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Abstract 9 

 10 

Changes in complex industrial energy systems require adequate tools to be evaluated 11 

satisfactorily. The MIND method (Method for analysis of INDustrial energy systems) is a 12 

flexible method constructed as decision support for different types of analyses of industrial 13 

energy systems. It is based on Mixed Integer Linear Programming (MILP) and developed at 14 

Linköping University in Sweden. Several industries, ranging from the food industry to the 15 

pulp and paper industry, have hitherto been modelled and analyzed using the MIND method. 16 

In this paper the principles regarding the use of the method and the creation of constraints of 17 

the modelled system are presented. Two case studies are also included, a dairy and a pulp and 18 

paper mill, that focus some measures that can be evaluated using the MIND method, e.g. load 19 

shaping, fuel conversion and introduction of energy efficiency measures. The case studies 20 

illustrate the use of the method and its strengths and weaknesses. The results from the case 21 

studies are related to the main issues stated by the European Commission, such as reduction 22 

of greenhouse gas emissions, improvements regarding security of supply and increased use of 23 

renewable energy, and show great potential as regards both cost reductions and possible load 24 

shifting.  25 
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 2 

1 Introduction 30 

The focus on energy efficient systems is becoming more and more important in the European 31 

Union. The European Commission focuses on three major issues in relation to energy 32 

efficiency: (1) to improve the competitiveness of European companies, since numerous 33 

studies claim that the European Union could save at least 20% of its present energy use in a 34 

cost-effective manner; (2) to reduce the impact of global warming, as it is stated that energy 35 

saving is the quickest, most cost-effective way of reducing greenhouse gas emissions; and (3) 36 

to improve security of supply in the union, since it is stated that by 2030, on the basis of 37 

present trends, the EU will be 90% dependent on imports for its oil needs and 80% dependent 38 

as regards gas [1]. In 2008, the “20-20-20 objectives” were launched, representing 39 

commitments stated by the EU for Europe including (1) a reduction of greenhouse gas 40 

emissions by 20% by 2020, compared to 1990 levels, (2) an increase in the level of renewable 41 

energy in the EU's final energy mix from 8.5% in 2005 to 20% by 2020, and (3) the non-42 

compulsory target of reducing its global primary energy use by 20% by 2020 [2]. 43 

 44 

Implementation of measures increasing energy efficiency in industrial companies are thus 45 

desirable and the importance of having a comprehensive view of the systems when making 46 

such changes in industry is emphasized in several studies, e.g. [3,4]. This is crucial, as 47 

industrial systems form complex relations both within the industrial equipment unit at plant 48 

level and in the interaction with their surroundings. The development of computer-based 49 

decision support increases the possibility to make as adequate analyses as required of different 50 

complex systems [3,5].  51 

 52 

Simulation is one well-established technique for analyzing different systems but there are 53 

others, such as the Monte Carlo method and neural networks, e.g. [6,7,8]. Another method is 54 

mathematical programming, which is a powerful tool when mathematical relations can be 55 

identified in the analyzed system [9,10]. Such values are often available when analyzing 56 

industrial systems (extracted from monitoring systems or through measurements) and one 57 

subgroup - mixed integer linear programming (MILP) - is, according to Grossmann and 58 

Santibanez [11], especially suitable for such problems. An extensive review regarding the use 59 

of mathematical programming in industries is presented in an article by Grossman et al. [12], 60 

and mathematical programming has since then been used extensively and recent industrial 61 

examples where MILP is used are found in e.g. [13,14]. 62 
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 63 

The decision support software reMIND, based on the MIND method, is a model framework 64 

constructed to be able to model different types of industries under different specific 65 

conditions. MIND is an abbreviation of „Method for analysis of INDustrial energy systems‟ 66 

and the method is based on MILP. The MIND method has been used as decision support in 67 

several industries, e.g. the steel industry and the automobile manufacturing industry. Different 68 

aspects have been elucidated with the method, such as the best operational and investment 69 

strategies, with the possibility to consider both economic and environmental aspects 70 

[15,16,17].  71 

 72 

Two case studies are included in this paper: a dairy and a pulp and paper mill. In the two case 73 

studies, the modelling focuses five important aspects: fuel conversion, energy efficiency 74 

measures, load shifting, storing and system boundary expansion. In the two different case 75 

studies, the MIND method is used in different ways and a discussion about the usefulness, 76 

based on these case studies, is accomplished in the paper when related to the main issues 77 

stated by the European Commission [1,2] as discussed above. The constraints that can be 78 

included in the MIND method are also described in the paper and the need for different kinds 79 

of approaches when different kinds of systems with different time perspectives and different 80 

purposes, such as in the two case studies, are analyzed. A comparison and analysis of the two 81 

case study models are also made to analyze differences in, for example, the size of the 82 

problems. 83 

 84 

2 Mixed Integer Linear Programming  85 

Mixed Integer Linear Programming (MILP) is a well-established method for analyzing 86 

different systems [9,10]. A MILP problem includes an objective function, several variables, 87 

and constraints. The objective function comprises different variables that are minimized or 88 

maximized depending on the purpose. The constraints represent separate restrictions in the 89 

problem and limit the permissible solution set and, like the objective function, they consist of 90 

a number of variables. The integers included in a MILP problem can be used to consider a 91 

choice of any kind, but also artifacts that are to be integers, such as pumps and automobiles. 92 

Non-linear functions can be linearized piece-wise using integers and thus be included in a 93 

MILP problem. MILP problems are solved by using different kinds of mathematical 94 
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algorithms, e.g. Cutting plane or Branch and bound [9]. A MILP problem is defined according 95 

to Equation 1 (objective function) and Equation 2 (constraints). 96 

 97 

Objective: 98 
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 102 

3 Characteristics of the MIND method and field of application 103 

3.1 A brief description of the MIND method  104 

The MIND method was originally developed to model different types of industrial energy 105 

systems. Nonetheless, it is also possible to analyze and model systems of a more general 106 

character. However, applications of the method have so far, in principle, been limited to 107 

industries only and industries in cooperation with other players, such as district heating 108 

systems. The presentation in this chapter is based on the assumption that the method is used 109 

for modelling industrial energy systems.  110 

 111 

The cornerstones that according to Nilsson [18] are required in order to analyze an industrial 112 

energy system, were implemented in a Fortran-based [19] program called MIND, see e.g. 113 

[18]. Later, a Java-based [20] program, reMIND, was developed based on previous research. 114 

