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Abstract 
Industrial production systems in general are very complex and there is a need for decision support 
regarding management of the daily production as well as regarding investments to increase 
energy efficiency and to decrease environmental effects and overall costs. Simulation of 
industrial production as well as energy systems optimization may be used in such complex 
decision-making situations.  

The simulation tool is most powerful when used for design and analysis of complex production 
processes. This tool can give very detailed information about how the system operates, for 
example, information about the disturbances that occur in the system, such as lack of raw 
materials, blockages or stoppages on a production line. Furthermore, it can also be used to 
identify bottlenecks to indicate where work in process, material, and information are being 
delayed.  

The energy systems optimization tool can provide the company management additional 
information for the type of investment studied. The tool is able to obtain more basic data for 
decision-making and thus also additional information for the production-related investment being 
studied. The use of the energy systems optimization tool as investment decision support when 
considering strategic investments for an industry with complex interactions between different 
production units seems greatly needed. If not adopted and used, the industry may face a risk of 
costly reinvestments.  

Although these decision-making tools individually give good results, the possibility to use them 
in combination increases the reliability of the results, enhances the possibility to find optimal 
solutions, promises improved analyses, and a better basis for decisions in industry. The energy 
systems optimization tool can be used to find the optimal result and the simulation tool can be 
used to find out whether the solution from the optimization tool is possible to run at the site. 

In this thesis, the discrete event simulation and energy systems optimization tools have been 
combined. Three Swedish industrial case studies are included: The new foundry at Volvo 
Powertrain in Skövde, Arla Foods dairy in Linköping and the SKF foundry in Katrineholm. 
Results from these cases show possibilities to decrease energy use and idling, to increase 
production, to combine existing and new production equipment and to decrease loss of products. 

For an existing industrial system, it is always preferable to start with the optimization tool 
reMIND rather than the simulation tool – since it takes less time to build the optimization model 
and obtain results than it does to build the corresponding simulation modeling. While, for a non-
existent system, it is in general a good idea to use both the simulation and the optimization tool 
reMIND simultaneously, because there are many uncertain data that are difficult to estimate, by 
using only one of them. An iterative working process may follow where both tools are used.  

There is a need for future work to further develop structured working processes and to improve 
the model to e.g. take production related support processes into account. To adapt the results in 
industries, improve the user friendliness of the tool and the understanding of the underlying 
modeling developments of the optimization tool reMIND will be necessary.  
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Sammanfattning 
Industriella system i allmänhet är mycket komplexa och det finns ett behov av beslutsstöd vid 
hantering av den dagliga produktionen, liksom beslut om investeringar för att öka 
energieffektiviteten och minska miljöpåverkan och kostnader. Simulering av industriell 
produktion och energisystemoptimering kan användas som beslutsstöd i sådana komplexa 
beslutssituationer.  

Simuleringsverktyg är mest kraftfullt när det används för design och analys av komplexa 
produktionsprocesser. Verktyget kan ge mycket detaljerad information om hur systemet fungerar, 
till exempel information om de störningar som inträffar i systemet såsom brist på råvaror, 
blockeringar eller avbrott på en produktionslinje. Dessutom kan verktyget användas för att 
identifiera flaskhalsar för att indikera var arbete, material och information är försenade. 

Energisystemoptimeringsverktyget kan ge företagsledningen ytterligare information om en 
eventuell studerad investering. Verktyget kan ge mer underlag för att fatta beslut och därmed ge 
mer information för den produktionsrelaterade investeringen som studeras. Behovet av 
användningen av energisystemoptimeringsverktyg som investeringsbeslutsstöd när man 
överväger strategiska investeringar för en industri med komplexa interaktioner mellan olika 
produktionsenheter bedöms vara stort. Om inte kan industrin istället möta en risk för kostsamma 
reinvesteringar. 

Även om dessa verktyg kan vara beslutsstöd var för sig och ge bra resultat, så medföljer 
möjligheten att kombinera dessa verktyg att tillförlitligheten av resultaten ökar, såväl som 
möjligheten att hitta optimala lösningar, bättre analyser och ett bättre underlag för beslut inom 
industrin. Optimeringsverktyget kan användas för att hitta det optimala resultatet och 
simuleringsverktyg kan användas för att ta reda på om lösningen från optimeringsverktyget är 
möjlig att realisera i verklig drift. 

I den här avhandlingen har diskret händelsestyrd simulering och energisystemoptimeringsverktyg 
kombinerats. Tre svenska industriella fallstudier är inkluderade: Volvo Powertrains nya gjuteri i 
Skövde, Arla Foods mejeri i Linköping och SKF-gjuteriet i Katrineholm. Resultat från dessa fall 
visar på möjligheterna att minska energianvändningen och tomgångsförlusterna, att öka 
produktionen, att kombinera ny och befintlig produktionsutrustning på ett effektivare sätt, och att 
minska kassation av produkter. 

För ett befintligt industriellt system är det alltid mer effektivt att börja med optimeringsverktyget 
reMIND snarare än simuleringsverktyg - eftersom det tar mindre tid att bygga en 
optimeringsmodell och få resultat, än det gör för att bygga en motsvarande simuleringsmodell. 
För ett icke-existerande system är det i allmänhet ett effektivare tillvägagångssätt att använda 
både simulerings och optimeringsverktyg reMIND samtidigt, eftersom det finns många osäkra 
data som är svåra att uppskatta, med hjälp av endast ett av verktygen. En iterativ arbetsprocess 
kan följa där båda verktyg används.  

Det finns ett behov av fortsatt arbete bl. a. av att utveckla strukturerade arbetssätt och att kunna 
integrera produktionsrelaterade stödprocesser i modelleringen. För att anpassa resultaten för 
industrin, och förbättra användarvänligheten av verktyget, utvecklingen av optimeringsverktyget 
reMIND kommer att behövas.
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Thesis outline 

 
This thesis gives an introduction to, and a summary of, the seven appended papers 
  
Chapter 1 describes the background together with the aim and research questions of the thesis, 
as well as presents a brief overview of the research collaboration. The chapter ends with an 
overview of the included papers and co-author statement. 
 
Chapter 2 gives a brief description of Decision Support and presents different decision support 
tools in industrial energy systems. 
 
Chapter 3 gives a brief description of modeling. The chapter continues with a presentation of 
methods that are applied in the thesis and gives a short description of how and why the methods 
are combined. Lastly, it presents a brief description of how a problem should be formulated, how 
an objective should be defined, and finally how data should be collected when the methods are 
combined. 
 
Chapter 4 provides a summary of the results from the case studies in accordance with the stated 
research questions.  
 
Chapter 5 presents a summary of the conclusions drawn from the papers included in the thesis. 
 
Chapter 6 presents some suggestions or ideas for future research. 
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1 Introduction 
In this chapter, the thesis’ background is described together with the aim and research questions. 
A brief overview of the research collaboration is presented. An overview of the appended papers 
in combination with a short summary of the paper and co-author statements is given. A list of 
publications not included in the thesis is also given. 

1.1 Background 
Increasing energy prices in recent years as well as uncertainty concerning future prices have 
played an important role on the increased focus on energy-related issues worldwide. The threat of 
global warming is closely related to energy use. The world’s largest growth in greenhouse gas 
(GHG) emissions originates from the use of energy (IPCC, 2007).  
 
The European Union has taken extensive action to reduce environment impact and the focus on 
energy efficient systems is becoming increasingly important in the European Union e.g. the 
European “20-20-20 objectives”. The objectives includes for example, a reduction of primary 
energy use by 20% by 2020, through energy efficiency and a reduction of at least 20% in 
greenhouse gases emissions by 2020, compared to 1990 levels (COM, 2008).   
 
Therefore, the efficient use of energy in general, and especially in industries is one of the most 
important means to reduce negative effects on the climate. The industry’s energy use accounts for 
a key part of the world’s annual energy use. Today, a significant amount of the industrial energy 
use originates from the use of fossil fuels. According to IEA (2011) industry accounts for about 
77 percent of the world’s annual coal consumption, 40 percent of the world’s electricity use, 35 
percent of the world’s natural gas consumption, and nine percent of global oil consumption.  

In Sweden since 1970, the energy supply has increased by 35 percent from 457 TWh to 616 TWh 
and the final energy demand increased by 10 percent from 375 TWh to 411 TWh by 2010 (SEA, 
2011). In 2010, the total industrial energy was about 149 TWh (see Table 1), which represents 
approximately 36 percent of final energy demand. Table 1 shows the amount of coal, biomass, 
natural gas, electricity and oil consumption in 2011 as well as how much they represent as a 
percentage value of the total  Swedish energy use. 

For example, the Swedish energy-intensive industries (iron and steel, chemical industry and pulp 
and paper industries) account for more than 70 percent of the final industrial energy demand 
(SEA, 2011). Figure 1 shows the use of energy in Swedish industries from 1990 to 2010, in TWh. 
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Table 1. Swedish industrial energy use in 2010 (SEA, 2011). 

Type of energy Energy use (TWh) Percentage used in industry 

Biofuels 54  68 

Electricity  52  40 

Coal 16 100 

Oil products 15 16 

District Heating 7 7 

Natural gas 5  63 

Total 149 36 

 

 

Figure 1.  Industrial energy use in Sweden distributed by industrial sector, 1990-2010, in TWh 
(SEA, 2011). 

The Swedish industries still consume more electricity than similar industries in other European 
countries. This is can be explained by the fact that Sweden historically has had lower electricity 
prices than elsewhere in Europe, which is due to the reason that a large proportion of  the 
electricity production comes from hydropower and nuclear power [Johansson et al  (2007), 
Klugman et al. (2007), Trygg et al. (2005) and Thollander et al. (2005)]. Due to the deregulation 
of the European electricity market, the electricity prices has been dramatically increased in the 
recent years in Sweden.  As a consequence of the deregulation, it is also expected that the 
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electricity prices will fluctuate more than today, i.e. higher prices during the day when the 
electricity demand is high and lower prices during the evening and the night when the electricity 
demand is low. For the Swedish industry, and especially for the energy-intensive industries, 
rising electricity prices are considered to be one of the greatest threats to the long-term survival 
of the industries [Thollander et al. (2008) and SFA (2006)]. 

Furthermore, due to increased globalization, industries are facing greater competition, which is 
forcing them to decrease their costs in order to stay competitive and increase their profits. They 
also need, for example, to develop their production systems by improving quality, improving 
utilization of resources and increasing flexibility. In order to reduce both the negative effects on 
the climate and energy costs, industries must take action to fulfill their part in energy efficiency 
measures (Thollander et al., 2010). 

Apart from helping the environment, the industrial energy efficiency is an important factor that 
has a direct impact on the profits (Hirst and Brown, 1990) and productivity (Worrell et al., 2003). 
A company can lose a substantial amount of money if their processes and resources are not 
efficiently utilized. Therefore, the industrial energy efficiency is an essential task for the future 
and finding ways to decrease energy use is of great importance.  

The term energy efficiency is very loosely defined, however, in this thesis the term has been 
defined in accordance with EC (2006):  

• ‘Energy efficiency is a ratio between an output of performance, service, goods or energy, 
and an input of energy’ 

• ‘Energy efficiency improvement is an increase in energy end-use efficiency as a result of 
technological, behavioural and/or economic changes’ 

• ‘Energy efficiency improvement measures is all actions that normally lead to verifiable 
and measurable or estimable energy efficiency improvement’ 

The increase in industrial energy use can be slowed down through energy efficiency measures. 
According to Geller et al. (2006), the OECD countries would have used 49% more energy in 
1998, if they didn't carry out the energy efficiency improvements during the last 30 years. There 
are different means to implement industrial energy efficiency improvement such as investments 
in energy efficient processes, changes in behavior through motivation and training of employees, 
and implementation of policy instruments such as the European Energy End-Use Efficiency and 
Energy Service Directive (ESD) as well as the Swedish programme for improving energy 
efficiency in energy-intensive industries (PFE). In The ESD each member state is obliged to 
design and formulate a national energy efficiency action plan in order to enhance cost effective 
improvements of energy end-use efficiency. This is contrasted against the Swedish PFE in which 
energy-intensive industries are offered a discount of electricity taxation during five years if the 
companies undertake an energy audit within the first two years, which results in a number of 
energy efficiency measures that could be implemented over the last three years that equal savings 
at least equivalent to the electricity tax discount. 
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The type of industrial energy efficiency measures may differ and depend on size of industry, 
production type, industry sector and relation degree of production and support processes, among 
other things,. According to Trygg and Karlsson (2005), equipment's energy use in an industry 
may be divided into two main categories: support processes and production processes. The 
support process is a process that supports production such as lighting, ventilation, space heating, 
hot tap water and compressed air, while the production process is related to the actual production 
methods such as melting, molding, coating, packing, cooling/freezing and heating. 

However, there are many barriers to carry out energy efficiency measures (Thollander & 
Ottosson, 2008; Rohdin , Thollander and Solding, 2007). It can be, for example, a complexity of 
industrial production systems, where many processes are integrated, having different types of 
energy carriers, and complicated cost figures such as taxes and variation in energy, material and 
labor costs. Furthermore, a complex interaction caused by random events, for example, blocking 
or stoppage when a machine breaks down on a production line, allowing the production line to 
stop temporarily, is difficult to plan for and makes the industrial production processes even more 
complex. 

To implement energy efficiency measures analytical tools are therefore needed to support the 
decision-making process, when choosing between a number of measures, and analyzing the 
results can help to choose which changes should be made. 

