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Abstract 

Sweden and Scandinavia are situated in an area, which is rich in natural resources. Energy-
intensive base industries using a combination of these and imported resources are a dominant 
part in Swedish economy. They cover several branches, e.g. Iron and Steel, Metal Production, 
Pulp and Paper, Chemical Industry. There are differences, e.g. the temperature of the solvent 
is different between processes. However, the similarities in problem structures are striking in 
questions regarding general structural decisions, energy system behavior and system 
optimization. For these reasons, a national program has been carried out to develop common 
PROCESS INTEGRATION tools for use in these branches. The Swedish Energy Agency and 
the industry have financed the program. The initial scope was used for energy optimization 
and conservation, but has been broadened to also include economy, environment and climate 
gas emissions. Methods based on pinch analysis, exergy analysis or mathematical 
programming have been developed and put to use. Some projects involve Scandinavian and 
international cooperation e.g. through IEA. Some specific examples are discussed in the 
paper: 
• Development of a PROCESS INTEGRATION tool for steel industry. In this 
 case mathematical programming has been found to be the most appropriate 
 method. 
• Use of a tool developed in one branch in another type of industry. 
• International project (IEA) on systems integration between society and industry 
 including cogeneration and power plants.” 
• Reduction of climate gas emissions on the boundary industry/energy market. 
  
Great efforts are being made to find the optimal compromise between simplicity and 
performance as well as on transfer of results and knowledge to industrial users. The financial 
support of the SCANMET conference and its energy sessions are part of that effort. 
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Introduction 

What is PROCESS INTEGRATION 
A typical process industry does not consist of independent process units. Instead, it is a 
network of units exchanging energy and energy media with each other. Very often the local 
community is also involved in the network, e.g. through power generation and/or district 
heating. A global approach is necessary to avoid suboptimisation, if energy is to be saved 
and/or environmental impacts are to be considered in such a system. The science on global 
tools and techniques for that purpose is named PROCESS INTEGRATION. The following 
definition of that science has been used by the IEA since 1993: "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 reducing Environmental 
Effects" [1]. 

Swedish national program for PROCESS INTEGRATION 

A pilot study, financed by the governmental agency NUTEK was carried out in1994–1996. It 
turned out that considerable energy savings were possible, if PROCESS INTEGRATION was 
implemented in the Swedish process industry. A decision was made on a government-funded 
research program, which started in 1997. Meanwhile, the Swedish Government decided to 
support a reorientation of the Swedish energy system towards a sustainable society, and in 
1998, a new authority, the Swedish Energy Agency, was formed to carry out and facilitate this 
task.  The Swedish Energy Agency also took over energy research including the financing of 
the new PROCESS INTEGRATION program and so far this program has been granted 
financing for three periods, see Figure 1. 
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Figure 1 Funding by the Swedish national program 
 
The program has supported PROCESS INTEGRATION research in several branches of the 
Swedish process industry. The distribution of financing and projects between branches in 
period 3 is shown in Figure 2.  
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Figure 2 Distribution of financial support and activities between branches  
 
The diagram indicates that the program covers the main part of the process industry. There are 
some branches that remain to be included, e.g. the chemical industry.  
 

Methods for PROCESS INTEGRATION 

Three process integration methods have been studied in the national program: Pinch analysis, 
Mathematical Programming and Exergy Analysis 

Pinch analysis 
During the 1970s, Linhoff [2,3] at Manchester University developed a method for systematic 
analysis of this type of problem, the Pinch analysis. The heat-carrying media were categorized 
as either cold streams (media that are heated during the process) or hot streams (media that 
are cooled down during the process). They were then added to form one hot and one cold 
stream. This is shown schematically in Figure 3a, where accumulated enthalpies of the two 
streams are plotted vs. temperature. The point at which the streams are closest to each other, 
the pinch point, characterizes the system. The effect of different operations and/or 
modifications can be expressed as a function of the position relative to the pinch point. The 
pinch temperature divides the system into two parts, above and below pinch:  

• The region above the pinch is characterized by heat deficit. The horizontal distance in 
that region (QHmin) shows the minimum need for external heating.   

• The region below the pinch is instead characterized by heat surplus. The horizontal 
distance in that region (QCmin) shows the minimum need for external cooling.   
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Figure 3 Pinch diagram and Grand Composite Curve (GCC) 
. 
Sometimes another representation, the Grand Composite Curve (GCC) is used; see Figure 3b. 
This is simply the enthalpy difference between the streams on the horizontal axis, plotted vs 
the temperature on the vertical axis.  
 
There are three “pinch rules” that should be followed in order to get maximum energy 
efficiency: 

• Avoid external heating of streams below the pinch, because of local surplus of heat. 
• Avoid external cooling to streams above the pinch, because of local deficit of heat. 

Avoid transfer of heat through the pinch. Otherwise heat from a region with a deficit of heat 
is transferred to a region with a surplus of heat. 
Over the years pinch analysis has developed from a graphical representation into a 
sophisticated tool that can be used for energy optimization of many energy systems.  Pinch 
analysis is a valuable tool also for design of process systems. For those working with 
ironmaking, this “pinch diagram” is very similar to the classical “Reichardt diagram” for blast 
furnaces [4,5].  