The basic interface of the reMIND software is shown in Fig. 1. 115 

 116 

According to [16] the analysis basically includes four steps. In the first step, the real system 117 

has to be delimited, simplifications introduced and processes identified. In the second step, 118 

the model is built. The structure of the modelled industrial energy system is represented as a 119 

network of branches and nodes. The branches represent flows of any kind and are designated 120 

specified types of resource of their own, such as electricity, steam and material. The nodes 121 

may represent a whole industry, a process line or a single piece of equipment. Each node may 122 

comprise numerous functions to describe the functionality of the depicted unit. Time is 123 
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divided into time steps to consider, for example, hourly, weekly and annual changes in the 124 

modelled system. A new model is generated for each case studied, implying that the model 125 

can be formulated according to the special conditions at each industrial site. The model is 126 

represented mathematically as a matrix of equations (including the objective function and the 127 

constraints), based on the simplification and delimitation of the problem identified in the 128 

initial step, where the branches and the nodes are denominated systematically. In the third 129 

step, the matrix of equations, generated by reMIND in a standardized format, is optimized in 130 

an optimization solver to determine the structure of units and operational settings that offers 131 

the best possible conditions for the analyzed industry. Normally, CPLEX [21] is used in 132 

reMIND but other solvers may be used, e.g. Lp_solve [22]. Any type of resource may be 133 

minimized but the system cost is usually minimized based on net present value calculations. 134 

The system cost comprises all costs that are included in the calculation, for example 135 

investment costs and the cost of energy and raw materials. During the optimization, the 136 

modelled units compete with each other to satisfy the demand during the analyzed period at 137 

the lowest possible cost. In addition to cost-optimization, it is also possible to optimize 138 

problems that include multiple criteria, for example environmental issues. In the final step, the 139 

results from the optimization solver are presented in a text-file that is constructed to be used 140 

in software such as Microsoft Excel. The results are analyzed and the model is validated.  141 

 142 

3.2 Aspects elucidated with the MIND method 143 

The MIND method can be used to elucidate a number of questions, such as the optimal 144 

operation strategy, i.e. how to operate the analyzed industrial site as cost-effectively as 145 

possible under the prevailing conditions, e.g. [16]. Another alternative is to study whether the 146 

structure of the processes can be improved, e.g. [23]. Such an analysis compares the use of 147 

existing units with new alternatives included in the model. A third option is to use the method 148 

to investigate how different boundary conditions, such as changes in electricity and fuel 149 

prices, influence the system, e.g. [24]. The analysis perspectives outlined can also be 150 

combined, e.g. [25]. Almost 50 scientific journal and conference publications, in addition to 151 

several reports, where the MIND method has been used, have hitherto been published but 152 

giving a review of earlier studies is not the central topic in this paper. However, it may be 153 

noted that the method has shown great potential for use in combination with other analysis 154 

tools such as pinch technology [26], Fourier analysis [27], and exergy analysis [28]. By using 155 
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two methods that approach the problem on two different system levels, the strengths of each 156 

can be highlighted and their weaknesses suppressed.  157 

 158 

4 The functions included in reMIND  159 

A nomenclature to define the variables, parameters and sub-scripts in the following functions 160 

and constraints can be found at the end of the paper. 161 

 162 

4.1 Formulation of the objective function of a MILP problem using reMIND  163 

The objective function, including the possibility to apply a multi-objective approach, is 164 

enabled with reMIND by the following function:  165 
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 167 

It is also possible to constrain the objective function, which allows methods such as the 168 

-constraint method and normal boundary interaction to be applied [29]: 169 
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Cn is a constant that sets the constraint of each objective n for the whole analyzed period. This 171 

global constraint function enables a constraint to be set on each objective, for example 172 

maximum total cost or maximum total emissions.  173 

4.2 Formulation of functions connecting flows 174 

Flows can be connected in three ways in reMIND: 175 

  176 

FlowDependency - This function allows non-linear relations between flows of the same type 177 

of resource to be depicted, divided into flows coming into the node (i) and flows going out of 178 

the node (j). In this function, the relation can also be set between two different types of 179 

resource, also indexed i and j. The constraints needed to describe this functionality are 180 

presented in Equations 5 to 7.   181 
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 185 

FlowEquation - This function does not include the possibility to depict non-linear relations. 186 

On the other hand, it is possible to connect any number of flows to each other regardless of 187 

the types of resources. Equation 8 presents the constraints needed, where i represents flows 188 

entering the node and j represents flows leaving the node.  189 
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 191 

FlowRelation - When different flows going in or out of a node need to be related to each 192 

other, this function can set a percentage share between the flows. Equations 9 and 10 present 193 

the constraints needed for this functionality and i may be exchanged for j in the constraints. 194 
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 197 

A flow can be set with both a lowest and a highest percentage share of the total flow entering 198 

or leaving the node as well as be set as a free variable.  199 

4.3 Formulation of functions limiting flows 200 

There are two different ways to specify a boundary in reMIND that limits different flows: 201 

 202 

Boundary - When a Boundary function is specified, Equation 11 is created. i may be 203 

exchanged for j in the constraints.  204 
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BoundaryTop - This function is appropriate when there is a need for, or a restriction of, a 207 

specific amount of a type of resource over the whole of the analyzed period, or a part of it, 208 

that can be delivered to a node at any time steps, t, included in the function. The time steps t 209 

are optional. i may be exchanged for j in the constraints. 210 

 211 
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 214 

4.4 Formulation of storage functions 215 

In Heidari Tari and Söderström [30,31], basic constraints to represent storage functions are 216 

presented. In these articles, the storage presentation is divided into material storage and 217 

energy storage. The constraints below (Equation 14-18) have been modified to represent a 218 

general formulation of storage functions, which include the possibility to model both material 219 

and energy storage. Some additional features and constraints compared to the earlier 220 

formulations are also included.  221 

 222 
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 224 

SE0 is the initial storage volume, which is set to 0 as default and by default the final storage 225 

volume is set to the same as the initial volume, but this can be changed. 226 

 227 

Each flow included in the StorageEquation function can have individual boundaries according 228 

to Equation 15. i may be exchanged for j in the constraint.  229 

ticxc titt ,,2,,1,       (15) 230 

 231 

The maximum and minimum amount of flow entering or leaving a node can also be 232 

aggregated according to Equation 16. i may be exchanged for j in the constraint. 233 
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The maximum and minimum storage capacity is set by the following constraint. 236 

tcSEc ttt  ,6,5,      (17) 237 

 238 

The maximum allowable number of time steps to store a subject can be set according to 239 

Equation 18.  240 
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 242 

For each time step that is added in the summation for time steps in Equation 18, G is 243 

increased by one (starting at one). The maximum value of G is MSTt.  244 

 245 

4.5 Formulation of batch processes 246 

Batches in a model are handled using the following constraints (Equation 19-25).  247 
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 249 

The maximum and minimum batch size is set by the following constraint. 250 
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 252 

There are two alternatives for modelling the batch processes: 253 

 The batches can occur any time during the time period 254 
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     (21) 255 

 The batches occur at predetermined times during the time period 256 
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11 Y      (23) 258 

 259 

An adjusting time, i.e. the number of time steps the batch process needs for other purposes, 260 

e.g. cleaning, can also be included. The constraints needed depend on whether the batches are 261 

predetermined or not. If the batches can occur at any time during the time period the 262 
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constraint created by Equation 24 is used to complement the constraint created by Equation 263 

