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Abstract: This paper presents an Integer Programming (IP) model 

for solving an online energy supply game. Instead of a traditional 

approach in which students are given a problem statement and 

asked to develop an IP model, both the problem and data are 

hidden in the game. Next to developing IP modeling skills, students 

also become familiar with the properties of several energy supply 

systems. A classroom experiment proves that the game component, 

together with the use of a current topic such as energy supply, 

motivates students more to build IP models when compared to 

classical approaches.  

 

Keywords: game, energy supply, spreadsheet modeling, integer 

programming 

 

1 Introduction 

 

One of the most difficult aspects of teaching Mixed Integer Linear 

Programming (MILP) is making students enthusiastic about 
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developing optimization models. Many OR/MS handbooks fail to 

motivate students to develop MILP models. The main reason for this 

lies in the fact that the exercises to practice optimization modeling 

almost always have the form of a textual assignment of a fictional, 

small business problem in which the objective function and 

constraints are clearly described. This way of presenting modeling 

exercises has two important disadvantages. 

 Firstly, real-life problems hardly ever have a clear, well-defined 

objective function and/or constraints. Textual assignments do not 

stimulate creative, out-of-the-box thinking. Consequently, students 

fail to apply optimization modeling in their business careers, 

because they have never learned to recognize an optimization 

problem. 

 Secondly, textual assignments of optimization problems are not 

challenging. Students solve these exercises because they are 

requested to do so, not because they want to find the solution.  

 

To make students more enthusiastic about MILP, this paper 

presents an example of an IP model that can be used to find the 

optimal mix of power plant types in an energy supply game, called 

the EnergyState game (Wouters et al., 2009). Both the game 

aspect and the fact that energy supply is a very topical issue 

contribute to the motivation of students to build an optimization 

model. 

 

Today, the energy sector is one of the most important sectors in the 

world. Many countries are continuously evaluating and adjusting 

their energy supply plans, something that is often a complicated 

task because many factors have to be taken into account. Examples 

of recent problems are the nuclear disaster in Fukushima, Japan, 

and global warming caused by greenhouse gasses. In Belgium, for 

instance, the government is still undecided about a nuclear phase-

out, while Germany plans to shut all its nuclear reactors by 2022 

(Breidthardt, 2011). Nuclear energy is very cheap compared to 

renewable energy and, as opposed to fossil fuel power stations, 

does not produce CO2 . Does a nuclear phase-out create a budget 

problem and/or an excess of CO2? Or is it possible to replace 

nuclear energy with alternative types of power generation? The 
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online game EnergyState tries to familiarize students with the 

different types of power stations. The English version of the game 

can be played at the following URL: 

 

http://energierijk.be/game/index-EN.html 

 

The aim of this single-player game is to find an energy supply plan 

for a fictional country, EnergyState, such that sufficient energy is 

produced while satisfying pollution requirements and a budget 

constraint. One can choose between different types of power plants 

(nuclear, coal, gas, wind, solar). Students playing the game 

typically try to find a feasible solution (mix of plants) based on a 

trial-and-error approach.  

 

We realize that real-life energy supply models are much more 

sophisticated than the model described in this paper. Nevertheless, 

this paper can serve as a basis for a better understanding of these 

real-life models. The purpose of this paper is not to construct a 

complete energy model for a country, but to show students, 

through a concrete example, the value of IP modeling. The IP 

models enable students to solve the energy supply game in the 

most efficient manner. This paper examines whether students are 

more motivated to develop IP models when a game component and 

a modern problem such as energy supply are introduced into an 

operations research course. 

 

The remainder of this paper is organized as follows. Section 2 gives 

a brief overview of the related literature. Section 3 presents the IP 

model, while Section 4 illustrates the branch-and-bound method 

used to solve the IP model. Section 5 describes how the energy 

supply game can be used in a classroom to teach IP modeling. 

Section 6 presents the results of a classroom experiment. Section 7 

concludes this paper. 

 

 

 

 

http://energierijk.be/game/index-EN.html
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2 Literature review 

 

Section 2.1 discusses the literature on the use of games in the 

classroom followed by a description of earlier studies on energy 

supply models in Section 2.2.  