Mathematical programming 
The present method of mathematical programming has been developed from previously 
existing models for economic optimization. There are several types of mathematical 
programming types: linear programming (LP), mixed integer linear programming (MILP), 
non-linear programming (NLP) and mixed integer non-linear programming (MINLP). 
Dependent on type of problem, different ways of representing the problem are used. In MILP 
models, non-linear equations can be linearized using mixed integer programming, and also 
discrete steps can be used. In this way real process choices can be represented more 
realistically. A method based on MILP has been developed at Linköping University (LiU),  
[6,7,8], and was successfully used for process integration work in different industries. That 
model is referred to here as MIND (Method for analysis of INDustrial Systems). Luleå 
University of Technology  (LTU) together with LiU have developed MIND into a tool that is 
suitable for PROCESS INTEGRATION in Steel Plants [9,10]. The method is schematically 
shown in Figure 4.  
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Figure 4 Principle of mathematical programming 
 
The procedure is that the industrial system with material and energy flows is expressed as a 
matrix of equations. This is then processed in an optimization engine, where the system is 
optimized.  The optimization engine is commercially available software. The function of the 
MIND tool is the translation of the plant data into an appropriate equation matrix. It uses a 
modular structure in such a way that process models can be added as modules. The modules 
and flows are illustrated in a graphical tool, where equations and data are included and can be 
reached and edited by pointing the node icons and the connections. The equations are of three 
types:  

• Equalities 
• Inequalities or constraints (expressions with a maximum or minimum value) 
• Objective function: an expression calculating the value that is to be optimized or 

minimized. 
The model can be set to minimize energy use, environmental impact, CO2 emission, cost etc., 
simply by choosing the objective function. 
 
In reality, there is usually a need to carry out an optimization, where there are several 
conflicting objectives. A method that can be successfully used is the Pareto evaluation. This 
was introduced as a complement to MIND analysis by LiU and was then also implemented 
for the steel-plant application in cooperation LTU-LiU.  An example is shown in Figure 5. 
The diagram shows a case, where optimization has been carried out for two conflicting 
objectives - Material Efficiency (principally, an expression for metal yield in the system) and 
CO2 emission. The diagram shows material efficiency on the horizontal axis and CO2 
emission on the vertical axis. If the model is allowed to optimize for CO2 it will suggest a 
solution which gives a low emission, but also a low material efficiency. On the other hand an 
optimization for material efficiency gives a point with high efficiency, but un-acceptable CO2 
emission. Between these extremes, there is an area, where an improvement on one parameter 
has a bad influence on the other. The best possible compromise in that area can be calculated 
by successive optimizations and is illustrated by the dotted line in the diagram. That line is 
named a Pareto front. It can be seen that there is a point on that Pareto line (marked with 
“Best solution??”) that gives a very low CO2 emission with only a limited decrease in 
efficiency.  
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Figure 5 Example on Pareto analysis: Emission vs Material efficiency [11] 

Exergy analysis 
Exergy is the part of the energy that according to the first and second law of thermodynamics 
can be converted into work. The work on that method has been relatively limited within the 
program. 

Centers, where PROCESS INTEGRATION is now developed 

Major efforts on PROCESS INTEGRATION have been initiated around three University 
cities, and in time, centers of strong research environment have been developed in those areas: 
Chalmers and CIT in Gothenburg, LiU in Linköping and the PRISMA Center in Luleå, see 
Figure 6.  

Prisma Luleå
PI Steelmaking

LiU
Math ProgrammingChalmers

Pinch analysis

  
Figure 6 Centers for development of PROCESS INTEGRATION and their specialities. 

Chalmers and CIT 
The research group at Chalmers played a major role in initiating PROCESS INTEGRATION 
in Sweden. The major part of the work is and has been focused on Pinch analysis. There is 
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both a large group of university researchers, and a more commercial group, CIT. They also 
have a leading role in international cooperation within IEA.  

LiU  
LiU has also played a big initial role in PROCESS INTEGRATION. In their case the work 
has been focused on studies using mathematical programming. They have developed a tool, 
Mind, based on Mixed Integer Linear Programming (MILP). They have also cooperated with 
LTU when MIND was further developed into a tool for the steel industry.  

PRISMA (Process Integration in Steelmaking) 
The development of advanced PROCESS INTEGRATION in Luleå was initiated through two 
PhD theses at Luleå University of Technology (LTU), the first of which started in 1999 [10]. 
The case for both these studies was the SSAB steel plant and its interaction with the heat and 
power plant and the district heating network.  The work was carried out in close cooperation 
with the plant and this created a very good acceptance and also practical use of the tools at 
SSAB. In consequence of that a new knowledge center was founded in Luleå in 2006. This 
center, PRISMA (Process Integation in Steel-Making), is financed by  a group of 
governmental agencies (Vinnova , KK-stiftelsen and SSF), two steel companies (SSAB and 
Ruukki) and a mining company.  It is situated at MEFOS with LKAB, SSAB, Ruukki, 
MEFOS and LTU as partners. It is focusing on R&D and practical application of PROCESS 
INTEGRATION within steel and mining industry. The main tool for the work is 
mathematical programming, using the steel industry version of the MILP- tool “MIND”. The 
massive support of the industry is an indication that PROCESS INTEGRATION has reached 
a wide acceptance in the steelmaking and mining branches.  

