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ABSTRACT 

There are strong associations between standard of living, and energy and material 
use in the society. In fact, a higher “consumption” of energy and materials is often re-
garded as synonymous with human wellbeing. To make this fit in with the ideas of the 
sustainable society, it is important to assure that the industrial systems are designed in 
an energy and material efficient way, and to enhance the understanding of which barriers 
or bottlenecks we must do something about to become even more efficient in the future.   

The MIND method (Method for analysis of INDustrial energy systems) has been de-
veloped to model different types of industrial energy systems. The method can also be 
used to model and analyse other aspects of industrial systems, not only the energy is-
sues. The system to be analysed with the method is represented as a network of process 
nodes, and nodes representing auxiliary units, connected by energy and material flows. 
The MIND method is based on Mixed Integer Linear Programming (MILP), meaning that 
relationships in the system are normally described as linear functions. The potential of 
the MIND method is that it enables a simultaneous representation of the total industrial 
system, a production site, or several aggregated production sites. By focusing on the lar-
ger system, the centre of attention can be drawn from optimisation of the production 
processes one by one, as in traditional process development. Instead, it is possible to 
focus the analysis on the flexibility and the most favourable interactions between different 
parts of the system.  

Examples on industrial systems for material production, which have been modelled 
using the MIND method, are pulp and paper production and steelmaking. Both types of 
material production involve several processing steps with a high degree of heat and ma-
terial management. Another likeness is that both materials can be produced from recy-
cled materials and that the recycling rates from the society are among the highest, com-
pared to other materials. The MIND method has shown grand potentials for analysis of 
these productions system, and also for other systems, such as food manufacturing and 
chemical industries. It can also be used for analysis of possible synergies between 
neighbouring industries, or between an industry and the nearby society. In this paper the 
methodology will be described and references will be made to projects where MIND has 
been used in pulp and paper production and steelmaking.  
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INTRODUCTION 

There are strong associations between standard of living, and energy and material 
use in the society. In fact, a higher “consumption” of energy and materials is often re-
garded as synonymous with human wellbeing. To make this fit in with the ideas of the 
sustainable society, it is important to assure that the industrial systems are designed in 
an energy and material efficient way, and to enhance the understanding of which barriers 
or bottlenecks we must do something about to become even more efficient in the future.   

Within materials manufacturing, a division of raw materials transformation industries 
(primary metals, pulp and paper, cement, chemicals, petroleum refining) require signifi-
cantly more energy than other manufacturing industries (Worrell et al, 1999, Martin et al, 
2000). These material transformation industries often consist of processes and support-
processes which, if connected by materials and energy flows, can be described as fairly 
complex production systems. In such systems there are always different possibilities to 
increase the energy efficiency. To make it easier to find the best combination of meas-
ures, it is practical to use modelling combined with optimisation tools.  

A model of the industrial energy and material system, can be represented as a net-
work of branches and nodes. The branches represent flows of different kinds, such as 
energy and/or material, while nodes may represent a source of energy or material, a sin-
gle piece of equipment, a process, or a whole industry, Figure 1. According to Nilsson 
(1993), and later by e.g. Sandberg (2004), there are five aspects of great importance 
when modelling these industrial energy systems:  

• The representation of energy and material 
flows in the process system – the demands of 
energy and materials are normally driven by 
the desired production volume. 

• The choice of accuracy level in different parts 
of the system – it is desirable to keep the 
amount of input data at a moderate level, 
while maintaining an accurate description of 
the system for the analysis. 

• The dynamics of the system – a flexible time 
division can be used to illustrate the dynam-
ics of the system, e g how it reacts on 
changes over time. 

• The representation of nonlinear relationships 
– the relations in an industrial system are 
more or less nonlinear. However, modeling 
can be made easier if relations can be ap-
proximated to linear or step by step linear re-
lations.  

• A simultaneous representation of the whole 
system – by focusing on the total system, 
sub-optimisation can be avoided, and the fo-
cus can be shifted towards the optimal inter-
actions between different parts of the system 
instead. 

