
further conventional means. However, by judicious modification of raw materials and 
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applying gas recirculation or additional gas injection streams to the blast furnace there can 
be further reduction in energy consumption and GHG emissions. 
 
Combining process simulation and PI techniques is a powerful method in achieving further 
reduction in energy consumption of the BF. For example,  
Figure 65 shows a schematic of a convention BF versus a BF which has top gas 
recirculation after CO2 stripping. Oxygen is used instead of air at the tuyeres to raise the 
CO2 concentration of top gas to reduce energy needed for CO2 stripping.  In addition, the 
coke rate can be lowered by recirculating CO and H2 as reducing agents rather than 
exporting as blast furnace gas. In this instance different modelling techniques are used to 
predict blast furnace performance. 
 
Within the overall system model, sub-models which predict blast furnace performance, for 
example of different distribution of gas for given injectants, are necessary. Combining the 
process unit models is thus an important step for obtaining realistic results at system level. 
 

 

 
 
Figure 6. Modeling of Conventional and Oxygen Blast Furnace (Tatsuro Ariyama et 
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 al., Tohoku University, Workshop 3). 
 
4.6 Other Energy Recovery and Saving Techniques 

There are numerous other energy recovery or energy saving technologies that are under 
development. In the steel industry, the recovery of heat from lower temperature gas 
streams is challenging due to corrosive gases and dust, or due to  low temperature (e.g. 
<200 oC). Heat recovery from liquids such as slag or casting of steel, or from solids are 
limited due to technology and process constraints such as required rapid cooling. 
 
Technologies need to be identified or adapted to recover the heat effectively and consider 
downstream system effects where the energy is to be used. For example, Organic Rankin 
Cycle can be used between approximately 100 to 350 °C streams but the efficiency of 
recovery is <10 % to electrical energy. Similarly, recovering sensible heat from hot slabs 
after casting by thermoelectric generation is under development(25. Process integration will 
provide the tools to necessary to assess the total value and most suitable options for heat 
recovery potential, use and overall system impact as these technologies advance. 
 
4.7 Biomass Integration 

Biomass in various forms – charcoal, biogas, torrified wood, are under investigation for 
their use in large commercial furnaces. Although charcoal is used in small furnaces in 
Brazil, for example, large furnaces have different quality and process requirements 
including strong lump coke as well as large supply of biomass. 
Estimates for the impact of charcoal use in various steelplant applications was made by 
Mathiesen et al. shown in  
Figure 76(26. Charcoal could be used in a variety of places to replace coal and coke, 
including in coking, as a partial replacement for coke in the BF and sinter plant and as a 
tuyere injectant.  

                                                 
25 Kuroki T., Makin K., Kajihara T., Kaibe H., Hachiuma H., Hidetoshi M., Fujibayashi A.  Journal of Electronic 
Materials, June 2014, Volume 43, Issue 6, pp 2405-2410. 
26 Mathieson J.G., Rogers H., Somerville M., Ridgeway P., Jahanshahi S., Use of Biomass in the Iron and Steel Industry 
– An Australian Perspective, METEC - EECR, Düsseldorf, 2011. Session 9.  
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Figure 7. Potential use of biomass to reduce fossil fuel CO2 emissions. 
 
A system study of the impact of charcoal injection to the blast furnace on CO2 emissions 
and energy requirement for production of HRC was made for conventional blast furnace 
steelmaking and also for Oxygen blast furnace. The basis for the steelworks system was a 
pre-defined 4 MT Hot rolled coil/y reference steelplant used in a comprehensive study by 
Swerea MEFOS published by IEA GHG for evaluation of the impact of CO2 capture and 
Oxygen blast furnace technology on integrated steelmaking emissions(27. Biomass in the 
form of charcoal injection replacing pulverized coal injection (PCI), Table 1. 
The charcoal properties were based on characteristics reported from Australia.  
 