1.2 Aim and research questions 
The aim of this thesis is to develop a methodology where energy systems optimization and 
production simulation are used jointly and applied to industrial energy system.  
The aim is partitioned into three research questions.   
 

• How can the energy systems optimization and production simulation be combined in the 
analysis of industrial energy systems? 
 

• What is the benefit of combining the energy systems optimization and production 
simulation tools?  

 
• What is required to improve the combination of the energy systems optimization and 

production simulation?  
 

Regarding the first research question, there are different ways to combine the methods and the 
way to tackle a problem is dependent on various issues. For example, if the issue is essentially 
about an existing or non-existent system.  
 
Regarding the second research question, the optimization and simulation tool can be used to 
manage potential changes in the system, for example can the tools be used as a decision support 
… 

(a) … in new investments in energy efficiency measures.  
(b) … to find the potential energy and resource reduction in complex industrial energy  

 systems. 
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The use of the methods and implementation of results in industries are dependent on the adaption 
of the results and the understanding of the underlying modeling. To adapt the result and achieve a 
larger use of the tool within industries, the improvements of the tools are necessary. First and 
foremost an improvement of the energy systems optimization tool reMIND is needed. Regarding 
the third research question, what further improvements of the reMIND tool are needed to be 
made to enhance the usability, to adapt the results at the site and to improve the combination? 

Research question 1 is addressed in Papers I, II, III and V. Paper I - IV covering research 
question 2. Research question 3 is addressed in Papers VI and VII. The connection between the 
appended papers and the research questions is summarized in Table 2. 

Table 2.  The relation between the appended papers and the research questions 

Paper nr. Optimization tool Simulation tool Case study Research question 

I reMIND AutoMod Foundry 1 & 2 

II reMIND Quest Volvo Powertrain 1 & 2 

III reMIND Enterprise Dynamics Arla Foods 1 & 2 

IV reMIND _ SKF foundry 2 

V _ AutoMod 
Enterprise Dynamics Foundry 1* 

VI reMIND _ _ 3 

VII reMIND _ Dairy 3 
* Paper V is related to the research question 1, however it is about data collection 

1.3 Scope and delimitation 
This thesis deals with industrial energy end-use efficiency. The focus is on the production 
processes and their energy-related issues. To support the decision-making process, when making 
energy efficiency measures, and analyzing the results, simulation and optimization tools are used. 
The focus is on energy systems optimization and discrete event simulation tools. The energy 
systems optimization tool used in this thesis is reMIND, which is based on the MIND (Method 
for analysis of INDustrial energy system) method, while for the discrete event simulation a 
number of simulation tools are used. The thesis includes three Swedish industrial case studies, 
two foundries and a dairy. 

1.4 Research collaboration 
The work presented in this thesis is part of the research project INTENS (INTegration of ENergy 
optimization and discrete event Simulation), which is financed by the Swedish Energy Agency. 
Within the project there has been research collaboration between Swerea SWECAST and the 
Division of Energy Systems at Linköping University. At the Swerea SWECAST the research 
field is focused on production simulation while at the division of Energy Systems the research 
field in this project is focused on mathematical programming (optimization) of industrial energy 
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systems. To achieve the aim of the study it has been important to co-operate with different 
companies.  The foundry at the Volvo Powertrain in Skövde, the SKF foundry in Katrineholm 
and Arla Foods dairy in Linköping have been involved in this project and have been the subject 
of the case studies. 

During improvements of the energy systems optimization tool reMIND within the project “From 
a friendly user to user friendliness - improvements of the MIND method”, another collaboration 
with Luleå Tekniska University (LTU) and Swerea MEFOS have been made. The project has 
also been financed by the Swedish Energy Agency, via the Process integration program, period 
III. The overall objective within the project was to develop the tool reMIND to ease the use of the 
tool directly within industry or by consultants. The main objective of the project was to improve 
the user friendliness of the tool. 

1.5 Paper overview 
The following papers presented below, are organized in accordance with the stated research 
questions.  
 
Paper I 
Nawzad Mardan, Magnus Karlsson, Petter Solding  
Benefits of integration of energy systems optimization and discrete event simulation 
Submitted to Energy Efficiency 
The main aim of this paper is to study the interactivity analyses between the Energy Systems 
Optimization (ESO) and Discrete Event Simulation (DES) tools using two simplified case 
studies, and how they provide the user with additional information about energy efficiency 
measures. In the first case, results from the ESO model are simulated to investigate whether the 
results can be applied or not. In the second case, the results from the DES model from three 
different investment alternatives are used as input data to the ESO model to investigate which 
alternative gives the maximum process utilization, lowest environmental impact and lowest 
system costs.  

Paper II 
Nawzad Mardan, Roger Klahr 
Combining optimisation and simulation in an energy systems analysis of a Swedish iron 
foundry 
Energy, 44(1): 410-419, 2012. 
The aim of this paper is to describe how ESO and DES tools can be combined. These tools were 
applied in a case study representing a new casting line in a foundry. A comprehensive five-step 
approach is proposed for reducing system costs and making a more robust production system.  

Paper III 
Nawzad Mardan, Magnus Karlsson, Roger Klahr  
Industrial decision-making for energy efficiency – combining optimization and simulation 
In Proceedings of the 24rd International Conference on Efficiency, Cost, Optimization, 
Simulation and Environmental Impact of Energy Systems, Novi Sad, Serbia, pp. 1442-1452. 
2011. 
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The aim of this paper is to describe a method where a DES and an ESO tool are combined in 
order to study the potential energy and resource reduction in complex industrial energy systems. 
A case study representing a part of a dairy is also included to illustrate the use of the method. A 
comprehensive 11step approach is proposed to show how such combination can be implemented 
in practice.  

Paper IV 
Patrik Thollander, Nawzad Mardan, Magnus Karlsson 
Optimization as investment decision support in a Swedish medium-sized iron foundry – A 
move beyond traditional energy auditing.  
Applied Energy, 86(4): 433-440, 2009. 
The aim of this paper is to explore whether investment decision support practices may be used 
successfully towards small and medium-sized manufacturers in Sweden when complex 
production-related investment decisions are taken. 

Paper V 
Petter Solding, Damir Petku, Nawzad Mardan  
Using simulation for more sustainable production systems -  methodologies and case studies 
International Journal of Sustainable Engineering, 2(2): 111 – 122, 2009 
This paper describes methodologies for using the DES tool to reduce energy use in 
manufacturing plants. The paper describes also how data can be collected, categorised and used 
in the simulation model as well as introduces software with the aim of aiding the data collection 
phase in simulation and optimization projects.  

Paper VI 
Magnus Karlsson, Nawzad Mardan 
Timing and sizing of investments in industrial processes– the use of an optimization tool 
In Proceedings of the 23rd International Conference on Efficiency, Cost, Optimization, 
Simulation and Environmental Impact of Energy Systems, Lausanne, Switzerland, Book 4, pp. 
263-270, 2010. 
This paper presents a methodology for analyzing investments’ optimal size and timing, where the 
ESO tool reMIND further developed to consider such aspects. A simple case study is also 
included to illustrate how the method is used. 

Paper VII 
Magnus Karlsson, Nawzad Mardan 
Considering start-ups and shutdowns using an optimisation tool – including a dairy 
production planning case study 
Submitted to Applied Energy  
This paper present four different alternatives on start-ups and shut-downs of processes, where the 
ESO tool reMIND is further developed to consider such aspects. Simple case studies are included 
to visualize the effect of implementing the shutdowns. 
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1.6 Co-author statements 
In Paper I the thesis author contributes with the majority of work of the paper. The co-author 
Magnus Karlsson contributed with valuable insights throughout the process from building the 
models to the authoring of the final paper. The co-author Petter Solding was responsible for the 
model building in the simulation tool and the result analysis from the simulation. 
  
In Paper II the thesis author contributes with the majority of work of the paper. The author of this 
thesis was responsible for the optimization modeling which includes the building of the model 
and the analysis of the results while the co-author was responsible for the simulation modeling.  
 
Paper III was entirely written by this thesis author. The co-author Roger Klahr was responsible 
for the model building in the simulation tool and the result analysis from the simulation. The co-
author Magnus Karlsson contributed with valuable insights throughout the process from building 
the models to the authoring of the final paper. 
 
Paper IV was written entirely in partnership with Patrik Thollander. The author of this thesis was 
responsible for the model building and optimization of the cases. Magnus Karlsson contributed 
with valuable insights throughout the process from building the models to the authoring of the 
final paper.  
 
In Paper V the author Petter Solding contributed with the majority of work of the paper. The 
thesis’ author contributed with writing Data collection and Software aided data collection 
sections. 
  
Paper VI was written entirely together with Magnus Karlsson. The author of this thesis was 
responsible for the model building and the description of the case study model, case study 
scenarios, and case study results sections. The author of this thesis has implemented the 
equations, that have been developed by Magnus, in the reMIND sofware. 
 
Paper VII was written entirely together with Magnus Karlsson. The author of this thesis was 
responsible for the model building and the description of the case study model, case study 
scenarios, and case study results sections. The author of this thesis has written the equations, that 
have been developed by Magnus, in the reMIND sofware. 
 
All papers were supervised by Mats Söderström.  

1.7 Other publications not included in the thesis 
Publications which directly influenced this thesis work: 

Damir Petku, Nawzad Mardan, Petter Solding. Software aided collection methodology.  
Proceedings of the FAIM2008 ”Flexible Automation and Intelligent Manufacturing” Conference, 
Skövde, Sweden, 1032 – 1036, 2008. (Pre-study for paper V) 
 
Nawzad Mardan, Mats Söderström, Magnus Karlsson, Roger Klahr, Damir Petku, Petter Solding. 
INTENS Slutrapport [Integration of energy optimization and discrete event simulation], 2011[in 
Swedish]. (The final report for the INTENS project for the Swedish Energy Agency) 
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Nawzad Mardan, Roger Klahr. Optimering och simulering av energianvändningen vid Arla 
Foods Linköping mejeri - en fallstudie inom INTENS projektet [Optimization and simulation of 
energy use at Arla Linköping dairy - a case study in the INTENS project ], 2011 [in Swedish]. 
(Early version of Paper II) 
 
Publication which did not directly influence this thesis work: 

Magnus Karlsson, Nawzad Mardan, Mikael Larsson, Johan Sandberg. Från en vänlig användare 
till användarvänlighet – förbättringar av MIND-metoden Slutrapport [From a friendly user to user 
friendliness - Improvements of the MIND method], 2010 [in Swedish]. 
 
Magnus Karlsson, Inger-Lise Svensson, Patrik Rohdin, Nawzad Mardan, Patrik Thollander, 
Bahram Moshfegh. Systemdesign för energieffektivitet - AstraZeneca och Scania i Södertälje i 
samarbete med Telge Energi (SEAST) Slutrapport [System design for energy efficiency - 
AstraZeneca and Scania in Södertälje in cooperation with Telge Energi], 2010 [in Swedish]. 
 
Patrik Thollander, Nawzad Mardan. Modellering av Scanias gjuteri i Södertälje (SEAST) 
[Modeling of Scania's foundry in Södertälje]. 2008 [in Swedish]. 
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2 Decision support 
This chapter contains a description and clarification of the meaning of the term Decision Support 
(DS). Different decision support in industrial energy systems is also presented. The focus is on 
mathematical programming and discrete event simulation as a decision support. 

2.1 Decision support in general 
The term Decision Support is very loosely defined and it means different things to different 
people in different contexts (Bohanec, 2001). For example, it may be associated with data mining 
or data warehouses, where data are gathered, identified and organized as meaningful information 
to make or help in a decision (Barry, 1998). DS may also link with Operations Research where 
scientific methods or quantitative models are used to analyze and predict the behaviour of 
systems that are influenced by human decisions (Ecker & Kupferschid, 1991). The term DS 
contains two words, “decision” and “support”.  The word “decision” is a choice or selection 
between two or more objects and the word “support” refers to supporting or helping people in 
making decisions. 

The decision support is a part of decision making processes which means aiding people to make  
good  decisions  by understanding  and analyzing the  effects  of  all  the  alternatives. According 
to Barry (1998) and Simon (1977) the decision making refers to the whole process of making the 
choice and consists of different stages such as: assessing the problem, collecting and verifying 
information, formulating of solutions, identifying alternatives, modeling and simulation, making 
the choice using sound and logical judgment based on available information, maximizing goal 
and evaluating decisions.  

Decision support has been used in a variety of different areas such as: medical care, information 
technology, public transport and industries. For example, within the area of medical care DS has 
been used in the interpretation of the electrocardiogram (ECG) to illustrate the heart's activity 
(Marku et al., 2004); in information technology (IT) for example, DS has been used to determine 
the optimal timing of investments in information technology upgrades (Mukherji et al., 2006); 
within public transport DS has been used for example, to study both environmental and cost 
effects of using less detailed contracts regarding bus sizes in a public bus transports (Lidestam, 
2010), and in industry e.g. to model and solve blending problems in a large-scale brass factory 
(Sakalli & Birgoren, 2009).  
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2.2 Decision support in industrial energy systems 
According to Sandberg (2004) there are different kinds of decision support available in areas 
such as economic calculations, risk management, optimization and simulation. However to relate 
to the scope of this thesis, this chapter emphasizes the industrial decision support and in 
particular optimization (mathematical programming) and discrete event simulation.  
 