 

2.1 Games 

 

The value of games in a classroom has already been studied in the 

literature. Many studies showed that students in traditional lectures, 

where a professor delivers a monologue in front of the class, quickly 

lose attention (Bonwel & Eison, 1991; Prince, 2004). To keep the 

student‟s attention, studies such as Bonwell et al. (1991) and Prince 

(2004) suggest a more active form of learning. Active learning is 

more than just listening to a professor. To involve students more in 

a course, they should be engaged in solving problems and thinking 

about what they are doing. By introducing active learning into an 

operations research course, business students will be more 

enthusiastic about Mixed Integer Linear Programming (MILP). 

Sniedovich (2002) argued that games are a valuable source for 

students to visualize MILP problems and they can motivate students 

more to find the optimal solution. Because Elliott (2005) indicated 

that small groups are preferable when using an active learning 

strategy, the energy supply game of Wouters et al. (2009) will have 

the most impact when students play it individually. 

 

Many classroom games, developed to engage students in operations 

research topics, can be found in the literature. These games are 

particularly useful in illustrating complex ideas which are not easily 

taught through traditional lectures (Griffin, 2007). For instance, 

Beliën et al. (2011) present a MILP model to find an optimal cycling 

team for the Gigabike game, addressing three types of modeling 

techniques: knapsack problems, multiperiod problems and modeling 

if-then constraints. There are also many existing games/puzzles 

that can be solved using MILP. For instance, Chlond proposes an IP 

formulation for well-known puzzles such as the minesweeper 

(Chlond, 2011), a card trick puzzle (Chlond, 2009) and Su 

Doku/logpile puzzles (Chlond, 2005). Another example is the 
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battleship puzzle in Meuffels and den Hertog (2010) that is solved 

by integer programming. According to DePuy and Don Taylor 

(2007), puzzle games are a useful tool to help students learn 

creative formulation and solution techniques. This way, they can 

enhance their understanding of these techniques in relation to more 

realistic problems. However, students are less interested in puzzle 

games, for they do not seem to be relevant to their career paths 

(Trick, 2004). Since the energy supply of a country is a more 

realistic and recent topic than puzzles, the EnergyState game of 

Wouters et al. (2009) might better succeed in keeping the student‟s 

attention as compared to puzzle games. 

 

Not all games contribute to the motivation and education of 

students. Games only designed to educate students are less popular 

than commercial games such as the strategy game Age of Empires. 

However, the use of commercial games in the classroom should be 

investigated carefully to prevent negative influences upon students 

(e.g., addiction) from exceeding the positive ones (e.g., increased 

motivation) (Bakar et al., 2006). Squire (2005) proved through the 

game Civilization III that commercial games can strongly increase 

the motivation of students. However, they do not make a large 

educational contribution. 

 The commercial game that is most related to the educational 

energy supply game of Wouters et al. (2009) is Simcity. A 

necessary part in this game is to provide a city with energy. The 

basic problem of supplying a city (country) with sufficient energy 

taking into account a budget restriction also occurs while playing 

SimCity. SimCity has already been used in some schools as an 

educational tool, although not for teaching energy-related topics or 

linear programming (Squire, 2005). 

 

2.2 Energy supply models 

 

This section gives an overview of energy supply models that are 

most used in practice and have proven their value in achieving 

significant economic and environmental benefits in 

countries/regions where they have been implemented. 
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The most common energy supply model in practice is “the MARKet 

ALlocation” (MARKAL) model. It is a linear programming model that 

is developed for a long term multi-period energy technology 

optimization. The basic components are “energy and environmental 

control technologies” and “demand for energy services”. The 

MARKAL model can be used for a city as well as for a large country 

(Loulou, Goldstein & Noble, 2004). Belgium is one of the countries 

that has already applied the MARKAL model. It was used to evaluate 

the Belgian policy regarding climate change and the choice of 

technologies in the electricity sector (K.U. Leuven, 2005). “The 

Energy Flow Optimization Model” (EFOM) is another energy supply 

optimization model that is specially developed for the European 

Commision (Grohnheit, 1991). A more recent linear programming 

model for energy supply optimization is “The Integrated MARKAL-

EFOM System” (TIMES). It combines the best features of MARKAL 

and EFOM (Loulou & Labriet, 2007). Schrattenholzer (1981) gives a 

technical description of “the Model for Energy Supply Systems And 

their General Environmental impact” (MESSAGE), which is a well-

known dynamic programming model that minimizes total costs of 

energy supply over a given time horizon. Recently, the MESSAGE 

model has been used to design a sustainable energy plan for Cuba 

(International Atomic Energy Agency, 2008). 