21. 264 

qtYY qBTtt ,,1)1(        (24) 265 

 266 

If the batches are predetermined, Equation 22 is changed according to Equation 25. 267 
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 269 

4.6 Formulation of choices based on integer variables 270 

The logical restrictions may, for example, represent a choice between two different processes 271 

that are exclusive. Equations 26 and 27 are used to represent logical restrictions. 272 
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 275 

4.7 Formulation of investment cost function 276 

When investing in any kind of equipment, the size of the unit needs to be considered. The 277 

constraints generated with the function InvestmentCost extract the largest size of the 278 

equipment used in the model, found in any of the time steps, and assign an appropriate price 279 

for that size. The rate of return, economic lifetime and technical lifetime can be included in 280 

the function. The disposal residual values can also be entered as fixed values or percentages, 281 

where the latter is dependent on the size of the optimal investment.  Information regarding the 282 

formulation of the investment cost function can be found in [32].  283 

 284 

4.8 Formulation of not predetermined functions 285 

In cases when it is not possible to build an accurate model, using the predetermined functions 286 

to construct the constraints needed, the FunctionEditor function may be used. Using the 287 

FunctionEditor it is possible to generate constraints of different kinds in a flexible way, 288 

containing internal float variables and/or integer variables for the specific function, with a 289 
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possibility to connect the variables to different time steps. The constraints are formulated 290 

directly via an editable window.  291 

 292 

5 Cases studied 293 

Two case studies are included in this paper to show the use of the MIND method in general 294 

and to show how the issues stated by the European Commission [1,2] as discussed in the 295 

introduction may be considered by using the method. However, not all reMIND‟s features can 296 

be shown in these case studies; the multi-objective approach, for example, is not included. A 297 

dairy and a pulp and paper mill are modelled in order to show the use of reMIND in different 298 

industries. The case studies are also selected to show the use of reMIND for different analysis 299 

lengths, different focuses, and when different types of measures are included. The models are 300 

simplified compared to reality but characteristics essential for the purpose of the modelling 301 

are included. The models are based on input data originating from parts of an existing dairy 302 

and from an existing pulp and paper mill, compiled in cooperation with staff. 303 

 304 

The system cost of the models in the case studies is minimized and only considers costs for 305 

energy. This means that there is no charge for raw material and no revenues from the 306 

products. Only process-related energy demands are included in the models; demands such as 307 

ventilation and comfort are not. Time is divided into time steps to represent changes in energy 308 

prices during the analyzed periods. 309 

 310 

5.1 Case study of a dairy 311 

5.1.1 The model of the dairy 312 

A one-day production, divided into 24 time steps, each representing one hour, is included in 313 

the model. The structure of the model is shown in Fig. 1, representing all cases but one, where 314 

an additional node, representing an absorption cooling machine to produce ice water, is 315 

included.  316 

 317 

The different processes, such as buffers, tanks etc, are represented by nodes, while the 318 

branches represent flows of any kind. In this model, the white branches represent a flow of 319 

milk products, the dark grey arrows steam flow, the light grey branches electricity flow and 320 
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the black branches a flow of ice water. Ice water is produced using an electrically powered 321 

cooling machine. In Table 1, input data for processes included in the model is presented. 322 

 323 

When standardizing yoghurt, skim milk and whole milk are mixed in a 2/5 relation, while 324 

sour cream is a mix between skim milk and cream milk in the relation 1/4. Cream milk is 325 

standardized using around 3 parts of skim milk and 2 parts of cream. In total, 15.5 m
3
 of 326 

yoghurt and 10.3 m
3
 of sour cream are to be produced over the course of one day. 327 

 328 

5.1.2 Analyzed cases in the dairy 329 

In the dairy, six different cases are analyzed to show the influence of load shifting (Cases D2 330 

and D3), fuel conversion (Case D4) and energy efficiency measures (Cases D5 and D6). Case 331 

D1 is a base case showing the present situation. A summary of the different cases is shown in 332 

Table 2 and the energy prices and fees included in the different cases are shown in Table 3 333 

(the variable price of electricity is shown in Table 4). 334 

 335 

5.2 Case study of a pulp and paper mill 336 

5.2.1 The model of the pulp and paper mill 337 

The aim of the company is to produce 650,000 t90 cardboard annually divided over two 338 

cardboard machines, CM7 and CM8. Of the total production, CM7 accounts for 40% and 339 

CM8 for 60%. Production is assumed to be constant all year round
 
but due to revisions and 340 

other operational breakdowns the operation time amounts to 8,400 hours annually, which is 341 

the figure used in the modelling. The model covers one year of production divided into 12 342 

time steps, each representing one month. Chemi-thermomechanical pulp (CTMP) and 343 

sulphate pulp, together with purchased pulp (pulp bale), is delivered to the cardboard 344 

machines to sustain production. Each cardboard machine can produce more than one 345 

cardboard quality product, but to simplify the case study this has been limited and it is 346 

assumed that each cardboard machine can produce only one product quality.  347 

 348 

The structure of the model is shown in Fig. 2, representing all cases (the nodes for the 349 

storages, the turbine + generator, and the district heating system are included in the model for 350 

the specific cases, described in 5.2.2). The different processes are, as for the dairy, 351 

represented in reMIND by nodes, such as the cardboard machines and boilers, while the 352 
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branches represent flows of any kind. In this model the white branches represent flows of 353 

wood/pulp/paper products, the dark grey arrows steam flow, the light grey branches electricity 354 

flow and the black branches a flow of fuel. The input data for the processes included in the 355 

model are presented in Table 5 and the input data for the boilers in Table 6. The prices used in 356 

the model are shown in Table 7.  357 

 358 

5.2.2 Analyzed cases in the pulp and paper mill 359 

In the pulp and paper mill four different cases are analyzed, as shown in Table 8, where Case 360 

P1 is the base case showing the present situation. Case P2 is a case showing the effect of 361 

storing oil and bark. The oil and bark storages are filled at the beginning of the analysis period 362 

and have to be filled up again at the end of the period and the total maximum volume is 363 

320 GWh for each storage. Oil can be stored during the whole year while bark can be stored 364 

for a maximum of 6 months. Case P3 represents a case with a possibility to produce electricity 365 

on-site. The maximum electricity production for the turbine amounts to 75 MW and the 366 

turbine is assumed to have an “electricity efficiency” of 15%, according to Equation 28 and a 367 

”total efficiency” of 95%, according to Equation 29. 368 

 369 
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 374 

The last case, Case P4, is included to show the effect of a change in the system boundary, by 375 

widening the system boundary with possibilities to deliver heat to a district heating system, 376 

with a total annual demand of 575 GWh. Information regarding the district heating system can 377 

be found in Table 7. To be able to make comparisons of the system cost an alternative district 378 

heating system is also modelled, called Case DH. Case DH includes an oil boiler, oil storage 379 

and a district heating system where the oil price, the characteristics of the oil boiler and the 380 

district heating demand are the same as shown in Table 6 and Table 7. The oil storage in Case 381 