 

Figure 1: Nodes and flows are connected in a structure to make up the industrial system. 
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METHOD FOR OPTIMISATION OF ENERGY EFFICIENCY IN INDUSTRIAL SYSTEMS 

Optimisation 

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 al-
ternatives without having to explicitly enumerate and evaluate all possible alternatives.  

Numerical optimisation is an important tool both in science and in industry. To use it, 
we need to identify some objective, a quantitative measure which we are interested to 
minimise or maximise, and make a description of how it depends on the decision vari-
ables of the system.  

When working with optimisation, the ambition is to find values of the variables that op-
timise (minimise or maximise) the objective. Usually, the variables represent a flow of 
any kind, such as energy or mass flows, which are, with few exceptions, continuous vari-
ables. Also, Boolean variables are used to represent e.g. discrete choices. More often 
than not, the variables are restricted, constrained, in some way. Some practical examples 
on constraints are production demand, availability of raw materials and energies, restric-
tions in interior flows etc.  

Mathematically, the generalised optimisation problem and its restrictions can be writ-
ten: 
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Here f and each r i are real-valued functions of the variable x, and τ and ε are sets of 
indices. The objective function is f (x), while r i, i∈ε are the equality constraints and r i, i∈τ 
are the inequality constraints for the formulated problem.  

The two types of constraints will together define the feasible set Ω to be set of points 
x that satisfy the constraints:  
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Definition of the constraints can be a considerable, and very important, part of the 
modelling effort to get realistic optimisation results.  

Generally, these types of optimisation problems can be classified into four categories 
based on whether the objective function and constraints are linear and integer variables 
are involved or not (Rardin, 1998; Nocedal & Wright, 1999);  

1. Linear programming (LP) problems 

2. Mixed Integer Linear Programming (MILP) problems 

3. Nonlinear Programming (NLP) problems 

4. Mixed Integer Nonlinear Programming (MINLP) problems 

 

Linear programming is the most widely used of the methods. Often, the situations 
which are modelled are actually nonlinear, but linear programming is attractive because 
of the guaranteed convergence to a global minimum, and the availability of robust soft-
ware for solving the problems. Also, as declared by Nocedal and Wright (1999), the prac-
tical uncertainties in data and process behaviour can make complicated nonlinear models 
“look like overkill”.    
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To get well-defined optimisation problems and guaranteed convergence, the models 
for materials production referred to in this paper have been formulated as LP or MILP 
problems. The various sub-process-nodes in the models are connected together by mate-
rial and/or energy flows. The variables used in the models include main continuous vari-
ables (material and energy flows), float variables (used within individual process nodes 
for creating mass and energy balance), and Boolean variables to make the modelling 
more flexible (e.g. possibilities to approximate nonlinearities, discrete choices between 
processes routes). The objective function that is specified in each study varies dependent 
on the focus of the study, but includes e.g. data regarding CO2 emissions and energy use 
based on the different raw materials, and prices for material and energy. It is also possi-
ble to introduce credits with a negative coefficient for CO2 and energy in by-products 
leaving the system.  

Under these circumstances the optimisation problem can be written as: 
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where, f (x,y) is the objective function for the minimisation problem; 

x are the studied variables, (x i means the ith variable);  

y represents binary variables; 

c is the coefficients for the objective function. It may represent prices for raw material 
or energy carriers. In the case of the CO2 objective it is the CO2 emission factors for 
different raw materials and primary energies. 

 

The control variables are identified in order to make sure that the results are accurate 
and reasonable, depending on the scope which the studied system will cover, e.g. the 
onsite steel or paper mill, its upstream and downstream processes. 

The practical modelling consists of identifying objective, variables, and constraints for 
the processes.  

Optimisation of more than one objective 

Process design often deals with multiple, possibly conflicting, objectives or design cri-
teria. A typical example is maximisation of a performance criterion while minimising its 
cost. The number of objectives to consider in multi-objective optimisation can be any 
number ≥2. 