 

MARKAL, EFOM, TIMES and MESSAGE are linked to this paper 

because they all optimize the energy supply of a country/region by 

using LP and/or MILP. However, not all practical models use LP 

and/or MILP. “The National Energy Modeling System” (NEMS) for 

example, is an energy-economy modeling system applied in the 

U.S. that uses simulation to forecast energy markets (Energy 

Information Administration, 2003). Another example is Meta*Net, 

which can solve complex economic models by representing the 

market economy as a network of nodes (Lamont, 1994). Meta*Net 

proves the importance of network modeling, which is a specific class 

of MILPs discussed in this paper. 

 

The main difference between real-life energy supply models and the 

energy supply model described in this paper is uncertainty. 

Uncertainty is introduced into the models by using stochastic 
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variables and parameters instead of deterministic ones. A possible 

method of optimizing an energy system when planning under 

conditions of uncertainty is fuzzy linear programming and is 

described in Canz (1999). Iran (Sadeghi & Hosseini, 2006) and 

India (Jebaraj & Iniyan, 2007) have already optimized their energy 

supply planning by using a fuzzy linear programming approach. 

Zhua et al. (2011), who have optimized energy systems planning in 

Beijing, use another method to allow uncertainties within their MILP 

model. This method tackles uncertainty intervals by incorporating 

interval-parameter programming and full-infinite programming into 

the MILP model. 

 

 

3 The IP model 

 

This section presents the IP model. The model is mathematically 

described by using parameters, variables and sets instead of exact 

numbers. The Excel file „energy_supply_models.xlsx‟ which is 

provided with this paper includes the different optimization models 

described in this section. These Excel spreadsheets contain the 

exact numbers that are used in the game. The Excel Solver is 

preferred over other computer software programs, such as Lingo 

and Lindo, because many students are familiar with it. Moreover, 

spreadsheets provide a very structured way of modeling simple 

MILP problems. 

 

In the EnergyState game, energy can be generated through five 

systems: nuclear plants, coal plants, combined cycle gas turbine 

(CCGT) plants, wind turbines and solar cells. Each system has a 

specific power capacity, building cost, level of CO2 emission and of 

other pollution. Only a limited number of plants of the same type 

can be built. To satisfy the country‟s energy needs, there is a 

certain budget available that cannot be exceeded. Furthermore, 

there is an upper limit to the permitted CO2 emission level as well 

as to other pollution levels. The objective is to find the appropriate 

number of plants that meet all of the above conditions. Before 

formulating this problem as an IP model, we first define a set and 

index, decision variables and parameters.  
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Set and index: 

1,...,5i =  set of energy plant types (1=nuclear plants, 2=coal 

plants, 3=CCGT plants, 4=wind turbines, 5=solar cells) 

 

Decision variables: 

ix = number of plants of type i 

We now define the model parameters. Capital letters are used for 

the right hand side constants of a constraint, while low-case letters 

describe the objective function coefficients and technological 

coefficients. 

Parameters: 

ie = power generation of a plant of type i 

D = total demand for energy 

ib = cost of building a plant of type i 

B = available budget 

ic = CO2 pollution emitted by a plant of type i 

coP = maximum CO2 pollution permitted 

iv = other pollution caused by a plant of type i  

oP = maximum other pollution permitted 

iN = maximum number of plants of type i that can be built 

 

To win the EnergyState game, one needs to find a mix of energy 

plants that (1) generates sufficient power generation, (2) is within 

the budget and (3) stays within permitted levels of CO2 pollution 

and (4) other pollution levels. We first state these four constraints. 

 
5
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Constraint (1) ensures that sufficient power is generated. 

Constraints (2), (3) and (4) define the upper limits for the budget, 

CO2 pollution and other pollution.  

 

Furthermore, the numbers of plants of each type that can be 

selected are limited in the game. Constraint (5) ensures that we do 

not select more plants than are allowed of each type. These 

constraints are called quantity constraints.  

 

i ix N
  1,...,5i       (5) 

 

Because fractions of plants cannot be selected in the game, we need 

to add integrality constraints (6). 