DH is filled at the beginning of the analysis period and has to be filled up again at the end, 382 

and the total maximum volume is 98 GWh. The size of the oil storage in Case DH is 383 

calculated as a proportion of the size of the oil storage in the pulp and paper mill, where 384 

magka63
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factors such as use of oil for electricity production are taken into account, together with the 385 

possibility to cover the oil demand for a certain number of months. The system cost for the 386 

analysed cases are calculated by adding the cost for Case DH to cases P1 – P3. P4 includes 387 

the costs for the district heating system, as both the district heating system and the pulp and 388 

paper mill are embraced by the same system boundary.  389 

 390 

6 Constraints – examples and comparison between the case study models 391 

Examples of constraints in some nodes created in the case study models are shown in Table 9. 392 

All functions stated in section 4 and described by the constraints according to Equations 5-27 393 

can be found in the table except for Logical Equation and Function Editor, which are not 394 

included in any of the models. The investment cost function is not presented in this paper and 395 

is therefore not represented in the table, even though one such function is included. The 396 

functions implemented in reMIND can be used for different purposes and in this specific case 397 

study the Investment Cost function is included to model the variable power demand fee. 398 

 399 

The number of different functions in the case studies, including different numbers of 400 

constraints as stated by the Equations 5-27, can be found in Table 10. The number of 401 

functions is among other things a result of the size of the analysed system, the complexity of 402 

the system, the depth of the analysis (both the total system and different parts of the system), 403 

the availability of input data for the system and the required accuracy of the results. As can be 404 

seen from the table, the dairy has more functions included in the model than the pulp and 405 

paper mill, indicating that a larger system size, such as the area of the factory site and energy 406 

use, does not imply a larger model. 407 

 408 

Additional information regarding the size of the case study models and the time to solve the 409 

models are presented in Table 11 and, as can be seen, the solution times are modest. In the 410 

case study, ILOG CPLEX 9.0 [21] is used as optimization solver, using branch and bound as 411 

algorithm [9]. Default settings are used, except for the integrality tolerance setting for mixed 412 

integer programming (mip), which is set to 0.0 in the study (the default value is 1*10
-5

). The 413 

reason for this is to ensure that integers used in the model do not adopt real values, which is a 414 

possibility when using default settings.  415 

 416 
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7 Results and analysis of the case studies 417 

7.1 Results and analysis of the dairy case study  418 

 419 

The system cost and the peak demand for electricity and steam are shown in Table 12. The 420 

system cost is calculated for one production year, 350 days, assuming that production over the 421 

modelled day is representative of the whole year. The total steam demand is the same for all 422 

cases while the total electricity demand is the same for all cases except Cases D5 and D6, as 423 

these have an energy efficiency measure included in the system. In addition, the electricity 424 

use in Cases D4-D6 is reduced as an absorption cooling machine is installed, operated by 425 

district heat. 426 

 427 

Table 12 indicates increased use of the available storages in the system when including 428 

variable boundary conditions, in combination with production planning. In Case D1 the 429 

storages are not used more than necessary as there are no incentives for active operation. 430 

When facing an altered electricity price, as in Case D2, the system reacts by using the 431 

storages actively. When possible the system operates units with high electricity demand at 432 

times when the electricity price is low. Even though the average electricity price in Case D2 is 433 

equal to the constant electricity price in Case D1, there is a reduction in cost. Consequences of 434 

the altered electricity price are not only changes in production during the day and a reduction 435 

of the system cost, but also a reduction of the electrical peak demand. The electrical peak 436 

demand in Case D1 is almost 500 kW lower than the permitted maximum peak demand, i.e. 437 

1500 kW, which indicates that it might be possible to reduce the permitted maximum peak 438 

demand. This would in turn reduce the energy costs for the dairy. The electrical peak demand 439 

in Case D2 is even lower than in Case D1. This indicates that it might be possible to reduce 440 

the permitted peak even more, which may make further cost reductions possible.  441 

 442 

When introducing a variable electrical power demand fee, as in Case D3, the system cost is 443 

even lower than in the two preceding cases. The variable electrical power demand fee, which 444 

includes a maximum power demand of 600 kW, is almost 200 kW higher than the outcome of 445 

the modelling. This indicates that it might be possible to reduce the permitted maximum 446 

power demand. Consequently, the system cost may be reduced further if the contract for 447 

electrical power demand fees is negotiated. As can be seen from Table 12, the electrical 448 

power demand is reduced by more than half, when a variable electrical power demand fee is 449 
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introduced. Compared to Case D1 the reduction is even greater. Nonetheless, the system cost 450 

is still lower than in Cases D1 and D2.  451 

 452 

In Case D4 the possibility is introduced of using an absorption cooling machine to produce ice 453 

water. The price for district heat is fixed at a level a little higher than if ice water is produced 454 

with electricity, if the efficiencies for each cooling machine and an average electricity price 455 

are considered, and yet the absorption cooling machine is in use. The reason is the variable 456 

electrical power demand fee, adding the possibility to benefit from decreased power demand, 457 

in combination with the variable electricity price. As can be seen from Table 12, the system 458 

cost is reduced compared to the other preceding cases. Taking advantage of the flexibility in 459 

the system, i.e. using the storages, enables this. The peak for electricity demand is lower 460 

compared to the other cases, as shown in Table 12. As for the other cases, this indicates that it 461 

might be possible to reduce the permitted peak, making it possible to reduce the system cost.   462 

 463 

The final two cases explore the possibility for the system to adapt to and benefit from the 464 

introduction of energy efficiency measures. As might be anticipated, the energy efficiency 465 

measures introduced in the system reduce the system cost, as no costs for the investment are 466 

included in the analysis. However, the size of the cost reduction is dependent on where the 467 

efficiency measure is introduced. This is due to the possibility to use the storages to different 468 

degrees. As can be seen from Table 12, the peak in electricity demand is 4 kW higher in Case 469 

D6 than in Case D5. Nonetheless, the system cost is lower in Case D6. The results show that 470 

the increase in the cost of electrical power in Case D6 is compensated for through production 471 

planning. If the same production plan as is Case D5 is used when introducing the efficiency 472 

measure according to Case D6, the electricity cost would decrease by 330 EUR/year. 473 