Principally there are three computer-based modeling tools that can be used as decision support in 
industrial energy systems: (1) thermodynamic tools (2) optimization tools, and (3) simulation 
tools. In the area of thermodynamics there are for example Pinch analysis (Linnhoff et al., 1994) 
and Exergy analysis (Rant, 1956). 

In complex industrial systems there is a need for decisions regarding investments as well as 
regarding the daily production management, in order to increase energy efficiency and to 
decrease environmental effects and overall costs. Optimization of industrial energy systems and 
simulation method for industrial production can be used as decision support in such complex 
decision situations. However other tools such as Pinch analysis (Jönsson et al, 2011; Persson & 
Berntsson , 2010 ) and Exergy analysis (Gong, 2004) can also be used as decision support to 
increase industrial energy efficiency. More information about Pinch analysis and Exergy analysis 
can be found in the appendix. 

2.2.1 Mathematical programming 
According to Ecker & Kupferschmid (1991) mathematical programming (also called 
optimization) is a category of operations research.  The word “optimization” refers to techniques 
that give the answer on the question “what is best”? Thus, mathematical programming can be 
used to find the best possible solution for a given system.  Mathematical programming consists of 
three main components: (1) an objective function that defines what in the system is to be 
optimized (maximized or minimized) e.g. minimizing energy and material costs, (2) variables 
that are unknown, searched for and influence the value of the objective function (e.g. amount of 
electricity and material consumption for processes) and finally (3) constraints or boundary 
conditions that allow the variables to attain certain values but exclude others (e.g. capacity limits 
in the system  such as maximum flow of a particular product or the maximum boiler capacity). 

Depending on the objective function, types of the variables and constraints, mathematical 
programming is usually classified into different  types such as:  Linear Programming (LP) where 
the objective function and all constraints are linear expressions of the variables and the variables 
have continuous values; Non-linear Programming (NLP) with nonlinear objective function or 
constraints; Mixed Integer Linear Programming (MILP) where the objective function and 
constraints are linear just as in LP but the variables may have either discrete or continuous values 
and finally Mixed Integer Non-Linear Programming (MINLP) where the objective function or 
constraints are nonlinear just as in NLP  and  the variables may have either discrete or continuous 
values. Modeling of a system becomes more flexible when discrete variables are used (e.g. 
possibilities to linearize non-linear functions, to indicate a choice of any process units or in 
situations where real values do not make sense). However, the problem and the technique to solve 
the problem become more complex (Lundgren et al., 2003). A review of advances in 
mathematical programming and their application can be found in Grossmann et al. (1999). 
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Different algorithms can be used to solve a problem depending on the type of the optimization 
problem. For example, the branch and bound algorithm can be used to solve MILP problems and 
the simplex algorithm can be used to solve LP problems (Lundgren et al., 2003). To solve these 
different types of the mathematical problems there is an abundance of optimization programs or 
solvers. For example, ILOG CPLEX (2011), Lp_solve (2011) and SCIP (2011) which contain 
different types of algorithms and can be used to solve for example, LP and MILP problems. 
A large number of optimization modeling tools that uses one of the above mentioned 
optimization solvers or others for building and solving mathematical optimization models have 
been found in the bibliographic databases such as Scopus and ScienceDirect. A number of these 
tools that use as a decision support in a different application are: 

• reMIND 
• GAMS 
• LINGO 
• AMPL 
• Xpress-MP 

A brief description of the above mentioned tools can be found in the appendix. An overview of a 
number of LP modeling tools can be found in Henning (1999) and Gebremedhin (2003). 

Applications of mathematical programming 

Many published articles can be found that use one or more of the aforementioned modeling tools 
for different industrial applications purposes. For example, Drummond et al. (2010) have used 
the optimization modeling tool GAMS to minimize the cost of energy to operate the press and the 
cost of energy in the drying section in a paper machine. Another study made by Chávez-Islas et 
al. (2009) also used GAMS to minimize both operating and annual capital costs in industrial 
ammonia-water absorption refrigeration by using various heat-exchanger types. 
LINGO has been used as a decision support to provide comprehensive analysis of economic, 
environmental and energy issues within a distributed energy system framework (Ren et al., 2010, 
El-Sayed & Arram, 2009). AMPL has been used by Chen & Gooi (2010) to determine optimal 
sizing of an energy storage system in a microgrid for storing electrical/renewable energy. 
Asif & Jirutitijaroen (2009) has used Xpress in a generation company as decision support for 
buying and selling both natural gas and electricity while keeping in mind the interaction between 
the two markets.  reMIND has been used in different  industries (Karlsson, 2011; Thollander et 
al., 2009; Sandberg et al., 2004) to find, for example, improvements in the structure of processes 
and the optimal operating strategy in the existing system. More information about reMIND can 
be found in Chapter 3. 

2.2.2 Simulation 
To relate to the scope of this thesis, this section highlights only discrete event simulation without 
going into detail on each type of simulation such as physical, deterministic, and continuous. For 
information about different types of simulation see Solding (2008b). 

Simulation is a model that mimics reality (Robinson, 1994) or is an imitation of a real-world 
process over time (Banks et al., 2001). In other words, the purpose of simulation technology is to 
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simulate an actual or planned production. To accomplish this, discrete mathematics may be used, 
in which events of various kinds are governing and stored in a queue for each object in the 
simulation model. An event can be initiated in two ways, either by another event, or at a defined 
period of time. An example of an event-initiated event is when a machine is at idle and a new 
product is to begin to be processed in the machine. It is the combination of using time and events 
that makes the production simulation a powerful tool for analyzing a system. 

The academic name for production simulation is “discrete event simulation”. Simulation in 
general and discrete event simulation (DES) in particular have been widely used in many 
manufacturing applications and have proven to be an excellent decision support tool for 
manufacturing system applications (Al Durgham et al., 2008). DES shows how the system 
develops over the time, may be used to answer the question “what if”, and helps explain why 
certain phenomena occur. Bottleneck analyses can be performed to show where work in process 
is being delayed. A new policy or production planning can be tested without disrupting ongoing 
operation of the real system (Banks et al., 2001). Furthermore, complex interaction caused by 
random events, for example when a machine breaks down on a production line causing stoppage, 
which has a significant impact on the system, can easily be represented with DES (Robinson, 
1994). A very simple form of production simulation can be performed using only pen and paper. 
As complexity increases, an advanced tool must be used to keep track of all calculations and 
events. Today computers are used with sophisticated software for these purposes. This makes it 
possible to calculate the most advanced production processes in a short time and simultaneously 
with a graphical visualization of the production. To provide better visualization capabilities and 
to increase understanding, the graphics are now pervasively three-dimensional. Dozens of DES 
products for building and analyzing a model of the production system may be found from the 
bibliographic databases such as Scopus and ScienceDirect. Some of these tools that are used in 
education and as well as decision support in research and various types of companies are for 
example:  

• AutoMod 
• QUEST 
• Enterprise Dynamics 
• Arena 

A brief description of these tools can be found in the appendix. In addition to the simulation 
softwares that are mentioned above, there are many others in the market, for example, eMPlant, 
Witness, Flexsim, Simul8, ShowFlow, VisualComponent and ExtendSim. For more information 
on these tools and others, and for what type of enterprise they are suited see SIMPLAN (2011). 

Applications of discrete event simulation  

Thousands of published articles can be found in many different areas regarding use of DES tools 
for identifying bottlenecks, quantifying potential improvements in the processes, reducing energy 
use and to analyzing and planning a production system. For example, Werker et al. (2009) used 
the DES tool Arena to represent a complex process and to suggest improvements that may reduce 
the planning time and ultimately reduce overall waiting times in the radiation therapy treatment 
process. Kursun & Kalaoglu (2009) eliminated the bottlenecks and suggested different decision 
alternatives in apparel manufacturing using the DES tool Enterprise Dynamics.  A DES tool has 
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also been used to model energy market dynamics (Gutiérrez & Sheblé, 2009) and to investigate 
the logistics of supplying forest biomass to a power plant (Mobini et al., 2011) as well as in the 
foundry industry (Solding &Thollander, 2009; Solding, 2008a; Solding, 2008b; Solding 
&Thollander, 2006). In foundry examples the DES tool is used to reduce energy use, test 
different solutions and analyze and plan the production system, where the production process is 
very complex and disturbances have a large impact on the system.  
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3 Method 
This chapter begins with a brief description of modeling. The chapter continues with a 
presentation of methods applied in the thesis that is optimization and simulation. A brief 
description of how and why the methods are combined is given. Finally, a brief description of 
how a problem should be formulated, an objective should be defined and data should be collected 
when the methods are combined is also presented.  

3.1 Modeling 
Industrial production systems are generally very complex, where many processes are integrated, 
having different types of energy carriers and complicated cost figures such as taxes and variation 
in energy, material, capital and labor costs. To manage potential changes in the system, modeling 
can be used as part of the decision support. Models can be used as an aid to overcome some of 
the barriers that exist for changes in energy systems, barriers such as competing investments, 
difficulties in quantifying the energy savings, fear of losing product quality, and distrust about the 
technical feasibility of the proposed measures. 

As mentioned in Chapter 2 a model is a part of decision support and can be defined as a reflection 
of certain properties and behaviors of an imagined or a real system. Thus, models can be used for 
a variety of issues (Robinson, 1994; Gustafsson et al., 1982): (1) when any real system does not 
exist (e.g. in the study of a planned or hypothetical systems), (2) when it is risky, too expensive, 
and time consuming to experiment with reality (e.g. the study of the consequences of a nuclear 
accident), (3) for implementing new policies or production planning without disrupting ongoing 
operation of the real system (e.g. change in operation hours, from a two-shift to a three-shift 
operation), (4) models are valuable from a pedagogical point of view for example, help to 
understand how the system operates and can be used to indicate where work in process is being 
delayed, (5) a model can be discussed and critiqued (e.g. misunderstandings can be avoided), and 
finally when (6) model construction provides knowledge (provides an understanding of the 
system). Industries are different, and one industry is not like another industry; for example, they 
have different sizes, different machines, different products and can be divided into different 
sectors. For modeling of such systems there are many different modeling tools as described in 
Chapter 2 for example, simulation and optimization tools. 
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3.2 Optimization with reMIND 
reMIND is an energy systems optimization tool, which is based on the MIND (Method for 
analysis of INDustrial energy system) method and was developed at the Division of Energy 
Systems at Linköping University. The method is based on MILP (Mixed Integer Linear 
Programming) and was developed to optimize dynamic industrial energy systems. The dynamics 
of the modeled systems are considered by dividing time into different numbers of time steps, 
depending on the purpose of the analysis. Information about the method and the tool is found in 
Nilsson (1993), Karlsson (2011) and Karlsson & Mardan (2010) and for applications of the tool 
in e.g. Wetterlund & Söderström, 2010, Thollander et al. (2009), Wang et al. (2009), Klugman et 
al. (2009), Svensson et al. (2008), Ryman & Larsson (2006), Larsson & Sandberg (2004),  
Larsson & Dahl (2003) and Karlsson & Söderström ( 2002). A MILP problem in reMIND is 
defined according to Equations 1, 2 and 3. 

Objective: 
),(min yxfZ =   (1)    
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where f(x; y) is the objective function to be minimized, like system cost, x represent real 
variables such as amount of electricity consumption for a process, y represent binary variables 
used to linearize non-linear functions and for logical restrictions, g(x,y) = 0 are equations 
describing the performance of the energy system, for example, the relation between the mass 
flow through a process and the corresponding energy demand, h(x, y) are inequalities describing, 
for example, capacity limits in the system, C is constant. 

Basically, the analysis in reMIND includes four steps (Karlsson, 2011; Larsson & Sandberg, 
2004; Thollander et al., 2009). In the first step, the real system has to be delimited.  In order to 
describe the system mathematically, reasonable boundaries must be set, simplifications 
introduced and processes identified.  

In the second step, the model is constructed from a set of equations based on the simplifications 
and delimitations of the problem identified in the initial step, and verification is done so that the 
description of the system is acceptable (Larsson & Sandberg, 2004). The structure of the model is 
built in a graphical interface, see Figure 2, and is represented as a network of nodes and branches 
(the square boxes and the arrows, respectively). The branches represent flows of any kind, such 
as material and energy, while the nodes represent a whole process line or a single piece of 
equipment. The equations comprise or describe limitations (constraints) and relationships that 
describe how the system works. The limitations can be of different types, for example it can be a 
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maximum flow of a particular product or a maximum boiler capacity, but it can also be 
limitations such as how a product must go through a process first before it can be processed in the 
next. The relationships can also be of various types, for example it can be the relation between 
energy needs and the amount of material processed, but it can also represent a relationship 
between different material flows to produce a product, with a quality that is strived for. 

 

Figure 2. Graphic user interface for reMIND. 

An appropriate optimization routine is applied in the third step. CPLEX is normally used in 
reMIND. To solve problems, CPLEX chooses a variety of different algorithms (CPLEX, 1995). 
reMIND usually  use branch and bound to solve the integer programming problems and simplex  
to solve the linear programming problems in CPLEX.  