The weighed-sum method is a frequently used procedure to solve a multi-objective 
problem with z objectives:  
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where 
∼
f  is an aggregated, weighed sum of the individual objectives and s i and λ i are 

the scale factor and weight of the ith objective, respectively (Kim & de Weck, 2005). While 
a weighted-sum optimisation normally point out a single solution to the minimisation prob-
lem, it is also possible in multi-objective optimisation to extend the solution to approxi-
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mate a Pareto front (z=2) or a Pareto surface (z>2). Following the definitions of con-
straints and the feasible set earlier equation (1) and (2), a multi-objective problem is 
normally connected to a feasible region of solutions, where the different objectives are 
fulfilled to different degrees. In multi-objective optimisation the Pareto optimal solutions 
define the most interesting portion of the delimitation for the feasible region.  

Another method to define the Pareto front, or surface, is the ε-constraint method, 
where one individual objective function is minimised with an upper level constraint im-
posed on the other objective function(s). 

  )(min xfi  subject to:       zjijef jj ...1,, =≠≤      (5) 

By a progressive variation of the constraints bounds, different elements of the Pareto 
front, or surface, can be obtained. The definition of feasible regions and Pareto fronts are 
powerful steps to identify and understand barriers and bottlenecks in multi-objective op-
timisation of complex industrial systems, Figure 2.  
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Figure 2: Feasible regions with example operating points and Pareto fronts, a) before; b) after, 
elimination of bottlenecks for minimisation of objective 2. Principal illustration. 

 

The MIND method 

The MIND method (Method for analysis of INDustrial energy systems) has been de-
veloped to model different types of industrial energy systems. The developed methodol-
ogy can also be used to model and analyse other aspects of the industrial system, not 
only the energy subjects.  What the method does is that it represents a process system 
as a network of process nodes, connected by energy and material flows. The MIND 
method is made to work with MILP, meaning that relationships in the system are normally 
described as linear functions. It is however possible to handle also non-linear relation-
ships, if they can be approximately described by the use of step-wise linear functions and 
the integer functions in MILP. The potential of the MIND method is that it enables a si-
multaneous representation of the total industrial system. By focusing on the whole pro-
duction system, the centre of attention can be shifted from optimisation of the unit proc-
esses one by one, as in traditional process development, to analysis of the flexibility and 
the most favourable interactions between different parts of the system. This is crucial to 
avoid sub-optimised process systems. 
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Figure 3: The reMIND interface showing a simple model. 

 

The Java-based software reMIND, which is based on the MIND method and originally 
developed at Linköping University, has been further developed by researchers at 
Linköping University and Luleå University of Technology since 2001. The reMIND inter-
face, Figure 3, makes it possible to build the process models in a relatively user-friendly 
environment. reMIND works as an equation editor, and as a generator of standardised 
MPS-files, which can be solved in ILOG CPLEX or another MILP optimisation solver.  

 

Theory

Heuristics

Process data
  reMIND
Modelling

 CPLEX Solver
  Optimisation

   MS Excel
     Output
Postprocessing

Analysis
   OK? 

Result

f(x,y)
c x + b y 

c, b
min f(x,y) 

Suggested
 solution 

Modify 

Solution 

 
Figure 4: Workflow for optimisation of process systems using the MIND method. 

 

The steps in an optimisation process may differ depending on the study objective, 
available data and the requirements of the problem owner. Normally the workflow can be 
described as circular path involvning the different steps of i) Modelling (e g in reMIND), ii) 
Optimisation (in a numerical solver), and iii) Post processing (e g in a calculation spread-
sheets such as Excel), see Figure 4. The basis for the process modelling as such can be 
heat and mass balances, statistical or empirical relations, or other logical descriptions of 
the process behavior.  



2nd International Seminar on Society & Materials, SAM2, Nantes, 24-25 April 2008  
 

Christer Ryman, Magnus Karlsson, Carl-Erik Grip – The MIND method for analysis of resource       
efficiency in industrial systems for materials production 

7/10 

APPLICATION OF THE MIND METHOD IN MATERIALS PRODUCTION 

Pulp and paper industry 

Process description 

The pulp and paper industry converts fibrous raw materials into pulp, paper, and pa-
perboard. Both wood pulp and and used paper can be used as raw material for paper 
production. The processes involved in the paper production include raw material prepara-
tion, pulping (chemical, semi-chemical, mechanical, recycled paper), bleaching, chemical 
recovery, pulp drying, and papermaking. The most energy intensive processes are nor-
mally the pulping and drying sections of papermaking. 