Table 1. Composition of coal and charcoal  
    PC Charcoal 
CaO wt% d.b. 0.19 0.54 
MgO wt% d.b. 0.04 0.09 
SiO2 wt% d.b. 2.41 0.80 
Al2O3 wt% d.b. 1.62 0.13 
Na2O wt% d.b. 0.02 0.05 
K2O wt% d.b. 0.13 0.10 
S wt% d.b. 0.39 0.02 
P wt% d.b. 0.02 0.02 
Fe wt% d.b. 0.52 0.02 
C wt% d.b. 87.00 82.55 
H wt% d.b. 4.03 2.46 
O wt% d.b. 2.80 11.97 
N wt% d.b. 2.00 0.29 
LHV  GJ/t d.b. 33.4 31.0 
Moisture  wt% 1.00 1.00 

 

                                                 
27 IEA GHG, Iron and Steel CCS Study (Techno-Economics Integrated Steel Mill), 2013/04, July 2013. 
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Comparison was made to CO2 capture scenarios made within an IEA GHG study and the 
estimates made from Australian work. The CO2 emission reduction for steelmaking using 
charcoal injection into conventional BFs was estimated at between 23 and 30 %, as shown 
in Table 2. This is slightly higher but consistent with estimates by Matheisen et al., 
considering  there are slightly different boundary conditions and base assumptions. For the 
steelplant with Oxygen blast furnaces equipped with CO2 capture by nearly 70%. Charcoal 
options appear far more favourable from an energy perspective than the “End of Pipe” 
scenario in the IEA GHG study, where CO2 was assumed to be captured from hot stoves 
and power plant using MEA stripping for the plant with conventional blast furnaces. The 
energy consumption versus CO2 emissions in Figure 17 clearly shows the advantage of 
charcoal injection coupled with CO2 capture. 
 
Table 2. Steelplant CO2 and energy performance  

    
Reference 

plant
Biomass 

case 1
Biomass 

case 2 OBF 
OBF 
Bio

End-
of-Pipe

Coking coal kg/t HRC 524 478 524 400 397 524
PCI coal kg/t HRC 151 0 0 151 0 151

Natural Gas   
Nm3/t 
HRC 21 24 23 124 133 104

Charcoal  kg/t HRC 0 182 144 0 151 0
          

Coking coal GJ/t HRC 16.3 14.9 16.3 12.4 12.3 16.3
PCI  GJ/t HRC 5.0 0.0 0.0 5.0 0.0 5.0
NG GJ/t HRC 0.8 1.0 0.9 5.0 5.4 4.2
Charcoal GJ/t HRC 0.0 5.7 4.5 0.0 4.7 0.0
SUM GJ/t HRC 22.2 21.5 21.7 22.5 22.4 25.5

Electricity* 
kWh/t 
HRC 400 373 374 573 564 573

Fossil CO2 total kg/t HRC 2094 1494 1618 1979 1512 2293
Biomass 
CO2** kg/t HRC 0 552 435 0 457 0
Total CO2 kg/t HRC 2094 2046 2053 1979 1969 2293
CO2 Captured kg/t HRC 0 0 0 860 878 1243
CO2 Emitted kg/t HRC 2094 1494 1618 1119 635 1050
CO2 Reduction % Reference 29 23 47 70 50

*Electricity in included in the sum of energy, produced from excess process gases and 
supplemental natural gas 
** Biomass CO2 is not considered as an emission  
 
There were a number of impacts in the conventional BF process when replacing PCI with 
charcoal injection which were dependent on the charcoal quality. In particular the oxygen 
content of the biomass affected the BF process. The specific charcoal chosen had a high 
oxygen content which lowered the amount of oxygen enrichment to maintain raceway 
adiabatic flame temperature (an important parameter to maintain the thermal condition in 
the lower part of the furnace). In turn lowered the electricity requirement its production 
and increased the energy input via higher hot blast volume, allowing for a lower coke rate. 
Thus the energy consumption within the boundary conditions was calculated to slightly 
lower with charcoal injection, particularly for the conventional BF case. Further 



 - 38 -  

optimization of, for example, injection rates and charcoal characteristics, would be 
expected to improve the emissions performance further. It is clear that what appears to be a 
relatively simple change in injectant has system-wide impacts that need to be considered. 
 
The availability, quality, cost and optimal pretreatment of biomass and use of pyrolysis by-
products should be investigated and developed further in order to reduce CO2 emissions 
and reduce the level of fossil fuels. Note that pilot and full-scale validation is essential as 
the conditions of charcoal injection have not been validated at large commercial scale. 
Process integration will play a large role in overall system optimization, from biomass 
production through to steelmaking. 
 

 
 
Figure 8. Modeled impact of charcoal injection on hot-rolled coil CO2 emissions and total 

 energy consumption in Swerea MEFOS steelplant model. 
 