In the final step, the results from optimizations are analyzed and the model is validated, including 
verification of the optimal solutions. Furthermore, a continuous dialogue with representatives of 
the analyzed system from the company in question is important, primarily for verification and 
discussion of input data to the model and output data from the model, in order to create a valid 
model based on reliable data.  
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reMIND can be used: (1) to find improvements in the structure of processes which means for 
example different investment alternatives can be tested and compared, (2) to find the optimal 
operating strategy in the existing system, or in other words, finding the best possible solution or 
operating strategy for a given production volume of the modeled system, (3) and to investigate 
how changes in boundary conditions influence the system e.g. how changes in electricity and fuel 
prices, influence the system. 

reMIND has been used in several industries, such as the Swedish foundry industry (Thollander et 
al., 2009), steel industry (Sandberg et al., 2004; Larsson et al., 2004) and pulp and paper mills 
(Klugman et al., 2009; Karlsson & Söderström, 2002), as well as district heating systems 
(Wetterlund & Söderström, 2010).  

Since reMIND can be used to model industrial energy systems, has a graphic interface to build a 
model, as well as the fact that the user enters only the equation’s coefficients to formulate the 
problem, it was considered suitable for the purpose of this study. . However during the 
application of the tool in industries, for example, in modeling of investment, adapting the result 
and planning of production problems, it was indicated that further development of reMIND is 
necessary. More information on how such problems are handled can be found in Chapter 4. 

Input data to reMIND 

To build a model in the reMIND tool requires a variety of input data. These input data are entered 
in different functions. Currently there are 12 functions implemented in reMIND. For more 
information about these functions see Karlsson (2011). These functions require different types of 
input data and can be used in different ways. In contrast with other aforementioned optimization 
modeling tools, in reMIND the user never has to write all equations that are needed to formulate 
the problem, rather the user enters only the equation’s coefficients into the implemented 
functions. All necessary equations for formulating the problem are generated automatically in 
reMIND. The most common input data are: 

• Energy data such as electricity, oil, gas, steam, etc. Examples of input data can be 
electricity price / MWh (fixed price or varying), power contracts and power subscription. 

• Heating and type of heating such as electricity and district heating. For example, the 
purchase price, subscriptions and transmission fee. 

• Raw materials such as wood, sand, iron, aluminum, etc. Examples of input data can be 
price per ton (fixed price or time-dependent), contract, capacity, limitation, and efficiency. 

• Conversion units such as boilers, furnace, turbines, etc. Input data can be, for example 
minimum and maximum output, efficiency, and how this varies with the production. 

• Production, for example, type of  product, or number of tons per hour or year 

•  Sales, for example sale of products, steam, and excess heat. 
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3.3 Discrete event simulation 
Manufacturing systems in industry are often so complex that it is almost impossible to solve them 
analytically; therefore use of computer-based simulation software is necessary. In this thesis, 
three different commercial software programs for production simulation have been used: (1) 
AutoMod, (2) Enterprise Dynamics(ED) and (3) QUeuing Event Simulation Tool (QUEST). The 
reason for using these tools are due to the fact that this thesis was a part of the research project 
INTENS and as mentioned before there has been collaboration with Swerea SWECAST within 
the project. All three are advanced software programs with the ability to build models in three 
dimensions, and they can be used for the analysis of complex production processes. More 
information about these tools and their applications can be found in Chapter 2 as well as in paper 
I, II and III. These tools have been used to identify bottlenecks, implement new production 
planning, verify new investments, and to layout presentations (visualization) in order to show 
how the system works, see paper I, II and III. Production simulation is usually carried out in the 
following steps (Law, 2003; Banks, 2000): 

1. Problem definition: What questions should be answered? For example: How a material 
flow changes when new investment, production planning or layout is implemented. 

2. Objectives of simulation and delimitation: What would be achieved with a simulation? 
What kind of output we want to obtain? What should be included in the model? What 
level of detail? 

3. Data collection: The data collection is a good opportunity for the model builder to 
understand processes and how the system works at the same time it is a good opportunity 
for the company to learn about its production. Input data can be based on: (1) Historical 
data, (2) Estimated / planned / guessed data and (3) Data from machine supplier. 

4. Modeling: Build a model from the collected data. 

5. Verification and validation: Are products transported correctly? Is the layout correct? Are 
the process times correct? Compare simulation model with reality. Control with those 
who know the process best, for example an operator or representatives of the analysed 
system from the company. 

6. Experimentation: Test different options. For example, test different variables against each 
other. Make a number of runs and analyze the result. 

7. Documentation: Documenting the work. What have been analyzed? What tests have been 
made and what has been achieved. 

8. Implementation: Applying the results at the site. 

A picture of a model built up using the DES tool QUEST is shown in Figure 3. 
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Figure 3.  A picture of the simulation model. 

Input data to simulation models 

In general to build an efficient simulation model, a variety of input data is required.  Data 
collection is usually carried out through a production data survey, discussions with experts on 
businesses and direct measurements. The amount of collected data needed mainly depends on the 
model's level of detail and the boundaries. The most common input data to the simulation are 

• A scaled layout, preferably with a height of all equipment. In order to define the distance 
between the equipments, and design the appearance of the production system, a scaled 
layout is required.  

• Included machines (processing times, limitations). For example, the machine capacity, 
products produced by the machines, cycle times and setup times. 

• Included lines and handling equipment (times, speeds). For example a transport system 
which may include conveyors and trucks, speeds and description of the route between 
different stations is needed. 

• Products. Here specifies the type and properties of the products. 

• Operators (process times, tasks). Here describes for example which tasks and what 
limitations they have.  

• Order list. In order to validate the model, an order list is used which often obtained from 
historical data from an actual production.  

Melting and holding furnances 

Pouring & cooling sections Molding & casting sections 
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• Work schedule (breaks, planned stops). It is important to have a work schedule especially 
in case, there are various operating shifts or if you want to study what an extra weekend 
shift would entail.  

• Unscheduled Stop. Here different distributions of unplanned stops are specified.  

• Logic (flow description and input devices). Logic descriptions are the part in simulation 
projects that takes the longest time to implement. Here detailed descriptions of all 
production flows are made as well as a description of how everything is connected. 

As can be seen from the above information the amount of input data that is needed for modeling 
procedure in the simulation tool is larger in comparison to the optimization tool reMIND. This is 
due to the visualization capabilities (or capability of layout presentation) in the simulation and 
lack of this feature in reMIND . Therefore it takes less time to build the optimization model and 
obtain results than it does to build the corresponding simulation model. 

3.4 Method combination 
Method combination is often carried out from the perspective that the methods complement each 
other. In other words, the combination of methods can reveal a result which is not possible to find 
using the two methods separately. 

In the early 1990’s Nilsson and Sunden (1992 & 1994) combined the MIND method with pinch 
technology. The pinch technology was focused on the thermal design while MIND method 
focused on structural design to reach the best solution.  Ten years later another attempt was made 
by Bengtsson et al. (2002) where MIND method and pinch technology were combined in a 
Swedish board mill. This combination was made to study how the methods can be combined in 
the analysis of industrial energy systems and how total energy system of a mill is influenced by 
improved energy utilization. Another study conducted by Gong & Karlsson (2004) where exergy 
analysis was combined with MIND method in a Swedish pulp and board mill to study how the 
methods can be combined in order to improve industrial energy systems by improving the 
production processes. 

In this thesis, the MIND method is combined with simulation from the perspective that the two 
methods would also complement each other. The methods are complementary because the 
solution gained by the reMIND tool shows the best way to run a system, however there is 
uncertainty to realize the result at the site. This is due to the fact that mathematical models cannot 
easily represent a complex interaction caused by random events such as stoppage on a production 
line and blocking. To validate the solutions provided by the optimization tool, a simulation tool 
may be used. 

On the other hand, the solution obtained by simulation tools shows feasibility but does not reflect 
if it is the best way to run a system. To find the best solution and analyze all possible solutions is 
time-consuming, therefore the optimization tool may be used to obtain the optimum solution in a 
shorter time. Combining the individual strengths of the simulation and optimization tools can 
create prerequisites for decreasing system costs, improving the utilization of resources, predicting 
system behavior and can give very detailed information about how the system operates, see paper 
I, II and III.  
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In many studies, the optimization and simulation tools have been combined in such a manner that 
one of the tools are used at the start and the results that are obtained will then be used in the 
second tool (Roy et al., 2010 ;Shi, 2011; Ekren & Ekren, 2009;  Masoumi et al., 2003). For 
example, Roy et al. (2010), have used optimization and simulation techniques in order to 
optimize a system and obtain an approximate solution for a given set of input variables. The 
optimization technique was used to minimize the size of wind-battery while the Monte-Carlo 
simulation was used to predict the system behavior and validate the solutions provided by the 
optimization technique. Shi (2010) has used optimization to find the best insulation strategy for 
minimizing the space conditioning load of an office building and simulation was used to simulate 
the space conditioning load of the building. Ekren & Ekren (2009) have combined optimization 
and simulation tools to optimize the size of a PV/wind hybrid energy conversion system with 
battery storage. They used the simulation tool to predict the theoretical distributions of solar 
radiation and wind speed. From input data provided by the simulation tool, the optimization tool 
is used to optimize the PV area, wind turbine rotor swept area and battery capacity. Masoumi et 
al. (2006) have used simulation and optimization in the production of ethylene in a petrochemical 
plant. The simulation was used to predict the steady-state profiles of temperature, pressure and 
products yield while the optimization was used to calculate the optimal temperature profile along 
the reactor.  

Despite the relatively large body of literature on combination between optimization and 
simulation tools, no detailed procedure exists for describing how such a combination can be 
implemented step-by-step. This thesis describes different types of combination between the 
methods and presents detailed information on how such combination can be made step-by-step 
for industrial energy system (In Chapter 4 describes the working method generally). 

3.4.1 Problem formulation 
The combination process between the optimization and simulation can begin in the early stages 
of the study for example in formulation of the problem and setting of objectives (Paper V; Petku 
et al., 2008). The first step in every project should be the problem formulation. A clear 
description and definition of the problem is very important when more than one tool is used. This 
is due to the fact that different tools have different strengths and can handle different problems. 
Therefore, the formulated problem should be addressed from the viewpoint of both methods. 
There are several important guidelines to keep in mind when formulating the problem, for 
example:  

• Clarity: it is important to understand the problem clearly (Banks, 2000; Shannon, 1998).  

• Specificity: the specific questions to be answered by the study. Without high specificity, it 
is impossible to determine the appropriate level of model detail (Law, 2003). 

• Agreement: it is important that the process owner understands and agrees with the 
formulation (Banks, 2000). 

3.4.2 Setting of objectives  
The objectives should be clear and formulated so that both methods are capable to handle them 
and in a way that the methods can be used together to enhance the results of the study. An 
objective is a statement of what should be achieved (Robinson, 1994). The studied system must 
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have clear objectives to be successful. According to Robinson (1994), a useful framework is to 
consider the objectives in terms of three components: 

• Achievements: Describes the basic aim of the project, which might be to reduce energy 
usage. Achievement contains key actions such as increase, reduce, understand, determine, 
identify, demonstrate, compare and select. 

• Measurements: If the achievements can be quantified, for example reduce energy usage 
by 10 per cent. 

• Constraints: Normally expressed in term of money, people, resources or time, for example 
increase production by 10 percent without employing more labor. 

3.4.3 Data collection 
Data collection is a phase that usually comes after the problem definition and setting of the 
objectives. Data collection is one of the most important stages in advanced manufacturing 
analyses, such as studies using modeling, simulation and optimization. If adequate input data is 
not available when needed, the project will be delayed and the quality of the results will suffer. 
When more than one tool is used, it is possible to have a number of input data that can be 
common in other words, many of the input data for one tool can also be used for the other used 
tool. Therefore it is important that data collection should be planned and structured in way that 
decreases project time. Data collection is a time-consuming process and most simulation 
practitioners argue that the collection and analysis of input data takes an extremely long time, 
typically more than a third of the project time (Liyanage & Perera, 1998a). There are a number of 
factors which can result in longer data collection time, for example inaccurate problem 
formulation, lack of clear definition of project objectives, high complexity of the system, high 
level of model detail and poor data availability (Liyanage & Perera, 1998b). It is therefore 
important that data gathering should be planned, goal oriented and focused on information that 
will help to achieve the common objectives of the study (Harrington& Tumay, 2000).The amount 
of data that needs to be collected is highly dependent upon the project objectives and credibility 
concerns. There are, however, several guidelines that should be kept in mind when gathering data 
(Robinson, 1994): 

• List all the data that needs to be collected. 

• Assign a person to be responsible for gathering the data. 

• Define the date on which the information needs to be available. 

• Categorize the data into three categories: 

o Category A: Available data which is immediately available. 

o Category B: Not available, but can be collected. 

o Category C: Not available and not collectable. 
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• When possible, videotape the system while active and extract data later by viewing the 
tape. 

• If you are modeling a system where the physical movement of entities among stations will 
be represented in the model, the operating parameters and physical layout of the material-
handling system will also be needed. 

In order to collect data effectively and to carry out the project successfully, it is important to 
develop a plan at the beginning of the project. Thorough project planning is generally a great 
advantage, as it saves both time and resources in the long run. 
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4 Results 
In this chapter the results from the case studies are outlined in accordance with the stated 
research questions.  

4.1 Research question 1 
How can the energy systems optimization and production simulation be combined in the analysis 
of industrial energy systems? 

4.1.1 General case study 
In order to exemplify how a combination of ESO and DES tool can be performed, two different 
case studies were formulated and carried out (Paper I).  

• In Case 1, the DES tool is used to test and evaluate the results from the ESO model.  

• In Case 2, a model from the DES tool is run to receive information that is then used to 
feed the ESO model.  

By using these two specific case studies, two different ways to combine the ESO and DES tools 
are tested. 