However, the electrical power demand would at the same time increase by 60 kW, i.e. an 474 

additional cost of 1380 EUR/year. The resulting system cost in Case D6 would thus increase 475 

by 1,050 EUR/ year, compared to Case D5. Instead, using the flexibility of the system, the 476 

system cost decreases by 100 EUR/year. 477 

 478 

For all cases the availability of storages in the model, in combination with production 479 

planning, enables the possibilities to reduce the system cost and the peak demands. The peak 480 

steam demand has not been in focus in the study. The values in Table 12 are included to check 481 

that the steam demand peaks are moderate. As a matter of fact the peaks are reduced 482 
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compared to Case D1. It can also be seen that the steam demand peak is dependent on where 483 

an efficiency measure is introduced.  484 

 485 

Fig. 3 shows the power demand during the day. As can be seen, it is mainly during the first 486 

time steps that the peaks are reduced. 487 

 488 

7.2 Results and analysis of the pulp and paper mill case study 489 

The system cost is shown in Table 13 and, as can be seen, introducing storage, Case P2, 490 

decreases the system cost since fuel can be purchased in months with lower prices. Electricity 491 

is produced at times with a high electricity price, which decreases the system cost even more, 492 

as can be seen in Case P3. Integration of the district heating system, Case P4, will reduce the 493 

system cost even more as the possibility to produce electricity increases with the increase in 494 

heat demand in the system. 495 

 496 

The use of the storages is shown in Fig 4. In Cases P3, P4 and DH, the oil storage is filled up 497 

in September when oil price is lowest. When needed, most of the supplementary purchases of 498 

oil are made in February and July as the prices are relatively low in those months, and finally, 499 

in November to fill up the storage. In Case P2 oil is not used. In January and February, the 500 

bark storage is kept constantly full and is filled again in April to ensure there is enough bark 501 

in the more expensive months of May, June and July. The bark price is the same in August 502 

and September and there are therefore no differences between when to fill the storage, as 503 

reflected by the fact that Case P2 fills up in September and Cases P3 and P4 in August. In 504 

November and December the bark storage is kept constantly full. 505 

 506 

Electricity produced in Cases P3 and P4 is shown in Fig. 5. The reason for the larger 507 

electricity production for Case P4 in the first three months and in November is the higher heat 508 

demand due to the integration of the district heating system into the analysed system. In 509 

March, electricity is produced in both cases due to the possibility to purchase fuel in February 510 

at a fairly low price. In Case P3, bark is purchased and in Case P4 both oil and bark in 511 

February. In April, electricity is produced in Case P3 but not in Case P4. The reason is that in 512 

Case P3 no extra oil needs to be purchased in February to maintain electricity production in 513 

April. In Case P4, on the other hand, extra oil needs to be purchased in February, as this is 514 

when the oil price is lowest in the early part of the year. In Case P4, no extra oil is purchased 515 
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to maintain electricity production in April as revenues from possible electricity production in 516 

April are not enough to compensate for the cost of oil to make it profitable. Also, oil needs to 517 

be purchased in at least one more month, because the storage volume is not big enough, in 518 

order to have enough oil in the coming months when prices are higher. In Case P3, there is 519 

also some minor electricity production between May and October and in November, the 520 

reason being that there is additional capacity in the bark boiler that is used to produce steam 521 

for electricity production. 522 

 523 

The oil demand is zero for the pulp and paper mill, when no electricity is produced at the mill 524 

or when the district heating system is not embraced by the mill system boundary. The oil 525 

demand shown for Cases P1 and P2 in Table 13 all originates from Case DH. As can be seen, 526 

when electricity production is introduced in the system oil demand increases, meaning that oil 527 

is used for electricity production (together with a small proportion of bark). When the district 528 

heating system is integrated, even more oil is used as there is a possibility to produce more 529 

electricity due to greater possibilities to deliver heat within the system.  530 

 531 

8 Concluding discussion  532 

The MIND method is a flexible method that can be adjusted according to the complexity of 533 

the analyzed system. It is the complexity of the problem and the extension of the analysis to 534 

be made that determine the resources, such as time and input data, required to construct the 535 

model and perform the analysis. An analysis can range from a simple test run to extensive 536 

studies that include, for example, multi-objective criteria, analysis of process variation, and 537 

the stability of solutions. The MIND method has been used to analyze many different aspects 538 

of industrial energy systems in several kinds of industries.  539 

 540 

In the case studies a dairy and a pulp and paper mill are modelled and analyzed focusing 541 

important measures: fuel conversion, energy efficiency measures, load shifting, storing and 542 

system boundary expansion. These measures may be related to the issues stated by the 543 

European Commission [1,2], briefly described in the introduction, in different ways. Fuel 544 

conversion, as stated in the dairy case study, reduces the use of electricity and increases the 545 

use of district heat. Depending on the origin of the electricity and district heat, the issues 546 

regarding security of supply, the reduction of CO2 emissions (global warming issue), and an 547 

increased level of renewables are targeted.  548 
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 549 

Generally speaking, an energy efficiency measure targets reduction of global primary energy 550 

use. In the dairy case study, the electricity demand is reduced by introducing an energy 551 

efficient process and, depending on the fuel used to produce the marginal electricity in the 552 

system both the potential to reduce CO2 emissions (global warming issue) and greater security 553 

of supply can be estimated.  554 

 555 

Load shifting and storing support security of supply, for example storing energy as in the pulp 556 

and paper mill case study, have the possibility to level out the risk of possible interruptions in 557 

delivery. Load shifting, as in the dairy case study, helps to moderate the risk of power demand 558 

deficit. Load shifting and storing may also have an impact on the possibility to reduce CO2 559 

emissions (global warming issue) and the use of renewables, since in the dairy case study, for 560 

example, it is likely that a reduction in peak loads will affect the mix of fuels used to produce 561 

the electricity. This is a result of all types of electricity production units often being needed to 562 

keep the system in balance during peak periods and the ones emitting most CO2 are thus also 563 

in use. When producing electricity during low-demand hours, production units emitting less 564 

CO2 can be used. 565 

 566 

In the pulp and paper mill case study the fifth measure, a system boundary expansion, is 567 

introduced.  As shown in the case study, more oil is used because more electricity is produced 568 

within the system. Hence, the possibility to reduce the impact of global warming, due to 569 

expansion of the system boundary, is dependent on how CO2 emissions from electricity 570 

production in the total system are calculated. If it is assumed that coal condensing power 571 

plants produce the electricity that is replaced by the electricity in the case study, a positive 572 

effect on emissions of CO2 (global warming issue) is found, as the 3 GWh of extra oil are 573 

needed to produce 3 GWh of electricity, implying a much better efficiency than the worst coal 574 

condensing plants in the system. The same line of thought may be used when estimating the 575 

possibility to reduce the use of primary energy. Moreover, when expanding the system 576 

boundary it is possible to invest in larger steam producing units, as the heat demand increases, 577 

and the efficiency of boilers combusted with renewables are improved with increased size and 578 

consequently it is more profitable to invest in such boilers, which in the end increase the level 579 

of renewable energy. A system boundary expansion can also improve the security of supply if 580 

the renewables are produced close to the studied system. 581 

 582 
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In addition to this, the primary goal of the optimizations is to minimize energy costs and thus 583 

improve the overall competitiveness of the dairy and the pulp and paper mill, which is the first 584 

issue in [1]. The results show how the different measures reduce, for example, the system 585 

costs, peaks in the electricity and steam demand, and how storages are used.  586 