5 DISCUSSION 

The success of using the tools and modelling approaches described for process integration 
depends on the possibility to mathematically describe the industrial system. This includes 
changing the system boundary depending on the analysis at hand and introducing changes 
within the system e.g new processes within the system setup. Modeling of metallurgical 
processes requires a high understanding of the process. To successfully model a 
metallurgical reactor several aspects needs to be taken into consideration, the metallurgical 
properties, chemistry, thermodynamics, mass and heat balances, etc. Different tools have 
different possibilities to achieve this. Since the development of site specific or general 
process integration framework is knowledge intensive there is a momentum of “critical 
mass” that needs to be taken into account. When starting the development of the process 
integration, it is important to keep in mind to always ensure that the development is done 
in such way that knowledge is spread over several people. This is important in order to 
ensure that the development survives person succession and individual carrier changes.  
 
When making process changes within metallurgical systems, PI becomes important to 
assess the effects across the system in order to take into account the complex 
interconnectivity between individual processes, material and energy flows. System models 
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have been developed in different organizations and different modelling frameworks. A 
general development of modelling framework that allows model sharing and sharing the 
development cost for modelling packages and models is needed. Pooling of resources 
across the industry including universities and institutes will facilitate efficient innovation 
environment to improve the industry resource efficiency. 
 
The recently developed standard for model exchange and co-simulation is something that 
also should be introduced in the development of process integration. The use of Functional 
Mock-up Interface and Functional Mock-up Units enables a common model development 
and sharing. Today the development have been driven by the needs in the automotive 
industry but the standard have been introduced and can be found in almost all industry 
sectors. 
 
A successful process integration study includes three main steps starting from analyzing 
the industrial system, applying processes engineering techniques and realizing the 
modelling results (being either desk top studies resulting in increased knowledge or 
introducing actual process changes and retrofit options).  
 
1. The whole picture, consider the production system as an integrated system where the 

processes are interconnected with both primary and secondary process streams. 
2. Process engineering, apply techniques such as thermodynamics, chemistry, mass and 

heat balancing to analyze the potential attainable improvements on the scope of 
material and energy efficiency within the system 

3. Realize performance, finalize and introduce the process designs and retrofit options to 
realize the identified system improvements. 

 
Aspects of process integration which are vital to develop in application to Industrial IT 
systems include: 
 Increased real-time access to the virtual plant at different levels in the organization 
 Increased information transparency from device to enterprise levels in the production 

system (e.g. in a ISA 95 structure)  
 Coordination and optimization of production units with an inter-site focus.  
 Adaptation and utilization of the emerging area of cyber physical systems and internet 

of things. 
 
Because PI is an emerging field in iron and steelmaking, efforts are needed to educate 
personnel to gain acceptance and successfully implement PI in the industry. Education is 
required using a multidisciplinary approach at all management levels. PI is not only about 
methods and tools, it is about implementing a way of working within companies where PI 
is a natural part of everyday work. 
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6 CONCLUSIONS 

Specific conclusions from the collaboration are summarized: 
 
 Static site models are quite well developed, good for scenario modelling. E.g. change in 

one processes unit can be analyzed on total site, Average description of the system. 
 Lack of industry standard tools for making process metallurgy modelling.  
 Lack of model interconnectivity will inhibit cooperation between stakeholders. 
 Methods are more designed for strategic analysis, not developed for day-to-day 

optimization of the production sites. 
 Guidance system for optimization of energy use requires further method development, 

on-line real time modeling, dynamic modelling. 
 Site and process models can be further developed and used as operator training tools 
 Acceptance of models and model results are important hurdles to overcome for 

successful implementation. 
 

Further development needed: 
 
 Further development of process integration in steelmaking should focus on model 

design frameworks for enabling process model interconnectivity. 
 The future development of process integration for steel industry should go towards 

tools providing multi domain, multi physics and interconnectivity possibilities. 
 To pool resources for development on common development platforms, taking 

competition between companies from development of modeling of different processes 
towards the ability to adapt and use the model framework. 

 To develop PI educational tools for different stakeholder groups to increase 
competence and acceptance  
 

There tend to be a few dedicated to working with PI at individual companies but a critical 
mass is needed to make greater advances. There are ongoing discussions about how to 
continue this collaboration to ensure that momentum can be maintained and that we can 
fully realize the potential of Process Integration.  
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