Simulating optimized results (Case 1) 

The system modeled in Case 1 embraces parts of a foundry. Both the electricity prices and the 
labor costs are fluctuating during the analyzed period. The optimum result from the ESO model 
was simulated to investigate if the result can be applied in reality or not. In case the optimum 
result cannot be applied, based on the results from the simulation run, an analysis should be made 
to show where the work in process is being delayed. 

The detailed overview of the melting process, the molding and cleaning processes from the 
optimization results from the ESO model is shown in Figure 4.  As can be seen, the current 
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weight of the molten iron in the holding furnace increases from 0 to 5 am. In other words, the 
optimal melting procedure takes place when electricity prices are low. The molten iron is then 
kept in the holding furnace to be used in the pouring process later during the day, when electricity 
is more expensive. To meet both the production demand and to keep seven tons of melted iron in 
the holding furnace at the end of the day further melting procedure takes place between 9 and 11 
am when the cost of electricity has slightly decreased. The electricity costs thus can be decreased 
by shifting the use of the largest electricity consuming unit, the melting unit, to hours when 
electricity prices are lower. 

 

Figure 4. The current weight in the holding furnace, melting, molding and cleaning processes and 
electricity prices during one day. Results from the ESO tool reMIND. 

Figure 4 also shows the results regarding the molding and cleaning processes. The molding 
process begins at 7 am and finishes before 4 pm when the labor cost is low.  The process finishes 
before 4 pm because it is capable of managing 1.6 tons per hour, while the capacity of the 
cleaning process is only one ton per hour, i.e. it is capable of handling one ton per hour. For that 
reason, the cleaning process occurs first between 7am and 4 pm and in order to meet the demand 
it takes place again from 7 pm to 10 pm. The optimization program chooses to run the cleaning 
process between 7 pm and 10 pm, thus it is the most cost-effective combination between the 
processes. Figure 5 shows the corresponding graph of the results from the DES model (where the 
ESO results are used as input data), including the holding process and the operator costs for the 
process, i.e. when operators are working on molding or cleaning, which are the operator-intensive 
work operations.  
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Figure 5. The current weight in the holding furnace and labor cost when operators are working 
with casting and cleaning. The grey bars show the current weight in the holding furnace and the 
black line shows when operators are working on molding and cleaning.  

A comparison of the results from the ESO model (Figure 4) and the DES model (Figure 5) show 
that there is a good correlation between the models. This means that when the DES tool is used to 
test and evaluate the results from the ESO model, the optimum result from ESO model can 
actually be run and applied. The simulation result from the DES model shows that the melting 
procedure can take place from 0 to 5 am and from 9 to11 am and still result in a feasible 
production process. Similarly, molding and cleaning processes can be done between 7 am and 4 
pm when the labor cost is low. Figure 5 also shows that the labor cost decreases at 4 pm because 
the molding process is finished at 3 pm and only the cleaning process is running. It can be seen 
that the labor cost increases between 7 and 10 pm when the cleaning process takes place again. 

In case that the results from the ESO tool cannot be applied based on the results from the 
simulation run, an analysis should be made to show where the work in process is being delayed 
or stopped.  

Optimizing simulated results (Case 2) 

The system modeled in Case 2 is representing a company that wants to produce a new product. 
The company plans to invest in a new process. Three different investment alternatives for the 
new process are used as input data to the ESO model. These alternatives consist of different 
number of machines. The investment alternative 1 consists of two machines, while the 
investment alternative 2 and 3 consists of three and four machines respectively. The DES tool is 
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used to obtain more accurate input data to the ESO model regarding, for example, the electricity 
demand and efficiency.  

The different simulation results from DES models are used as the input data to the ESO model. 
The simulation result from Table 3 shows that the efficiency is same for the three investment 
alternatives, i.e. only 90% of the raw material will be a finished product, while the rest is waste.  

Table 3. Electricity demand, fixed costs and efficiency data for the new Process. 

Units Electricity demand (MWh/ton) Efficiency % Fixed cost (€) 
Investment alternative 1 0,83 90 8 
Investment alternative 2 0,61 90 10 

 

 

 

Investment alternative 3 0,62 90 13 

It can also be seen that electricity consumption for Investment alternative 1, which consists of 
two machines, is highest. This is due to increased queuing in the system caused by the limited 
capacity of the machines. As a result, the overall electricity consumption will increase, which in 
turn increases the electricity consumption per ton of finished product. When Investment 
alternative 3 is used, consisting of four machines, there will be no queue because of the 
machine’s higher capacity, but idling time increases as a consequence of the overcapacity, i.e. in 
several cases the machines are out of function or running idle. As a result, the overall electricity 
consumption will increase again and, in turn, the electricity consumption per ton of finished 
product also increases. Thus, the Investment alternative 2 gives the lowest electricity 
consumption per ton, making this alternative appropriate to the machine’s capacity since it offers 
maximum process utilization and minimum idling time.  

Subsequently, the results from using DES models on these three investment alternatives are 
analysed in the ESO tool reMIND and the results from reMIND are shown in Table 4.  

Table 4. The optimizations’ results for the three different investment cases. 

Units Investment alt. 1  Investment alt. 2 Investment alt. 3 
Process I Chosen Chosen Chosen 
Process II Chosen Not chosen Chosen 
New Process  

 

Not chosen Chosen Not chosen 
System costs (€) -419  -423 -419 

From the table can be seen that the system costs are negative, indicating that there are revenues. It 
shows also that the new investment alternative, New Process, is used only when Investment 
alternative 2 is used. In other words, the company should make the planned investment only if the 
new investment consists of three machines. Hence, this alternative gives the lowest system cost, 
as shown in Table 4, as a result of having the maximum process utilization and has the lowest 
electricity consumption per produced ton of finished product as shown in Table 3. The 
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optimization results from the other investment alternatives indicate that the investment in a New 
Process does not seem to be a good investment since it would increase the system costs. It is 
therefore better to run the existing processes, and not invest in a new one. This case study has 
therefore been a good example of how combining the two methods can help prevent sub-
optimization. Both simulation and optimization are needed to obtain the necessary results to be 
able to make a good decision about the new planned investment. 

Linking the above results to the research question regarding how the methods can be combined in 
the analysis of industrial energy systems, two example of a combination between the ESO and 
the DES tools are tested. These two case studies show that the combination of different methods 
with different strengths is important in terms of energy optimization and system analysis. The 
strength of the combined two methods can be a valuable addition when seeking to improve 
efficiency.    

A complex interaction caused by random events, for example, blocking or stoppage when a 
machine breaks down on a production line, allowing the production line to stop temporarily, is 
difficult or cannot be modeled with the ESO tool. Therefore, DES tools needed to investigate the 
applicability of the processes and especially in the case 1 where different processes like melting, 
casting and cleaning are taking place at different times. 

In Case 2, where the DES tool is used in order to obtain more accurate input data to the ESO 
model. In this way, company management gains additional information on the type of investment 
and the risk of costly reinvestments is minimized. 

4.1.2 General method application 
How to start the modeling process for a new case? Should we start with simulation or 
optimization? Should the methods be used simultaneously? 

As described briefly in section 3.1 the modeling can be used for a variety of issues, for example, 
when any real system does not exist or when implementing new policies or production planning 
without disrupting ongoing operation of the real system. However, the way to combine the 
energy systems optimization and production simulation when tackling a new problem or a 
company is dependent on various factors or issues, for example, if the issue is essentially about 
an existing or non-existent system. 

Modeling a non-existing system 

For a non-existing system, it is in general a good idea to use both the DES and the ESO tool 
simultaneously, because there are many uncertain data that are difficult to estimate, by using only 
one of them (Paper II). Both tools can support each other and more realistic output data regarding 
the dynamic changes that occur in the system such as blocking, idling, stopping, etc. can be 
obtained. Furthermore the combination of the methods can be used to validate and verify the 
models and the results. How such a combination can be done in practice is described in more 
detail in Figure 6 using a comprehensive five-step approach. 
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Figure 6. A step-by-step approach to combine methods. 
 
Step 1 – Data collection 
There are several important steps that must be considered before constructing the models. The 
problem of interest must be clear and addressed from the viewpoint of both methods. The 
objectives should be clearly defined and formulated so that both methods can be used together in 
a way that enhances the results of the study. The input data needed by the project should also be 
identified and collected. Extra focus must be placed on the information that will help to achieve 
the common objectives of the study. The amount of data that needs to be collected is highly 
dependent upon system and problem delimitations, project objectives and credibility concerns 
(Petku et al, 2008). The choice of system boundary and setting an appropriate system boundary 
are therefore vital. For example, it is important to define whether it is the entire industrial energy 
system or a single process line that is modeled. The system boundary should be set in way that 
helps to achieve the objectives of the study.  
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The input data to the ESO and DES models may be common or model specific. The common 
input data can be, for example, melting capacity, electricity demand for the melting and holding 
furnaces, efficiency, and operator working schedules and processing times. The model-specific 
data in the ESO model can be, for example, logic input data that describes how different 
processes are linked to each other and how they run, while in the DES model these can be 
breakdown time, order list, layout, travel times, logic (flow description and input devices) and 
disturbances.  
 
Step 2 – Model construction and validation 
The models are built in simulation software and optimization software, for example, QUEST and 
reMIND. The simulations and optimizations are carried out and a structured walk-through of the 
model should be given to ensure that the model’s performance and assumptions are correct in 
other words, the models should be verified and validated.  The verification of a model should 
answer the question of whether the model behaves in the right way, while the validation of the 
model should answer the question of whether the model is an accurate representation of the 
optimized or simulated system. If errors are found in the model’s performance or in the 
assumptions the model must be updated before proceeding to the result comparison in Step 3. 

Step 3 – Comparison of results and evaluation of differences 
In the third step, the results are compared and any differences noted and evaluated. The amount 
of energy used in a process or processes is one type of difference in the results that is highly 
dependent on resource utilization and idle time. Another type of difference that has a significant 
impact on the system might be the number of produced units, which depends on disturbances or 
stoppages on a production line when a machine breaks down. If errors or differences are found in 
the results, the simulation or optimization model must be updated before proceeding to Step 4.  
The simulation or optimization model is updated by changing the constraints or parameters that 
need to be changed in the model. For example, it may be a production capacity of a machine, or 
amount of energy used in a machine or process that needs to be changed.  

Step 4 – Optimization of the system 
When the simulation and optimization models are synchronized, different boundary conditions 
can be used, such as different production process capacity, change in operation hours (for 
example from a two-shift to a three-shift operation) or a change in energy and raw materials 
prices. The optimization model is run to find the optimum operating strategy. In Paper II for 
example, different electricity prices are used in order to investigate how these parameters affect 
the operating strategy. 

Step 5 – Verification of results  
The simulation tool is used to verify, evaluate and test the results from the optimizations. The 
optimum result should be simulated for two main reasons: first, to analyze and update the 
simulation and optimization models if errors or differences (as outlined in Step 3) are found, and 
second, to investigate if the optimum result can be applied in the simulation model or not. If the 
optimization result cannot be applied based on the results from the simulation run, an analysis 
should be made to show where the work in process is being delayed. There may be feedback 
loops between the Steps, for example between Step 4 and Step 5. 
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Modeling an existing system 

It is always preferable to start with the ESO tool reMIND rather than the DES tool in case the 
study is about modeling of an existing system – since it takes less time to build the ESO model 
and obtain results than it does to build the corresponding DES model (Paper III).  This is due to 
the fact that the amount of input data that is required for modeling procedure in the simulation 
tool is larger in comparison to the optimization tool reMIND (see 3.3). An iterative working 
process may follow where both tools are used. A comprehensive 11-step approach, is presented 
in Figure 7 showing how such a combination can be implemented in practice.  

 

Figure 7. A step-by-step approach to combine methods. 
 

First, the input data needed by the ESO tool should be identified and collected (Step 1), however 
there are several important steps that must be considered before data collection (see 3.4.1 and 
3.4.2). A model in the ESO tool is built based on these inputs (Step 2). To ensure that the 
performance of the model and assumptions are correct, a structured walk-through of the model 
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should be carried out. The results from the ESO are validated in Step 3, and if errors are found in 
the results the model must be adjusted and updated before proceeding to Step 4.  

After the validation of the results the need for DES tool is evaluated (Step 4). If there are 
limitations in the facility, where it may be difficult to model with the ESO tool, then a DES tool 
will be needed, otherwise the optimization result can be presented (Step 11). If there is a need for 
the DES tool, a delimitation of the part of the problem that cannot be modeled by the ESO tool is 
performed (Step 5). 

An expanded data collection for the simulation model is performed and a model of the partial 
system is made (Step 6). In Step 7 the DES result is evaluated. The ESO model is adjusted and 
updated to synchronize with the DES model in Step 8. The result from the updated ESO model is 
evaluated in Step 9. There may be feedback loops between the steps, for example between Step 8 
and Step 10. The DES model is used in Step 10 to verify and test the results from the ESO model. 
The results from the ESO tool are simulated by the DES tool to investigate if the optimum result 
can be applied at the facility or not. If the results from the ESO tool cannot be applied an analysis 
should be made to show where the work in process is being delayed. Finally, the results are 
presented in Step 11. 