Energy use and cost analysis 

One of the earliest applications of the MIND method is from 1990 and involved a 
Scandinavian pulp and paper mill (Nilsson, 1993). The optimisation was made for the ex-
isting process system to find an operating strategy depending on the prices of electricity, 
fuels and raw materials. The results showed that it is possible to achieve large savings in 
the pulp and paper mill merely by changing the operating strategy with the existing equip-
ment.  

Bengtsson et al (2002) has shown that by combining the MIND method with pinch 
technology it is possible to identify beneficial and energy efficient measures in a board 
mill. Pinch technology is a graphical method of identifying technically and economically 
interesting energy measures. The different methods deal with problems on different ag-
gregation levels, where pinch analysis was used to optimise the heat recovery in a the 
pulp mill and the MIND model was used to study the interaction with other processes on a 
higher system level. This approach can provide a valuable foundation for decision-making 
for planning and investments under different business scenarios.  

The MIND method has also been coordinated with exergy analysis where the latter 
method is used to identify and rank energy inefficiencies where possible improvements 
are needed (Gong & Karlsson, 2004). 

Karlsson and Carlsson (2002) uses the MIND method to evaluate a boiler investment 
in a pulp and paper mill. A business economic approach is compared with a socio-
economic approach where pollution penalties are integrated in the model. The result of 
the comparison was that the investment prospect for a wood fuel boiler became better 
when external costs from the surrounding were considered. 

Industry-industry and industry-society systems 

Through energy efficiency measures, it is possible to reduce heat surplus in the pulp 
and paper industry. However, striving to make use of the heat within the mills for efficient 
energy use could conflict with the delivery of excess heat to a district heating system. In 
a project to optimise a regional energy system, a sulphate pulp mill in central Sweden 
was analysed. The results indicated that the industry would benefit from process integra-
tion measures which increases the ability to extend the heat deliveries to the regional 
heat market (Klugman et al, 2007). 

In another study, a model comprising of a pulp mill, a saw mill, a district heating sys-
tem and a biofuel upgrading plant was investigated to evaluate industrial symbiosis pos-
sibilities in the forest industry. The study showed that there are economic benefits to in-
dustrial symbiosis compared to the same system operated in stand-alone mode. The in-
dustrial symbiosis configuration actually generated a more stable system, but there is 
also a downside in possible conflict of interest between different entities and loss of flexi-
bility in the system (Karlsson & Wolf, 2007).  
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Primary metals – Steel industry 

Process description 

Steel is basically an alloy of iron and carbon. About 1/3 of the global production is 
based on steel scrap which is melted in electric furnaces, often referred to as electric arc 
furnace (EAF) steelmaking. The most common way, however, accounting for approxi-
mately 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 starting 
from iron ore in a multi stage process where blast furnace (BF) ironmaking and basic 
oxygen steelmaking (BOS) are the two most important process steps. In the BF process 
iron ore is converted to liquid (1400-1500 °C) iron, or hot metal, by reduction and smelt-
ing with additions of coke/coal and fluxes, mainly limestone. In the following BOS stage, 
the carbon-rich hot metal is converted to low carbon liquid steel in the basic oxygen fur-
nace (BOF). After refining and composition adjustment the steel is cast and the solid ma-
terial can be treated in numerous ways to be delivered as plate, sheet, bar, rail, wire etc. 
The primary processes, EAF or BF-BOF are however the most energy intensive in steel-
making. 

Energy efficiency and CO2 emissions 

In a survey on mathematical programming applications, Dutta and Fourer (2001) 
states that mathematical programming were used for solving steel industry problems as 
early as 1958. In contrast to the broader application of optimisation in chemical and pe-
troleum engineering, reports from the metallurgical industry has mainly been restricted to 
application of linear programming for inventory control, blending, scheduling and similar 
purposes. A model for energy optimisation in integrated steelmaking based on the MIND 
method was first developed for Swedish steelmaker SSAB (Grip et al, 2001; Larsson & 
Dahl, 2003). The model covers coke production, BF ironmaking, BOF steelmaking, sec-
ondary metallurgy, casting and, not least important, a surrounding system including a gas 
network with heat and power production based on excess gases from the steel production. 
It was used to analyse and minimise the energy use for steelmaking either by changes 
(improvements) of operational practice or by integration of new process equipment (in-
vestments) in the system. The analysis showed that the specific energy use could be sig-
nificantly lowered by improved operational practice within the existing system. 