 587 

The case study model of the dairy is first used to picture how future characteristics of 588 

electricity prices may influence the system. Traditionally, electricity prices in Sweden have 589 

varied mainly over the seasons, but Sweden is now facing more continental electricity prices, 590 

i.e. with fluctuations over the day [33]. Using the MIND method, the case study shows that it 591 

is possible to profit from such a differentiated price.  592 

 593 

Peaks in the electricity demand may generate congestion problems in the grid, but also a 594 

power deficit in extreme cases [34]. Following the deregulation of the electricity market in the 595 

European Union [35], the margin between ordinary generation capacity and electricity 596 

demand has narrowed and the amount of standby power production has been limited in 597 

Sweden; load shifting is one alternative to reduce the problem [34]. Power demand fees may 598 

be used for load shifting and one alternative is tested in this paper, using the MIND method. 599 

The dairy case study shows that a variable power demand fee may be used to reduce the 600 

power demand in a company like the one studied, and also benefit from such an arrangement.  601 

 602 

In Sweden the reductions in the use of electricity are promoted in, for example, a programme 603 

launched by the Swedish energy agency [36]. Replacing a compressor-driven cooling 604 

machine with an absorption cooling machine is one way. Using the MIND method, such 605 

changes can be analysed and the results from the case study indicate possible gains. Another 606 

way is to implement energy efficiency measures. As shown in the dairy case study, it is 607 

possible to use the MIND method to analyse these kinds of changes. As can be seen from the 608 

case study, the MIND method may be used to discover outcomes that are not easy to predict, 609 

such as that both the size of the peak in electricity demand and the system cost are dependent 610 

on where the efficiency measure is introduced.  611 

 612 

The MIND method was originally and primarily developed as a tool for researchers, but is 613 

also used for educational purposes. The models used in the case studies are constructed as a 614 

part of a previous research project, and subsequently validated, and have later been modified 615 

and simplified to be suitable for educational purposes to show students how different 616 
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measures affect an industrial energy system. Therefore, there are some simplifications in the 617 

models. For example, costs for start-ups and stops are not included. A model, such as the 618 

dairy model, reproducing 24 hours may also not be representative as some products might be 619 

prepared the day before and/or delivered the day after. Also, power demand fees are difficult 620 

to reproduce exactly when only looking at one day. An extension of the dairy case study is to 621 

analyze a whole year to reproduce the dairy more correctly, but this requires more input data 622 

to be provided by the staff at the dairy, whose time available for collecting and compiling the 623 

data is often limited due to slimmed organizations. Also, as shown, the solution times for the 624 

models included in this study are moderate. Expanding the models, both regarding the length 625 

of the analysis period and the level of detail, implies that computer solution times will 626 

increase. The purpose of the study must always determine the size of the model and the main 627 

aim of this paper, i.e. to show the effect of the introduction of different measures in industrial 628 

energy systems in relation to the issues stated by the European Commission [1,2], is 629 

accomplished using the models presented in the case studies by using the MIND method for 630 

such analyses. 631 
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Nomenclature 766 

 767 

Parameters 768 

a a coefficient representing a normalizing factor for the objective function (real)  769 

b a coefficient representing a weighting factor for the objective function (real) 770 

c a coefficient representing e.g.: (1) a slope of a function [slope], (2) a step in a 771 

function [step] and (3) a minimum [min] or maximum [max] value of a variable 772 

(real) 773 

C a constant (real) 774 

d a coefficient with a value between 0 and 1 (real) 775 

i flow entering a node (integer)  776 

I total number of flows entering a node (integer)  777 

j flow leaving a node (integer)  778 

J total number of flows leaving a node (integer)  779 

L length of a time step (real) 780 

m a flow (integer) 781 

M total number of flows (integer) 782 

n a objective type (integer) 783 

N total number of objective types (integer) 784 

0  represents the total flow for a specific flow for all time steps included. 785 

p a slope within the function (integer) (p=0 represents the point when the 786 

production flow is exactly zero. Slope 1 begins when the production flow is 787 

larger than zero) 788 

P total number of slopes within a function (integer) 789 

q the number of time steps the adjusting time needs to be in operation for a batch 790 

process (integer) 791 

Q total number of adjusting time steps for a batch process (integer) 792 

t time step (integer) 793 

T total amount of time steps (integer) 794 

v the number of a specific real variable  795 

V the total number of real variables in the problem  796 

w the number of a specific integer variable  797 

W the total number of integer variables  798 
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z the number of a specific constraint (integer) 799 

Z total number of constraints (integer) 800 

BT the number of time steps a batch needs to stay put (integer) 801 

MST maximum allowable time steps to store a subject (integer) 802 

 efficiency: (1) entering storage (2) leaving the storage or (3) efficiency of the 803 

storage (real) 804 

 805 

Variables 806 

x real variable, represents a flow of any kind 807 

Y binary variable (only attaining the values 0 or 1) 808 

FR real variable in the function FlowRelation 809 

IC real variable representing the investment cost in the function InvestmentCost 810 

SE real variable representing the storage volume in the function StorageEquation 811 

 812 

813 

magka63
Inserted Text
h	integer variableH	integer variable



 

 28 

Captions 814 

 815 

Figures 816 

 817 

Fig. 1. User interface of the decision support system reMIND, showing the dairy case study 818 

model (explained in 5.1). 819 

 820 

Fig. 2. The case study model of the pulp and paper mill. 821 

 822 

Fig. 3. Electrical power demand for each hour during the modelled day in the case study of 823 

the dairy. 824 

 825 

Fig. 4. Stored volume for the bark and oil storages in the case study of the pulp and paper 826 

mill. 827 

 828 

Fig. 5. Electricity produced in the case study of the pulp and paper mill . 829 
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Tables 831 

 832 

Table 1. Input data for the processes in the dairy in the model. 833 

 834 

Table 2. Summary of the different analyzed cases at the dairy. 835 

 836 

Table 3. Summary of prices and fees for the different dairy cases. 837 

 838 

Table 4. Variable price of electricity in the dairy case study [EUR/MWh]. Average: 42.2 839 

EUR/MWh. 840 

 841 

Table 5. Input data for the processes in the pulp and paper mill in the model. 842 

 843 

Table 6. Input data for the boilers in the pulp and paper mill in the model
1
. 844 

 845 

Table 7. Prices and district heating demand used in the model
1
. 846 

 847 



 

 29 

Table 8. Summary of the different analyzed cases at the pulp and paper mill. 848 

 849 

Table 9: Examples of constraints in 6 nodes in the cases studied, showing the constraints for 850 

Time step t. P indicates that the constraints are taken from the pulp and paper mill model and 851 

D indicates that the constraints are taken from the dairy model.
1
 Each flow, found in the table, 852 

are found in Figs. 1 and 2. 853 

 854 

Table 10: Number of different functions in the cases studied. The intervals stated in the table 855 

are due to the different cases studied at the dairy and the pulp and paper mill, respectively. 856 

 857 

Table 11: Information about the size and solution times for the case studies. The intervals 858 

stated in the table are due to the different cases studied at the dairy and the pulp and paper 859 

mill, respectively. 860 

 861 

Table 12. System cost and peak demand at the dairy. 862 

 863 
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Table 1. Input data for the processes in the dairy model. 