General conclusion 

Linking the above results to the research question regarding how the method should be 
combined, it is clear that the combination is dependent on various issues, for example, if the issue 
is about an existing or non-existing system. In case the study is about modeling of an existing 
system, it is always preferable to start with the ESO tool reMIND rather than a DES tool – since 
it takes less time to build the ESO model and obtain results than it does to build the 
corresponding DES modeling. While, for a non-existent system, it is in general a good idea to use 
both the simulation and the optimization tool simultaneously, because there are many uncertain 
data that are difficult to estimate by using only one of them. Both tools can support each other 
and give more realistic output data regarding the dynamic changes that occur in the system. 

4.2 Research question 2 
What is the benefit of combining the energy systems optimization and production simulation 
tools? Can the combination of these tools be used as a decision support … 

(a) In new investments in energy efficiency measures?  

(b) To find the potential energy and resource reduction in complex industrial energy systems? 

4.2.1 The Volvo Powertrain foundry 
The analyzed foundry (Paper II) is located in the south-west of Sweden and mainly manufactures 
heavy diesel engines for commercial vehicles. The foundry is northern Europe’s largest grey iron 
foundry and produces approximately 150,000 tons of castings annually. The annual energy use is 
almost 250 GWh, of which the largest part is in the form of electricity and coke, the rest is 
Liquefied Petroleum Gas (LPG). The LPG is used for preheating the ladles while coke is used for 
the melting process. Over the past 15 years the company has worked hard to improve its energy 
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efficiency. The company has improved the behavior and attitude of its employees with regard to 
energy issues and has a well-defined environmental and energy policy.  

In this study the Energy Systems Optimization (ESO) and Discrete Event Simulation (DES) tools 
are used simultaneously to model an investment in a new casting line (Modeling non-existing 
system). In order to investigate the usefulness of the simulation and optimization method, two 
different cases were devised. The first case uses current electricity prices, where the prices are 
assumed to remain stable. The other case uses future electricity prices 

To synchronize the models (ESO and DES) the ESO model is updated twice. The first time, the 
quantity of the finished product is updated. This have been made in order to take into account 
disturbances that occur in the system such as lack of raw materials, blockages or stoppages on a 
production line. In the second time the power for the molding and casting processes are updated.  
The average power for the processes have been updated to take into account the dynamic changes 
that occur in the processes status such as if the process is in operation mode, if it is in idle mode 
or if it is blocked. 

After the updates have been made in the ESO model, the model is run and the results from the 
DES and ESO models are compared. The comparison of the results can be seen in Figure 8. 

 

Figure 8. The results from simulation and optimization tools for different processes after 
adjustment of the ESO model. 
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Figure 8 shows that the electricity consumption for melting, holding, casting and molding 
processes in both models is almost the same. The small differences that exist in electricity 
consumption are because different tools are used, i.e. this tool runs the processes in different 
ways. After synchronization the models are run and energy costs are compared using current 
electricity prices, where the electricity prices are assumed to remain stable. The energy cost 
comparison from the DES and ESO models can be seen in   Figure 9. 

 

Figure 9. The electricity costs comparison from the DES and the ESO models for current 
electricity prices.  

The comparison of results in Figure 9 shows that the energy cost per ton or per week from the 
DES and the ESO models is almost same, which indicates that the models validate each other’s 
results.  

When the models are synchronized, the different boundary conditions can be used, such as 
different production process capacity, change in operation hours (for example from a two-shift to 
a three-shift operation) or a change in energy and raw materials prices. In this study, different 
electricity prices are used, because the electricity cost constitutes a large part of the company’s 
energy costs. To investigate how different boundary conditions affect the operational strategy 
both models are run with future electricity prices, and a comparison of the results can be seen in 
Figure 10.  
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Figure 10. The electricity costs comparison from the DES and the ESO models for future 
electricity prices. 

Figure 10 shows that the energy costs from the DES model are higher than the cost from the ESO 
model, which indicates that the result from the DES model is not optimum. In order to achieve 
the same results in both models, the result from the ESO tool should be simulated in the DES 
tool, i.e. the processes should be run in the manner that is proposed in the optimization.  

The results from the optimization indicated that the melting procedure takes place when 
electricity prices are low. This means that the excess capacity that exists in the melting furnaces 
is utilized by melting more in the evening, when electricity is cheaper. Molten iron is therefore 
kept in the holding furnace to be used in the pouring process later during the day. By turning off 
the melting furnaces for some periods during the day, when electricity prices are expensive, the 
same results are obtained in the simulation, i.e. the optimization results from the ESO tool is also 
applicable, see Figure 11. 
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Figure 11. The electricity costs comparison from the DES and the ESO models for future 
electricity prices after adjustment of the DES model. 

Linking the above results to the research question regarding the benefit of the combination of the 
tools, it is clear that combining DES and ESO tools is useful. The combination of the methods 
can be used to validate each other’s results,  predict system behavior, give very detailed 
information about how the system works, and can be used to decrease the electricity cost.  

The DES tool can give very detailed information about how the system operates, for example, 
information about the number of produced units per hour. On the other hand, the ESO tool can 
investigate if the result is optimum, in other words if the system is being operated in the best way.  

The results also show how important it is to use the optimization tool when different boundary 
conditions are used (as a significant amount of money is shown to be saved by using the ESO 
tool) because the results obtained from the simulation tools only showed feasibility and may not 
be the best way to run a factory.  

4.2.2 The Arla Foods dairy 
The dairy outlined in the analysis (Paper III) is located in the south-east of Sweden. The dairy 
manufactures approximately 150 different items. The company’s milk demand is approximately 
200-million kg per year. At the dairy 16 packaging lines produce about 250-million packs every 
year. The products from the cold stores are loaded onto distribution vehicles for delivery to 
customers. The most energy-intensive processes in the dairy are pasteurization, cooling, and 
washing/cleaning. In addition, a significant amount of energy is used in other processes, namely 
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lighting, ventilation, compressed air, and pumps. The company has worked to improve its energy 
efficiency and has been engaged in environmental issues for many years. One important 
environmental objective for the company is to reduce its environmental impact through energy 
efficiency. 

In this study the ESO and DES tools are combined in order to study the potential energy and 
resource reduction in the dairy. The study starts with the ESO tool and then evaluates the need for 
the DES tool (modeling an existing system). The modeled system is representing a production 
process in the dairy where the longevity of milk is increased from a few days to 28 days by using 
steam injection.  The production process consists of two storage tanks, a VTIS (Vapour Thermal 
Instant Steriliser) system, a sterile tank, and two packaging machines, see Figure 12.  

 

Figure. 12. The modeled production line. 

After building a model using the ESO tool, the results from the optimization showed that the 
system should have a considerably higher production capacity than it has today. It showed that 
the system is operating only 56% of the total time, in other words, the machines are not 
functioning or they are running idle for a large proportion of the time. This result indicates that 
there is a possibility that the plant can be run with a considerably higher production capacity than 
it does today, or the number of operational hours can be reduced from today’s three-shift 
operation to a two-shift operation in order to meet the existing weekly demand. To ensure this 
reasoning, a structured walk-through of the model at the plant is carried out through a dialogue 
with representatives of the studied system from the company. The evaluation is needed to 
investigate if there are limitations in the modeled system that are difficult to model with the ESO 
tool. 

The evaluation indicated that there is a disruption in the packaging machines, and there is a 
problem in adjusting the level of the sterile tank. This kind of problem suits DES rather than 
ESO. Therefore a model of the production process is built using the DES tool, where break times 
and running times for each operation were collected for one production week. Also, from the 
logged machine run-time, a stop frequency of the packaging machines was calculated and a logic 
for the governance of VTIS against sterile tank was adopted. 

The result from the simulation shows that the plant should have considerably higher production 
capacity than it has today. It is also apparent that there is a strong correlation between the high 
levels in the sterile tank and the breaks at the packaging machines, and these peaks sometimes 
reach over the maximum level in the tank (see Figure 13).  
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The simulation result indicated that the sterile tank never has to reach its maximum level, since 
there is an overcapacity in the packing machines and the sterile tank can always be emptied 
before it reaches the maximum level. The simulated result from the operating data, from a 
production week shows that the operators deliberately do not reduce the level of the tank lower 
than 11,000 l (half tank), except at the end of the day when the tank is emptied. This can be seen 
in Figure 13. 

 

 
 

Figure 13. Simulated level in sterile tank from operating data during week 32, 2010. 

From the input data to the ESO and DES models it is possible to observe that there is an 
overcapacity in the packaging process (the total capacity for the machines is 40,500 l/h) and that 
the VTIS is the bottleneck in the system. Today’s operation mode is to control and adjust the 
level of the buffer tank by controlling the capacity of VTIS, in other words, trying to regulate a 
bottleneck process (VTIS) by regulating a process with over-capacity (packaging machines). One 
possible solution would be to assign the responsibility for leveling the sterile tank to the 
packaging department, where there is a possibility of keeping the level in the tank by adjusting 
the speed of the packaging machines. In a situation where both packaging machines are running, 
their speed can be reduced to a capacity that matches VTIS’s capacity (17,000 l/h). 
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Due to the over-capacity in the packaging machines the VTIS may be operated at full capacity all 
of the time, except when the packaging department has a complex interaction caused by a random 
event, e.g. when the packaging machines break down or other disturbances which make it 
impossible to keep the level of the buffer tank down. In this case, the responsibility should be 
placed on the packaging department to contact other operators in order to reduce the production 
flow in VTIS (to avoid overflow in the sterile tank).   

The results from the simulation (and from the optimization) also show that the existing weekly 
demand may be fulfilled via a two-shift instead of three-shift operation. As a result, the 
optimization model was adjusted from a three-shift to two-shift operation. 

The optimization result shows that there are large potential reductions in both energy and water 
usage with the proposed approach, see Figure 14. Due to idle reduction by 90%, electricity 
consumption can be reduced by 11% of the total electricity consumption. Water usage may be 
reduced by 22% of the total water consumption. 

 

Figure 14. Saving potential per week, due to the change from three-shift to two-shift 

Besides the electricity and water savings, the number of occasions the volume of the sterile tank 
T120 is exceeded may be reduced significantly. Today, approximately 500 l of milk per day are 
disposed of, or approximately 150,000 l per year. This would, in turn, reduce not only the amount 
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of milk wasted but also reduce the use of energy, as the earlier processes relating to the 
production of the ‘disposed of’ milk would not be used. In addition, the change from three shifts 
to two shifts releases three operators for other tasks or makes it possible to increase production. 

Linking the above mentioned results to the research question regarding the benefit of the 
integration of the tools, it is clear that combining DES and ESO tools is useful and can be used as 
industrial decision support to find the potential energy and resource reduction. The DES tool can 
identify bottlenecks and show where work in process is being delayed. Both the ESO and DES 
tool shows that the dairy potentially has a much higher production capacity than is realized today. 
This means that there is a potential to reduce the operation hours from a three-shift to a two-shift 
operation to meet the existing weekly demand. The analysis also shows that there are large 
potential reductions in both energy and other resources. The combination of the tools increases 
the reliability of the analysis and facilitates decision making in an industrial site. 

4.2.3 The SKF foundry 
The analyzed foundry (Paper IV) is located in the south east of Sweden and produces bearing 
housings and other castings, mainly for the automotive industry. The annual turnover at the 
foundry is approximately EUR 85 million and the foundry currently produces approximately 
19,000 tons of housings and castings annually. The annual energy use is almost 40 GWh, most of 
which is in the form of electricity. A minor portion of the energy use at the foundry consists of 
LPG which is used for preheating the ladles. 

In this study the ESO and DES tools are used in order to investigate if there is alternative 
production planning for increasing productivity and reducing electricity consumption and to also 
compare the performance of its existing furnaces with investing in a new set of modern furnaces.  

The first issue, regarding the alternative production planning, was solved using the DES tool. 
Different alternate plans were tested in the simulation model and showed how different 
production plans affect productivity and electricity use in the foundry. One representative 
example was when the molding lines requested the same alloy from the same holding furnace 
simultaneously. When this occurs, the production is inefficient and results in excessive electricity 
use.  More information regarding this study may be found in Solding (2008b, Chapter 6, Section 
6.4).  

The second issue, regarding the benefits of investing in a new set of furnaces, was resolved using 
the ESO tool reMIND. However many input and output data from the DES tool have been reused 
in the reMIND tool. In order to investigate the usefulness of using reMIND as investment 
decision support, different cases were devised using four different electricity prices. The different 
cases are described further in Table 5.  The current system is representing the present production 
line which consists of five open inductive-melting furnaces, two holding furnaces, ladle heating, 
sand preparation, and two major molding processes, FA68 and DISA, with subsequent sand 
blasting and cleaning. While New furnace-holding and New furnace-no holding are representing 
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New melting furnaces with and without the holding furnaces respectively. In the foundry’s own 
study of the potential investment, the current holding furnaces are planned to be removed. The 
reason for removing the holding furnaces, from the point of view of the foundry’s management 
team, is that the overall operating energy costs are then lowered enabling a better investment 
figure to be presented to the corporate board. The electricity prices that used are (1) the current 
electricity prices, where the prices are assumed to remain stable, (2) the future electricity prices in 
Sweden, (3) the average Nordic electricity spot prices during week 49 in 2007, and finally (4) the 
German spot exchange for week 44 in 2007.  

Table 5. The analyzed cases. 