Use of PROCESS INTEGRATION at SSAB and the steel industry 

SSAB’s commitment - general history 
For SSAB, the commitment in process integration began with a global energy model in 1988. 
That model was instrumental in solving an energy crisis when the coke oven plant had to run 
with reduced capacity for 1.5 years (revamping). The 2nd generation model was used for 
decision data when the building of BF#3 was decided, and also for dimensioning the 
modification in cooling of the heat and power plant that was caused by the new BF.  The 3rd 
generation model was used for a large study on CO2 generation. SSAB participated together 
with MEFOS and LTU in the development of the MIND models. Those models have been 
used on consultancy basis for different decisions. SSAB has together with LKAB and Ruukki 
supported the foundation of the PRISMA Center.. All the three methods mentioned above  
(PINCH, Mathematical Programming and Exergy) have been tried. Those efforts are 
described below. Mathematical programming with Mind and Pareto analysis is presently the 
standard Tool for SSAB’s studies 

Test of Pinch analysis at SSAB  
A pinch analysis on some units was carried out at SSAB’s plants in Luleå and Oxelösund 
during the time 1999-2000 [9]. As an example, the pinch diagram for the coke oven in Luleå 
is shown in Figure 3. 
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Figure 7 Example of practical pinch analysis. (SSAB’s coke ovens in Luleå 1999) [9]. 
 
The theoretical demand for heating (QHmin) was approximately 41 MW, but the actual 
consumption of heat was nearly 41 MW higher. The analysis showed that there were pinch 
violations that could fully explain that difference.  
An unpublished pinch analysis study was made at SSAB Oxelösund in 1991. The potential of 
the pinch analysis to show energy saving potentials was demonstrated. However, there were a 
lot of practical problems in applying the method. This was caused both by the complex 
structure of integrated steel plants and by the complexity of the existing tools.  

Development of mathematical programming  for the steel industry 
The MIND model was chosen as main method for the steel industry application. The work 
started by building a model for optimization of the energy system SSAB Luleå-Lulekraft 
(heat and power plant) - local district heating.  The first version was mainly an energy model. 
It has later on been extended to include residue and by-product flows [12] (see flowsheet in  
Figure 8), and also with climate gas emissions [13]. Large focus has also been put on multi-
objective optimization using the Pareto method. [10,11,15] 
 

 
Figure 8 Extended process integration model of Luleå system including internal heat and 
material flow, CHP with district heating as well as residues and by products [12] 
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A gradual simplification of the model has been another important development , e.g. the 
original SSAB model contained 423 nodes. After a recent revamping the number of nodes 
was decreased to less than 50 [14] 

Exergy Studies at SSAB 
An exergy balance of the steel plant of SSAB Tunnplåt AB in Luleå was carried out as a 
master thesis project in 1989 [16].  

International cooperation through IEA 

IEA (International Energy Agency) is administrating international research through different 
implementing agreements. IEA is not directly financing the research, instead the countries 
contribute by financing projects and contribute with the project as such to a common task. 
PROCESS INTEGRATION is handled within IETS (Implementing Agreement on Industrial 
Energy-Related Technologies and Systems). This deals with new industrial energy 
technologies and systems. The program was established in 2005 as the result of merging, 
revamping and extending activities formerly carried out by separate industrial IEA programs 
(PROCESS INTEGRATION, Pulp and Paper, Heat Exchangers and Heat Transfer). The IETS 
Member Countries are Brazil, Mexico, Canada, Portugal, Denmark, Sweden, Finland, United 
States, Norway and The Netherlands. Chairman is professor Thore Berntsson, Sweden. 

Dissemination of information on PROCESS INTEGRATION 

The main problem is to reach people in the industry. The dissemination of scientific results is 
a limited problem. Researchers have to publish to be awarded a PhD. Several PROCESS 
INTEGRATION seminars have been arranged. However, that information usually reaches 
only other experts on the subject. Established sectoral conferences is offered to  industry 
people. The Swedish Energy Agency decided that one way to aid knowledge transfer would 
be to enter as a main sponsor of the SCANMET II and III conference and help with the 
organization of separate sessions on energy and PROCESS INTEGRATION.  

Conclusions 

• Process Integration is a science and technology that can be used to minimize energy 
and material consumption as well as emissions from industrial systems. 

• There are three centers of excellence for research and development of process 
integration in Sweden: Chalmers in Gothenburg, LiU in Linköping and PRISMA in 
Luleå 

• Process integration for the steel industry has reached a large degree of practical 
implementation and is practically used by SSAB 

• A  center of excellence working with process integration for the steel industry 
(PRISMA) has been founded in Luleå 
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