 Electricity 

(kWh/m
3
) 

Steam 

(kWh/m
3
) 

Ice water 

(kWh/m
3
) 

Max 

production 

(m
3
) 

Incubation time/  

max storage time 

(h) 

Silo tanks - - 4.66 - 20 

Separator
a
 1.049 - - - - 

Homogenizer 9.2 - - - - 

Pasteurizer 1 - 5.2 7.0 40 - 

Cream pasteurizer - 14.0 70.0 7.5 - 

Cream tanks - - - - 15 

Pasteurizer 2 - 38.0 14.0 20.0 - 

Silo (Cream milk) - - - - 15 

Silo (Whole milk) - - - - 15 

Silo (Skim milk) - - - - 15 

Incubation (Yoghurt)
b
 - - - - 5 

Incubation (Sour cream)
b
 - - - - 8 

Pasteurizer and homogenizer 9.2 38.0 7.0 20.0 - 

Cooling (Yoghurt) - - 25.7 - - 

Cooling (Sour cream) - - 25.7 - - 

Buffer (Yoghurt) - - - - 6 

Buffer (Sour cream)     15 

Packaging machine 1 5.5 - - 6.06 - 

Packaging machine 2 5.5 - - 8.4 - 

a 
10.39% of the whole milk is separated as cream and the rest is skim milk.  

b 
In the model there is no production of yoghurt in the packaging machines during the first 5 hours and no 

production of sour cream in the packaging machines during the first 8 hours. This is due to the fact that the 

incubation times for these products are 5 and 8 hours, respectively.  
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Table 2. Summary of the different analyzed cases at the dairy. 

Case Price of 

electricity 

Electrical power 

demand fee 

Absorption 

cooling 

machine
a
 

Energy efficiency 

measure
b
 

Production 

planning  

D1 Constant Constant None None Constant 

D2 Variable Constant None None Variable 

D3 Variable Variable None None Variable 

D4 Variable Variable District heat None Variable 

D5 Variable Variable District heat Implemented Variable 

D6 Variable Variable District heat Implemented Variable 

a
 The electrically powered compressor to produce ice water, with an efficiency of 2.8, has been exchanged for an 

absorption cooling machine powered by district heat, with an efficiency of 0.8 

b
 The electricity demand for one of the homogenizers is reduced to half the original demand. This homogenizer 

is situated at the beginning of the production line in Case D5 and at the end of the production line in Case D6. 
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Table 3. Summary of prices and fees for the different dairy cases. 

 Constant [EUR/MWh] Variable 

Price of electricity 42.2 EUR/MWh See Table 4 (Average 42.2 EUR/MWh) 

Electrical power demand fee 23,330 EUR/year
a,c

 23.3 EUR/kW
b,c

  

Price of steam 43.1 EUR/MWh
d
 - 

Price of district heating 12.3 EUR/MWh
d
 - 

a
 The maximum peak demand 1,500 MW. 

b
 A constant amount of 9,350 EUR/year is also included. The variable electrical power demand fee is estimated 

to amount to the fixed fee, i.e. 23,330 EUR/year, when a maximum peak demand of 600 kW is included.  

c
 If the maximum peak demand is exceeded there is penalty fee of 100 EUR/kW. 

d
 No power limit. 
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Table 4. Variable price of electricity in the dairy case study [EUR/MWh]. Average: 42.2 

EUR/MWh. 

Hour 1 2 3 4 5 6 7 8 9 10 11 12 

Electricity price 32.2 32.2 32.2 32.2 32.2 38.9 51.1 51.1 47.8 46.7 47.8 48.9 

Hour 13 14 15 16 17 18 19 20 21 22 23 24 

Electricity price 50.0 48.9 48.9 51.1 51.1 50.0 44.4 38.9 37.8 34.4 32.2 32.2 
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Table 5. Input data for the processes in the pulp and paper mill model. 

 Electricity 

(MWh/t90
a
) 

Steam
b
 

(MWh/t90
a
) 

Efficiency Amount of 

Sulphate pulp  

(%) 

Amount of 

CTMP  

(%) 

Amount of 

Pulp bale
c
 

(%) 

Sulphate plant
d
 0.71 1.96 4.65

e
 - - - 

CTMP plant
f
 1.46 0.18 2.25

g
 - - - 

Cardboard machine 7 0.66 1.69 85
h
 40-60 25-50 >2 

Cardboard machine 8 0.96 1.82 85
h
 44-53 30-45 >2 

a 
t90 is the weight for pulp or cardboard with a dryness of 90%.  

b 
The mill case study has two different steam pressure levels for deliveries to the processes: 4 bar and 11 bar. For 

simplification reasons, only one pressure level, 4 bar, is considered in this case study. The input data is the sum 

of the two different steam pressure levels. 

c 
The part of the pulp demand that is purchased is delivered as bales from a pulp mill and is dissolved in a pulp 

dissolver. The energy demand for the dissolver is ignored in this case study as it is a minor demand compared to 

the demand in the other processes.  

d 
In the sulphate plant the screening, the digester, washing, the lime kiln and bleaching are included.  

e 
This efficiency defines how many m

3
sub (sub=solid under bark, i.e. the amount of wood that is located beneath 

the bark of a tree trunk) are needed to produce one tonne pulp with a dryness of 90% (t90).  

f 
In the CTMP plant some steam is produced that is delivered to the steam grid. This is excluded in this case 

study.  

g 
This efficiency defines how many piled m

3
 of chips are needed to produce one tonne pulp with a dryness of 

90% (t90).  

h 
The percentage of the pulp delivered to the cardboard machines that produce cardboard. The rest is discharged 

as reject and trim losses. These are taken care of by being ground and then included in some cardboard qualities. 

In this case study, this ”recycling system” is considered by reducing the percentage share of pulp bale. 
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Table 6. Input data for the boilers in the pulp and paper mill model
a
. 