 

0,1,2,...ix   1,...,5i       (6) 

 

The values for the model parameters are hidden in the game. Upon 

playing the game, the values for these parameters can easily be 

retrieved. We refer to the first sheet „Data‟ of the spreadsheet file 

„EnergyState.xlsx‟ attached to this paper for the correct values. 

 

In order to complete the IP model, we still have to define an 

objective function. Inherently, the EnergyState game is a constraint 

satisfaction problem; i.e., the game only asks for a feasible solution 

to (1)-(6). Thus, every objective function will work. The first sheet 

of the spreadsheet file „EnergyState.xlsx‟ contains this model, in 

which we opted for the objective function that minimizes the 

number of nuclear plants, i.e.: 

 

         (7) 

 

 As the optimal solution to problem (1)-(6) with objective function 

(7) indicates that at least three nuclear plants are required, one can 

conclude that, within the given budget and imposed limits on 

pollution levels, EnergyState cannot satisfy its power demand 

without nuclear plants. 
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Alternative objective functions include maximizing the power 

generation, minimizing the cost, minimizing the CO2 pollution or 

minimizing other pollution. The respective models can be found in 

the other sheets of „EnergyState.xlsx‟. Each IP optimizes one of the 

aspects, while the other three are subject to a lower limit (power 

generation) or upper limit (cost, CO2 pollution and other pollution). 

These models only differ in terms of the objective function and one 

constraint. Each model leads to a different optimal solution. There 

are multiple optimal solutions to the model that minimizes CO2 

pollution, because neither nuclear plants, wind turbines nor solar 

cells emit CO2 particles. 

 

4 Branch-and-bound 

 

The EnergyState optimization model can be used to illustrate the 

working of the branch-and-bound method in solving IP models. The 

Excel Solver uses the branch-and-bound method, but this is not 

visible to the user. It displays only the optimal IP solution, without 

showing the intermediate steps that are based on the branch-and-

bound method. To illustrate the branch-and-bound method, we use 

the model that maximizes power generation (sheet „Maximize power 

generation‟ in „EnergyState.xlsx‟). 

 

To obtain the Linear Programming (LP) relaxation, constraints (6) 

must be removed. The optimal solution of the LP relaxation is an 

upper bound on the IP solution. The branch-and-bound tree for a 

depth-first search (last in first out) is depicted in Figures 1, 2 and 3. 

The different LP problems solved in each node of the tree are 

modeled in the spreadsheet file „Branch_and_bound_method.xlsx‟.  
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Figure 1: Branch-and-bound tree part 1 
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Figure 2: Branch-and-bound tree: subproblem 12 and 13 continued 

 

 

Figure 3: Branch-and-bound tree: subproblem 11 continued 

 

 

 

5 Using the EnergyState game to teach IP modeling 

 

All the IP models can easily be solved with a basic MS Solver 

installation (student version). The most effective way of using the 

EnergyState game in the classroom in order to teach IP modeling is 

through the concept of mysterious homework. The EnergyState 

homework can be assigned to students who have had a basic 

introduction to MILP. They should be familiar with defining decision 

variables, an objective function, simple constraints (demand 

constraints, capacity constraints, budget constraints) and integrality 
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constraints on the decision variables. The EnergyState game can be 

assigned as an IP modeling task. Instead of a traditional 

assignment, in which students are given a problem statement as 

well as data, the EnergyState game itself is the homework 

assignment. Both the problem (what must be optimized, what are 

the relations, what are the restrictions?) and the data (e.g., what is 

the cost of a nuclear plant, what is the CO2 contribution of a coal 

plant?) are hidden in the game.  

 

One possibility is to ask your students to solve the EnergyState 

game using an IP model without any further explanations. The 

constraints are clearly indicated in the game (green bars indicate 

satisfaction of the constraints, red bars indicate violation). The 

different model parameters like the right-hand side values of the 

constraints are, however, hidden in the game. Creative students will 

have no problem in developing an IP model and deducing the values 

of these parameters when playing the game. 

 

Students might not be convinced of the additional value of an IP 

model in assisting in energy supply decisions. After all, finding a 

feasible solution to the EnergyState game may go faster by trial-

and-error than by developing an IP model. To make your students 

aware of the benefits of a structured modeling approach, you can 

ask them to find, for instance, the feasible energy plant mix that 

maximizes power generation, or that minimizes CO2 pollution. Your 

students will quickly realize that finding these specific solutions 

(instead of just any feasible solution) is very hard without using an 

optimization model.  