Analyzed 
Cases 

Current electricity 
prices 

Future electricity 
prices 

The Nordic 
electricity prices 

The German 
electricity prices 

Current system BASE C BASE F SWE GER 

New furnace-holding CASE 1C CASE 1F SWE 1 GER 1 

New furnace-no holding CASE 2C CASE 2F SWE 2 GER 2 

 
The analysis was made for these different cases and the result comparisons are shown in Figure 
15. A comparison of the two cases BASE C and BASE F which represent the current production 
units using current and future electricity prices shows that the energy cost would decrease, due to 
the fact that the optimal melting procedure mainly takes place at night when prices are low. A 
comparison between CASE 1C and CASE 1F, i.e. an investment in new melting furnaces with 
future and current electricity prices, shows similar findings. When CASE 2C and CASE 2F are 
compared, i.e. new melting furnaces excluding the holding furnaces using current and future 
electricity prices, it can be seen that the energy cost is still lowered with future electricity prices 
but not nearly as much compared to the previous case. The difference is thus much lower than in 
the previously outlined comparisons as a lack of holding furnaces, with future prices, prevents 
storage of iron melted during low-cost hours. 
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Figure 15. Optimization results for the different scenarios including cases using Swedish and 
German spot prices from weeks 49 and 44 in 2007 respectively. 
 
The optimization results from the cases using Swedish and German spot prices are also shown in 
the Figure 15. The figure shows that when modeling the current system, almost the same system 
costs were spotted for the case using future prices (BASE F) and the cases using Swedish (SWE) 
and German (GER) spot prices. This is due to the fact that the largest electricity consuming 
procedure, the melting procedure, mainly takes place when the electricity prices are low. For the 
cases with new melting furnaces and existing holding furnaces being retained, a comparative 
analysis with the CASE 1F and SWE 1 cases shows similar findings. For the cases with the new 
furnaces and no holding furnaces, the system cost is lower for the SWE 2 case compared with the 
cases using current prices (CASE 2C) and future prices (CASE 2F). The GER 2 case’s system 
cost was slightly higher than CASE 2C and CASE 2F. This is explained by higher daily 
electricity prices resulting in higher system costs as the removal of the holding furnaces prevents 
storage of melted iron. 
 
A comparison of the weekly energy use for these different cases shows that the energy use will 
decrease by about 20% with a new melting unit and an additional 6% if holding furnaces are not 
included in the model’s production systems. The latter is due to the use of holding furnaces that 
increases the aggregated energy use at the foundry. With fluctuating electricity prices, however, 
this does not necessarily lead to increased electricity costs, as one may shift the use of the largest 
electricity using unit, namely the melting unit, to hours when electricity prices are lower. 
 

Current system New furnace - holding New furnace – no holding 
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An analysis of the power demands showed that the case representing the current system, the 
power demand could be lowered from 8.7 MW to 6.0 MW, when setting prices on the power 
load. For the case representing the new melting unit with holding furnaces, it was able to 
decrease the power demand from 7.9 MW to 4.0 MW when setting prices on the power load, 
while the new melting unit without holding furnaces was able to decrease the power demand 
from 7.9 MW to 5.5 MW when setting prices. The analysis of the studied cases also showed that 
the aggregated weekly production could be increased in all the studied cases by about 25%.  
 
Linking the above results to the research question regarding the benefit of the combination of the 
tools, it is clear that the use of the optimization tool in combination with the DES tool is useful 
and provides the company management with additional information for the type of investment 
studied. Using the energy systems optimization tool reMIND, the foundry’s management team is 
able to obtain more basic data for decision-making, and thus also additional information for the 
production-related investment being studied, in this case an investment in a new melting unit. 
The use of reMIND as investment decision support when considering strategic investments - not 
least for the foundry industry with complex interactions between different production units seems 
greatly needed. If not, the industry may face a risk of costly reinvestments if prices begin to 
fluctuate widely on a daily basis, which most likely will occur before long. 
 

4.3 Research question 3 
What is required to improve the combination of energy systems optimization and production 
simulation?  
 
To use the methods in combination, especially when these methods have different strengths, and 
to implement results in industries, different aspects should be considered. These aspects can be, 
for example, handling production-planning in a proper manner and considering an investment 
accurately to provide a solid foundation for investment decisions. To synchronize the methods in 
better way and to achieve a larger use of the tool within industries, the improvements of the 
reMIND tool was necessary. Below two improvements are described that have been made in 
reMIND to enhance the usability, to adapt the results at the site and to improve the combination. 

4.3.1 Modeling investment problems 
Previously, an investment cost function was implemented in the ESO tool reMIND and it has 
been common to calculate only the maximum cost of an investment. However, it does not include 
the timing of the investment. To handle investment cost properly in the analysis and to enhance 
both the usability and the user friendliness of the tool, this function has been further improved in 
the latest version of reMIND (Paper VI). In the improved version of the tool, the rate of return, 
technical lifetime, and economic lifetime can be included. Furthermore, the disposal residual 
values can also be entered as percentages or fixed values, where the former is dependent on the 
size of the optimal investment. It is also possible to add a specific investment rate which may 
differ from the rate specified for the rest of the model.  
 
In order to illustrate how the method is used, as well as to investigate the usefulness of the tool as 
investment decision support, a simple case study is presented where two different scenarios were 
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devised. In Scenario 1, the company increased its production rate by 5% each year and in 
Scenario 2 by 10% each year. 
 
In Scenario 1, when the company increases its production capacity by 5% each year, the size of 
Process II and Process III differs (Process I is an existing process while Process II and Process III 
are the new invested processes that have different prices for different sizes, economic lifespan, 
technical lifespan and residual disposal values). The optimization result from Figure 16 shows 
that the company should invest in Process III the first year. Process III should be used from the 
second year to the sixth year. The optimization result also shows that the optimal size for Process 
III can handle is production flows up to 900 tons/year. The investment costs for that size is 2,500 
EUR. This alternative therefore gives the lowest cost when the amount of produced unit per year 
is less than 900 tons. The company should also invest in Process II during year 6 and use this 
investment for the rest of the analyzed period, i.e. from year 7 to year 10. The optimal size for 
Process II can handle up to 1,086 tons/year. The investment costs for that size is 2,172 EUR. 
Process II thus gives the lowest cost during the rest of the analyzed period, when the quantity of 
produced unit per year is more than 900 tons. 

 

Figure 16. The optimization results for the first scenario 



48 

In Scenario 2, the company increases its production capacity by 10% each year, and in the same 
way as in Scenario 1, different investment sizes are also optimized for both Process II and 
Process III. While in Scenario 1 the optimization results indicated that the company should start 
to invest in Process III, Scenario 2 shows that the company should begin by investing in Process 
II, see Figure 17. Process II is invested in during the first year and operates from the second year 
to the fifth year. The optimal size for this investment is slightly smaller than in Scenario 1 
(comparing Process II in both scenarios) and can handle production flows up to 1,025 tons/year. 
The investment costs for that size is 2,050 EUR. This alternative thus gives the lowest cost 
between years 2 and 5.  The remainder of the analyzed period, i.e. from year 6 to year 10, the 
company should operate Process III by making the investment in year 5. The optimal size for 
Process III is much larger than in Scenario 1 and is capable of handling up to 2,000 tons/year. 
The investment costs for that size is 3,700 EUR. This alternative thus gives the lowest cost over 
the remainder of the analyzed period, when the quantity of produced unit per year is more than 
900 tons and less than 2,000 tons. 

 

Figure 17. The optimization results for the second scenario 

The studied case shows that it is difficult to know when to make various investments and it is 
completely dependent on the production rate. The size of the investment is yet another 
complicating factor, which is indicated by the simple case study, as the size of the investments 
depends on what investment to make and when to make it. As for the timing of the investment, 
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more complex situations than the one shown in the simple case study in this study will 
complicate the analysis of the sizing of the investment. Both the timing and sizes of investments 
are difficult issues to deal with. This indicates a need for tools that consider investments 
accurately to provide a solid foundation for investment decisions. 

Using a window of investment opportunity is a good way to estimate the maximum cost of an 
investment, especially when the investment cost is unknown. However, when investment cost 
functions for different processes are known the possibility to calculate the timing and size of 
investments enhances the use of the results. Also, it is not possible to use the window of 
investment opportunity method when more than one investment alternative is potentially 
included in the solution, as is the situation in this study. 

The possibility to include an economic and technical lifespan, including fixed or percentage 
disposal residual value, enhances the use of the results from the analysis and more intricate 
problems may be analyzed with this method. The simple case study presented here is only 
included to show the use of the method. 

4.3.2 Modeling production planning 
To adapt the optimization results at the site it is necessary to handle different aspects in a 
production-planning in a proper manner. One aspect is handling of start-ups and shutdowns for 
different processes. For example if there is a cost connected to start-up and shutdown of 
processes or if there is a waste during start-up and shutdown or if the start-ups and shutdowns 
have to be made softly or if there are limitations on the amount of start-ups and shutdowns. Not 
handling this aspect in the model in an adequate manner may produce results that are not reliable 
and the corresponding costs for the system are not calculated correctly. To handle these different 
aspects in the production planning and to enhance the usability of the tool, the ESO tool reMIND  
has been further improved by adding a new feature called "Start-Stop function" (Paper VII). 

In order to illustrate how the method is used and investigate the usefulness of using reMIND as a 
decision support for production planning and especially to visualize the effect of implementing 
the shutdowns, four different cases were devised. However, here only two cases are presented 
and more information regarding the other two cases can be found in paper VII. These two cases 
are described further in Table 6 (called “alternatives” in the subsequent text). Simple dairy case 
studies representing a dairy are presented to visualize the effect of implementing these different 
alternatives.  

Table 6. The analyzed alternatives 
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Alternative 1 represents soft shutdowns of processes. In other words, this alternative pictures the 
processes that are not possible to shut down immediately, i.e. it may take multiple steps to carry 
out the shut-down. For example if a process is running in a certain time step, the process must run 
at a certain percentage of the previous flow in next time step. In this case study Alternatives 1A, 
1B, and 1C represent 50%, 60% and 70% of the flow in the previous time step, respectively. The 
threshold value is 1 m3, in other words if the flow is less than 1 m3 the process is not run and 
closed down in the subsequent time step. 

Alternative 2 represents a shut-down that is associated with a waste of flow, where Alternatives 
2A, 2B and 2C represent a waste of 40, 80 and 120 liters of yogurt and sour cream respectively 
for each shut-down. 

The production process in the dairy begins when the whole milk enters to the system and goes 
through different processes and tanks before entering the packaging machines for producing 
yogurt and sour cream. A one-day production, divided into 24 time steps, each representing one 
hour, is included in the model. 

For all the analyzed alternatives, there is no production of sour cream in the packaging machines 
during the first 8 hours and no production of yogurt in the packaging machines during the first 5 
hours. This is due to the fact that the incubation times for these products are 8 hours and 5 hours 
respectively (see figures 18 and 19). 

The detailed overview of Alternative 1, which represents the soft shutdowns of processes from 
the optimization results, is shown in Figure 18.  As can be seen, the number of shutdowns for the 
sour cream and yogurt production processes for the analyzed alternatives, Alternatives 1A, 1B 
and 1C, are lower than the Reference alternative. The total number of shutdowns for the 
Reference alternative and Alternative 1A, 1B and 1C are 10, 8, 9 and 5 respectively. This is due 
to the fact that the packaging process needs time to stop and to run the process when electricity 
prices are low. It can be seen that in Alternative 1C, both packaging machines run continuously 
and shutting down only when changing the product on each packaging machines. It can also be 
seen that the packaging machines in this alternative are running only at 70% of their capacity. 
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Figure 18. Results from optimization for the Reference alternative and Alternative 1 for the soft 
shutdowns. Alternatives 1A, 1B, and 1C represent 50%, 60% and 70% of the previous flow 
respectively if the process shutdown.  

The system cost and the peak demand for steam and electricity are shown in Table 7. The system 
costs are calculated for one production day. Table 7 indicates that the system costs and the 
electrical and steam peak demand for Alternatives 1A, 1B and 1C increase as a consequence of 
the altered production planning. However, the system costs for all Alternatives 1A, 1B and 1C 
have increased only slightly (less than 0,1%). 

Table 7. System cost and peak demand at the dairy for Alternative 1. 

Analyzed 
Alternatives 

System cost  Peak (Electricity demand) Peak (Steam demand) 
SEK Percentage  increase 

or decrease kW Percentage  increase 
or decrease kW Percentage  increase 

or decrease 

Reference 428001 0 989 0 1033 0 

1A 428045 0,0103 1166 18 1640 59 

1B 428054 0,0124 1166 18 1640 59 

1C 428062 0,0143 1106 12 1617 57 
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The results from the optimization for Alternative 2, which represent shutdowns that are 
associated with a waste of yogurt or sour cream, can be seen in Figure 19. It can be seen that the 
number of shutdowns in the packaging machines for all alternatives are lower than the Reference 
alternative. The total number of shutdowns for the Reference alternative is 10, while Alternatives 
2A, 2B and 2C have four shutdowns each. Since each shutdown of a process is associated with a 
waste, each process i.e. packaging process, shuts down only once to keep the system cost as low 
as possible. The maximum levels for packaging processes for all of the alternatives remain the 
same as the Reference alternative. In order to decrease the cost for the packaging machines, the 
machines operate when the cost of electricity has slightly decreased.  The system cost and peak 
demand for electricity and steam are shown in Table 8. 

 

Figure 19. Results from optimization for the Reference alternative and Alternative 2, which 
represent a shutdown that is associated with a waste flow, where Alternatives 2A, 2B and 2C 
represent a waste of 40, 80 and 120 liters of yogurt or sour cream respectively for each shutdown. 
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Table 8. System cost and peak demand at the dairy for Alternative 4. 