In integrated steelmaking the share of fossil fuels, or reducing agents for the metallur-
gical processes, answers for a large portion of the energy turnover. The models for en-
ergy minimisation therefore can be used for CO2 minimisation with no or little adjustment. 
Ryman and Larsson (2006) used a to some extent modified model to show how to use an 
optimisation model as decision support for raw material strategies to minimise emissions 
from the BF-BOF processes.  

Extended models based on the original SSAB model has also served in national and 
international research projects which aim at evaluating the effects of new technologies in 
existing process systems. 

Material efficiency and costs 

The MIND steelmaking models can with little effort be adapted to optimise other re-
sources e.g. material efficiency or costs (Ryman et al, 2007). The cost objective is typi-
cally evaluated in multi-objective optimisation and related to another objective. An exam-
ple is to put expenses against emissions to evaluate abatement costs for CO2 emissions 
(Wang et al, 2008).  

Furthermore, the model can be used to make cost calculations for different steps of a 
revamping process (Larsson et al, 2004). In this case study, the system optimisation over 
the total steelmaking system proved a greater potential for cost minimisation than optimi-
sation of the single process unit (coke oven used as case study). 
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DISCUSSION & CONCLUSIONS 

Discussion 

The manufacture of paper and paperboard is an important element of a modern econ-
omy. Steel is one of the most common materials in our planet and there is hardly any fab-
ricated object used today that does not contain steel or that is not produced with equip-
ment made of steel. A similar property between paper and steel is that they have high re-
cycling rates, and that a recycled material accounts for a significant, but not predominant 
share of the raw material base for new products. Accessibility of raw materials and the 
product specifications determines which products that can be produced from recycled or 
virgin resources. Both materials are also manufactured in a highly capital and energy-
intensive process. The high energy-intensity also makes it a main concern to make use of 
excess energy or by-products, either within the industrial system, or if possible, to sell it 
to other industries or to different markets. Such solutions can lead to substantial savings 
of fossil fuels, reduced CO2 emissions etc. in a global perspective. 

Optimisation is an important tool both in science and in industry. A model developed 
in a systematic way provides important insights to the overall system performance and to 
each part of the system. The level of sophistication and accuracy of the individual proc-
ess nodes vary depending on the importance of the processes and on the availability of 
equation based process descriptions and process data. The operation practice for an ex-
isting model is possible to change by introduction of new materials, operation practices or 
integrating new technologies. This makes it possible and meaningful to use models to 
analyse the manufacturing system (production site) over time. With the method it is pos-
sible to make different types of analyses, to select another objective, with little additional 
work. It is conceivable to handle two, three, or more objectives in the same study. The 
concept of Pareto optimality makes it possible for the decision maker to grasp an accept-
able trade-off between the two, or more, objectives. It can also be of use for formulation 
of strategies for purchasing, alternative plant operations, or optimisation of product mix, 
as the forecasts of prices and/or supplies of energy and raw materials change.  

Conclusions 

The MIND method can be used to manage complexity, to manage changes, to manage 
decisions faster, and is a powerful complement to tools based on simulation algorithms. 

The MIND method is a flexible method that can be adjusted according to the analysed 
system. An analysis can range from a simple test run to extensive studies that include, 
for example, multi-objective criteria, analysis of process or raw material variation, in-
vestment alternatives, and the stability of solutions.  

The paper refers to examples within the pulp and paper industry and the steel industry, 
but the method has been also been used in other branches. It is particularly suitable also 
for other primary industries which are fundamental for the supply of materials to the soci-
ety. The method allows resource optimisation (energy, emissions, material efficiency, 
costs) on a high aggregation level which can be an industrial site, a whole industry 
branch, a region or a nation.   
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