 Maximum output 

(MW) 

Efficiency 

(%) 

Oil boiler 210 92 

Bark boiler 110 87
b
 

Recovery boiler 110
c
 66 

a 
A destruction oven, where gases are combusted, that delivers steam to the steam grid is not considered in this 

case study as it is a minor delivery compared to the other boilers. 

b 
The efficiency for the bark boiler varies due to the moisture in the fuel, but is approximated in this case study.  

c 
The production of steam in the recovery boiler depends on the production of sulphate pulp. At the production 

rate that is predetermined in this case study the recovery boiler delivers 110 MW. Except black liquor, some 

minor proportion of electricity and oil are used in the recovery boiler, which is not considered in this case study. 
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Table 7. Prices and district heating demand used in the model
a
. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Electricity price (EUR/MWh) 54 52 48 43 38 28 28 36 39 42 47 52 

Oil price (EUR/MWh) 33 31 36 37 39 34 30 31 28 32 31 38 

Bark price (EUR/MWh) 9 10 11 10 11 12 11 10 10 9 11 12 

District heating demand (MW) 96 96 82 68 55 55 27 41 55 68 82 96 

a 
The price for the black liquor is set to 0 in the model as it is a part of the chemical recovery cycle.  
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Table 8. Summary of the different analyzed cases at the pulp and paper mill. 

Case Storage Electricity 

production at site 

Including 

district heating 

system 

P1 None None No 

P2 Included None No 

P3 Included Included No 

P4 Included Included Yes 

DH - - - 
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Table 9: Examples of constraints in 6 nodes in the cases studied, showing the constraints for 

Time step t. P indicates that the constraints are taken from the pulp and paper mill model and 

D indicates that the constraints are taken from the dairy model. Each flow in the table can be 

found in Figs. 1 and 2. 

Node Function Constraints 

Purchased electricity (P)  Source 54*F11; 52*F12; 48*F13; 43*F14; 38*F15; 28*F16; 

28*F17; 36*F18; 39*F19; 42*F110; 47*F111; 

52*F112 

Oil boiler (P) Flow Dependency 0.92*F28t=F2t+F12t 

Oil boiler (P) Boundary F2t+F12t<=210 

Cardboard machine 8 (P) Flow Relation F16t+F19t+F22t=FRt 

F16t<=0.45*FRt 

F16t>=0.35*FRt 

F19t<=0.53*FRt 

F19t>=0.43*FRt 

F22t>=0.02*FRt 

Cardboard machine 8 (P) Flow Dependency F16t+F19t+F22t=0.85*F17t 

Cardboard machine 8 (P) Flow Dependency F24t=0.96*F17t 

Cardboard machine 8 (P) Flow Dependency F26t=1.82*F17t 

Bark storage (P) Storage Equation
a
 1.0*700*F29t-700/1.0*F30t+1.0*SE(t-1)+SEt=0 

SE0=320000 

SEt<=320000 

SET=320000 

1.0*700*F29t-700/1.0*F30t-700/1.0*F30(t+1)-

700/1.0*F30(t+2)-700/1.0*F30(t+3)-700/1.0*F30(t+4)-

700/1.0*F30(t+5)<=0 

Incubation “Yoghurt” (D) Batch Equation
b
 1.0*F27t-1.0*F28(t+5)=0 

1.0*F27t<=1000000*Yt 

Yt+Y(t+1) +Y(t+2) +Y(t+3) +Y(t+4)<=1 

Packaging machine 1 (D) Boundary Top
c
 F300-1.0*F301+1.0*F302+1.0*F303+1.0*F304+ 

1.0*F305+1.0*F306+1.0*F307+1.0*F308+1.0*F309

+ 1.0*F3010+1.0*F3011+1.0*F3012+1.0*F3013+ 

1.0*F3014+1.0*F3015+1.0*F3016+1.0*F3017+ 
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1.0*F3018+1.0*F3019+1.0*F3020+1.0*F3021+ 

1.0*F3022+1.0*F3023+1.0*F3024=0 

F300>=15.5058 

Packaging machine 1 (D) Flow Equation F38t-5.5*F30t-5.5*F57t=0 

Packaging machine 1 (D) Flow Equation F57(t<=8)=0; F57(t>8)<=1,000,000 

Packaging machine 1 (D) Flow Equation F30(t<=5)=0; F30(t>5)<=1,000,000 

Packaging machine 1 (D) Flow Equation F30t+F57t<=6.06 

a
 The efficiencies of the storage in the pulp and paper mill equal 1.0 and the length of a time 

step is 700 hours.  

b
 1,000,000 is a predetermined “large value” that is set within reMIND. 1.0 indicates the 

length of the time steps. 

c
 Included in Cases D2-D6. The constraints are included for “Yoghurt”. 1.0 indicates the 

length of the time steps. Similar constraints are included for “Sour cream” (F57). 
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Table 10: Number of different functions in the cases studied. The intervals stated in the table 

are due to the different cases studied at the dairy and the pulp and paper mill, respectively. 

Function Dairy
a
 Pulp and paper mill

a
 

Flow Dependency 28-30 18-20 

Flow Equation 7-8 0 

Flow Relation 4 2 

Boundary 5 7-9 

BoundaryTop 0-2 0 

Storage Equation 8 0-2 

Batch Equation 2 0 

Logical Equation 0 0 

Investment Cost
b
 1-3 0 

Source
c
 4-6 7 

Destination
d
 18-21 2-3 

Function Editor 0 0 

Total 77-89 36-43 

a
The intervals are due to differences within the models for Cases D1-D6 and Cases P1-P4. 

b
The different functions may be used for different purposes. In this case the Investment Cost 

functions are included to model the variable power demand fee. 

c
The Source function is not described in the text. It is a function where a resource starts and a 

price may be entered for the resource, which is included as the coefficient in the objective 

function, for the flows that have been assigned the specific resource.  

d
The destination function is not described in the text. It is a function where a resource ends. 

No input data is possible to enter.  
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Table 11: Information about the size and solution times for the case studies. The intervals 

stated in the table are due to the different cases studied at the dairy and the pulp and paper 

mill, respectively. 

 Dairy
a
 Pulp and paper mill

a
 

Nodes 34-38 19-23 

Branches 56-60 27-35 

Total amount of variables  3771-4151 1014 

Binary integers 62-68 20 

Constraints 5208-5688 1554-1896 

Model creation time
b,c

 (CPU) 10-12 sec. < 2 sec. 

Solution time
c,d

 < 2 sec. < 1 sec. 

a
The intervals are due to different sizes for the models for Cases D1-D6 and Cases P1-P4. 

b
The time to create the MPS file. 

c
Using a computer with the following characteristics: AMD Turion, 992 MB of RAM. 

d
Time for ILOG CPLEX 9.0 to solve the problem stated in the MPS-file. 
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Table 12. System cost and peak demand at the dairy 

 D1 D2 D3 D4 D5 D6 Unit 

System cost 138,900 129,800 126,200 126,100 124,000 123,900 EUR/year 

Peak (electricity 

demand) 

1020 880 410 245 223 227 kW 

Peak (steam demand) 1200 1010 782 914 823 981 kW 
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Table 13. System cost, oil and bark demand and electricity production at the pulp and paper 

mill 

 P1 P2 P3 P4 Unit 

System cost 76.4 75.7 74.2 73.1 MEUR/year  

Oil demand 625 625 805 808 GWh 

Bark demand 1022 1022 1062 1062 GWh 

Electricity production 0 0 148 151 GWh 
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