Analyzed 
alternatives 

System cost  Peak (Electricity demand) Peak (Steam demand) 
SEK Percentage increase 

or decrease kW Percentage increase 
or decrease kW Percentageincrease 

or decrease 

Reference 428001 0 989 0 1033 0 

4A 428861 0,2 989 0 1033 0 

4B 429675 0,4 878 – 11.2 1212 17 

4C 430495 0.6 878 – 11.2 1010 – 2 
 

The results from Table 8 show that the system cost for Alternatives 2A, 2B and 2C increase due 
to that each shut-down is associated with a waste. The system cost increases when the amount of 
waste increases. As a consequence of the altered production planning, the electrical and steam 
peak demand for all alternatives are decreased except Alternative 2B, in the case of steam 
demand. 

By integrating the possibility of modeling start-ups and shutdowns in an optimization tool, the 
results are more reliable and production planning is more likely to be more accurate. The case 
study has shown robust solutions, as the system costs, when including the shutdown alternatives, 
do not increase by more than 0.6% in the worst-case scenario (Alternative 2). Regarding 
Alternatives 1 (soft shutdowns), it is shown that it is possible to run the process continuously 
with only a minor increase in system costs (less than 0.014%). Alternative 2 (a waste associated 
with shutdowns) gives a higher cost compared with the Alternative 1, as the waste also results in 
costs being produced in other parts of the process. Alternatives 2 show the tendency of trying to 
reduce the amount of shutdowns as much as possible.  

The peaks for steam and electricity are shown for each alternative. In some of the solutions the 
peaks increase considerably, and in Alternative 1 increase by almost 60%. As no cost is 
associated with the peaks there is no incitement to keep them low. However, this has to be 
considered in future analyses, but as the focus of this paper has been start-ups and shutdowns of 
processes, this has not been considered here. 
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5 Concluding discussion 
In this chapter the conclusions from the papers included in the thesis are presented. 

The case studies introduced in this thesis show that the combination of different methods such as 
optimization and simulation with different strengths is important in terms of energy optimization 
and system analysis. The strength of the combined two methods is a valuable addition when 
seeking to improve energy efficiency as it can be used to predict system behavior, give very 
detailed information about how systems work, decrease the system cost and it can be used as a 
part of  industrial decision support. 

The DES tool is most powerful when used for design and analysis of complex production 
processes as it can be also used to identify bottlenecks to indicate where work in process, material 
and information are being delayed.  

On the other hand, the use of the ESO tool is practical and provides the company management 
additional information for the type of studied investment. The reMIND tool is able to obtain more 
basic data for decision-making, and thus, also additional information for the production-related 
investment being studied. The use of reMIND as investment decision support when considering 
strategic investments for an industry with complex interactions between different production 
units seems greatly needed. If not, the industry may face a risk of costly reinvestments.  

Furthermore, the DES and ESO tools can be used as industrial decision support to study the 
potential energy and resource reduction. The analysis showed that through the reduction of the 
operation hours, large potential reductions in both energy and other resources maybe obtained.  

Both simulation and optimization may be needed to obtain the necessary results to be able to 
make a good decision about the new planned investment. The two methods give a broad basis for 
discussion by generating more detailed results of a studied system. Decisions can be made more 
safely by the two methods confirming each other's results. In other words the methods can be 
used to validate and verify each other’s model and results. The combination of the tools increases 
the reliability of the analysis, helps provide more information for the analysis than if the tools are 
used separately, and facilitate decision-making in an industrial site. 
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There is also pedagogical usefulness due to the fact that the method combination gives a more 
complete picture of industrial reality. This is because they can give very detailed information 
about how the system operates, for example, information about the number of produced units per 
hour and the disturbances that occur in the system, such as lack of raw materials, blockages or 
stoppages on a production line. Another advantage is that the analysis may be started in a simple 
way and then be gradually refined.  

The method described in this thesis is based on the use of a number of DES software and the 
ESO tool reMIND. The method itself is generic, i.e. other similar programs can also be used with 
some adaptations and adjustments. Many of the input data for the ESO model such as 
equipment’s capacity, electricity demand, efficiency, working schedules and processing times 
have also been used for DES modeling, which decreases project time as the collection and 
analysis of input data takes an extremely long time, typically more than a third of the project 
time. 

The way to tackle a new problem or a company is depending on various factors or issues, for 
example, if the issue is about an existing or non-existing system. If the case the study is about 
modeling of an existing system, it is always preferable to start with the ESO tool reMIND rather 
than a DES tool – since it takes less time to build the reMIND model and obtain results than it 
does to build the corresponding DES modeling. While, for a non-existent system, it is in general 
a good idea to use both the DES and the ESO tool simultaneously, because there are many 
uncertain data that are difficult to estimate, by using only one of them. Both tools can support 
each other and more realistic output data regarding the dynamic changes that occur in the system 
can be obtained.  

To improve and synchronize the combination of energy systems optimization and production 
simulation, to improve the user friendliness of the tool and to achieve a larger use of the tool 
within industries, the improvements of the reMIND tool was necessary. For example, to handle 
the investment cost properly in the analysis, it was necessary to include some input data such as, 
the rate of return, technical lifetime and economic lifetime and the disposal residual values. The 
possibility to include an economic and technical lifespan, including fixed or percentage disposal 
residual value, enhances the use of the results from the analysis and thus more intricate problems 
may be analyzed with this method.  

To adapt the optimization results at the site it is necessary to handle different aspects of 
production-planning in a proper manner. One aspect is handling of start-ups and shutdowns for 
different processes. For example if there is a waste during start-up and shutdown or if the start-
ups and shutdowns have to be made softly. Not handling this aspect in the model in an adequate 
manner may produce results that are not reliable and the corresponding costs for the system are 
not calculated correctly. By integrating the possibility of modeling start-ups and shutdowns in an 
optimization tool, the results are more reliable and production planning is more likely to be more 
accurate. 
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6 Further research 
In this chapter ideas for future work are presented. 

There is a need for a more structured approach, from project initiation, the input data collection 
(where some made in INTENS project), iterative modeling work and results discussions to 
decisions and implementation at the site (industry). A support for such a structured approach, in 
the form of software, could help a project manager to implement the project in a structured and 
standardized way, minimizing the risk of forgetting important information and facilitate 
comparison between similar projects. Furthermore, such software can be used as a 
communication platform between project managers (institute / consultant / university) and 
industrial companies. 

The participating industries in the INTENS project have shown an interest in continued 
collaboration. In the case of Volvo Powertrain there is now real data from production that can be 
used and compared with the existing models to investigate whether there are changes to be made. 
In the case of SKF Mekan there is interest to study more investment’s alternatives with future 
energy cost and production changes. In the case of Arla there is an interest to extend the analysis 
and add other parts of the dairy. 
 
The method combination in this thesis has been concentrated on production processes and their 
energy use. Furthermore, the energy use is strongly affected by the production processes as well 
as the support processes. Thus, there is a need to coordinate the modeling of buildings and 
ventilation with the modeling of production, in other words to coordinate between the 
optimization method, i.e. the ESO tool reMIND and tools for building simulation. 
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Appendix 
Pinch analysis 
Pinch analysis was developed by Linnhoff in 1978 and is a methodology for minimizing thermal 
energy usage in process industries. The method for example, can be used to analyze heat 
exchange networks, where possibilities for minimizing external heating and cooling demand for 
the heat exchange network are analyzed (Linnhoff et al., 1994). 

A large number of articles can be found where the application of the pinch analyses is described. 
For example, the pinch analyses have been used by Harkin et al. (2010) to reduce the overall 
energy penalty in coal-fired power stations when Carbon Capture and Storage (CCS) is integrated 
with the existing power plant. Jönsson et al. (2011), Jönsson et al. (2010) and Persson & 
Berntsson (2010) studied the potential for steam savings in Scandinavian pulp and paper mills 
using pinch analyses. Fornell et al. (2010) used pinch analyses to study the energy balance of the 
process in order to assess the potential for generating a process which is self-sufficient in terms of 
heat and electricity in the conversion of a Kraft Pulp Mill to a biorefinery producing Ethanol and 
DME from softwood. Another study made by Axelsson et al. (2006), where the opportunities for 
heat integration have been studied in a Scandinavian kraft pulp mill in order to create a steam 
surplus.  

Exergy analysis 
Exergy is the energy that is available to be converted into work .The exergy concept was 
developed by Willard Gibbs in 1873 (Gong, 2004). Exergy analysis is a thermodynamic analysis 
technique based on the second law of thermodynamics. It can be performed in the study of 
material and energy flows through industrial systems for analyzing and improving systems and 
processes. The processes and process steps are analyzed based on energy quality levels.  

There are also a large number of published articles that present or use exergy analysis as means 
of assessing and comparing processes and systems. For example, Ojeda et al. (2011) have used 
the exergy analysis as an effective tool for evaluating the global process efficiency in the 
production of bioethanol from lignocellulosic residues, like bagasse produced by the sugar 
industry.  Gong (2005) evaluated the performance of the sub-process in a Swedish pulp and 
paper’s mill by means of exergy analysis in order to indicate the exergy losses and possibilities to 
improve them. Exergy analysis can be used also as a complement to energy and material balances 
in order to provide more and deeper insight into the processes and ideas for improvements.   

GAMS 
The General Algebraic Modeling System (GAMS) software is a modeling system for solving 
mathematical programming problems (Brooke et al, 1998). The development of GAMS initially 
was funded by the International Bank for Reconstruction and Development. GAMS is designed 
for modeling and solving LP, NLP, MILP and MINLP problems. GAMS can be connected to a 
group of optimization solvers such as Alpha (Westerlund & Lundqvist, 1998), COIN (COIN-OR, 
2011) and CPLEX, which correspond to software packages that solves the problems. For more 
information about the various optimization solvers that can be linked to GAMS and a comparison 
between some of them may be found in  Lastusilta et al. (2009) and Solver Descriptions(2011). 
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LINGO 
LINGO is a modeling tool developed at LINDO SYSTEMS INC and designed for building and 
solving mathematical programming problems (LINDO Systems, 2011). LINGO is available with 
a complete set of fast, built-in solvers for solving large-scale models of the LP, MILP, and other 
related problems both nonlinear and mixed integer optimization problems. The user never has to 
specify or load a separate solver, because LINGO reads the formulation of the problem and 
automatically selects the appropriate solver. A general description of the different solvers that are 
built in LINGO can be found in LOUM (2011). 

AMPL 
A Mathematical Programming Language (AMPL) is an algebraic modeling language developed 
at Bell Laboratories for describing and solving mathematical programming problems (AMPL, 
2011).  AMPL supports a large number of optimization solvers, both commercial and open 
source, such as CPLEX, FortMP (OptiRisk Systems, 2011) and Gurobi (Gurobi Optimizer, 
2011), therefore can be used to solve for example, the LP, MILP and other related problems 
nonlinear and mixed integer optimization problems.   

Xpress-MP 
Xpress-MP is a Large-scale optimization modeling tool developed by Dash Optimization (Gan, 
2008). Xpress-MP includes solver engines that use different algorithms for solving the LP, NLP, 
MILP, MINLP and other related nonlinear programming problems. It is a high-level modeling 
language that allows users to formulate problems, solve them using the solver engines, and 
analyze solutions (FICO, 2011). 

reMIND 
reMIND is an energy systems optimization tool, which is based on the MIND (Method for 
analysis of INDustrial energy system) method and was developed at the Division of Energy 
Systems at Linköping University. Nowadays reMIND uses an external linear optimiser 
compatible with the MPS-file format (MPS file format, 2011) like ILOG CPLEX, LP-Solve and 
similar for solving both LP and MILP problems (Tremind, 2011). In Paper I, II, III, IV, VI, VII 
and in the next chapter, there is a brief description of reMIND. 
 

AutoMod 
AutoMod is a DES tool developed by Brooks Automation (Stanley, 2001) and belongs to a 
category of programs that enables the user to build highly accurate models for system analysis. 
The system was originally built for simulation of production and material handling systems. In 
AutoMod, there is one main system called the process system, which contains the control logic of 
the whole model, but also information about, for example, the machines, operators, buffers and 
work schedules. Other processes include conveyor, kinematic and path mover systems that, as 
their names indicate, operate various special features in the model. 

QUEST 
QUEST (QUeuing Event Simulation Tool) is a DES tool developed by Delmia (DELMIA 2011) 
and belongs to a category of software that enables the user to build highly accurate models for 
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systems analysis. The tool was built for material handling systems and the simulation of 
industrial production. QUEST provides a large number of predefined entities, like machines, 
operators and buffers, which can be configured in the way as desired. Quest has also a built-in   
3-D CAD and can import the most common file formats from other CAD programs. 

Enterprise Dynamics 
Enterprise Dynamics (ED) is a DES program developed by Incontrol Simulations Solutions (ED, 
2011). ED is a powerful tool for designing and analysis of complex production processes. It can 
be used to improve the production flow and for the solution of complex logistic problems. ED 
has been applied in many different fields such as: Automotive industry, Material Handling, 
Banking & Finance and Public & Service. 

Arena  
Arena is a DES software developed by Systems Modeling and acquired by Rockwell Automation 
in 2000 (ASS, 2011). The Arena simulation modeling tool is used in many different area such as: 
manufacturing, services, healthcare, transportation and logistics, telecommunications, banking 
and finance, and business process improvement (ASS, 2011).  
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