 

You can divide your students into different groups, each having a 

different objective. The first group is required to find the maximal 

power solution, i.e., the energy plant mix that maximizes power 

production, while satisfying the budget and pollution constraints. 

The second group needs to find the lowest cost solution, the third 

group the minimal CO2 pollution solution, the fourth group the 

energy plant mix that minimizes other pollution, the fifth group the 

solution that minimizes the number of coal plants, etc. Compared to 

the first approach, this approach is more student friendly, as you 
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already reveal a concrete objective function to each student group. 

It lies closer to the traditional way of teaching MILP, i.e., let the 

students develop a problem formulation starting from a clear, 

textual problem description. A benefit of this second approach is 

that you can assign different, „individual‟ tasks to several groups. 

 

Other possibilities include sensitivity analysis questions, e.g., „by 

how much should the cost of solar panels and/or wind turbines be 

decreased to facilitate a solution without nuclear plants?‟. Students 

will not be able to solve these kinds of questions by simply playing 

the game. 

 

After having introduced the branch-and-bound method for solving 

(M)ILP models, the EnergyState models can be used as exercises in 

using the branch-and-bound method. Students can be asked to find 

the optimal IP solution to one of the models without imposing 

integrality constraints in the Excel Solver. This way, students are 

forced to add the branching constraints themselves, thereby 

eventually leading to the optimal IP solution. 

 

 

6 Classroom experience 

 

The EnergyState game serves as an educational tool to teach 

integer programming modeling to students in an introductory linear 

programming course. We set up an experiment in order to examine 

whether students appreciate the use of a topical matter such as 

energy supply and the active learning aspect, namely introducing IP 

through a game. Three homework assignments were given to 41 

second year students of the commercial engineering program at 

University College Brussels, who were following the linear 

programming course. The first two textual assignments addressed 

traditional examples of MILP problems: a multi-period modeling 

bank checks exercise and a production process modeling exercise. 

The third homework assignment was to solve the EnergyState game 

using IP. Subsequently, we sent them an online questionnaire, 

which was filled in by 30 out of the 41 students. The questionnaire 

consists of eight questions, each evaluating the effectiveness of the 
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energy supply exercise with respect to its motivation (questions 1 

and 5), game aspect (questions 3 and 7), energy supply topic 

(questions 4, 6 and 8) and instruction power (question 2). The 

questions together with the response scores are reported in Table 1. 

 

The most remarkable results can be summarized as follows. No less 

than 69% of the students were most motivated by the energy game 

exercise (question 1) and almost all of the students confirmed that 

this energy game exercise had increased their belief in the use of 

linear programming in solving practical problems (question 5). In 

addition, 87% of the students have a better understanding of the 

use of linear programming in energy policy decisions by the 

government because of the energy game exercise (question 6). 

However, only 31% of the students learned most from the energy 

game exercise (question 2), compared to 55% of the students that 

learned most from homework assignment 2. The fact that the 

energy game exercise only addresses a very basic IP model, could 

be a reason for this lower rate. More than 80% of the students 

could appreciate the fact that the assignment for the energy game 

exercise was hidden in a game and covered the energy topic 

(question 3 and 4). Two thirds of the students (67%) would like to 

get more exercises with a game component in the linear 

programming course (question 7) in contrast to only one third of 

the students (34%) who would like to get more exercises about the 

energy/environmental issue (question 8). One reason for this could 

be that there are already many environment-related courses in the 

commercial engineering program at University College Brussels, 

while there are almost no professors who introduce a game 

component into their courses. 
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Table 1: Evaluation questionnaire 

Question Responses 

  

Homework 1          Homework 2          Homework 3                

1) Which of the three homework 

assignments motivated you most to 

find the solution? 

      11%             20%                69%                 

  

     2) which of the three homework 

assignments taught you the most? 

      14%             55%                31%  

  

Strongly 

agree 

agree Neither 

agree 

nor 

disagree 

Disagree Strongly 

disagree 

3) I could appreciate the fact that the 

assignment of homework 3 was hidden 

in a game. 

40% 43% 7% 7% 3% 

     

 

 

4) I could appreciate the fact that the 

assignment of homework 3 covered a 

topical matter such as the energy 

issue. 

30% 54% 16% 0% 0% 

       

5) Thanks to the energy game 

homework, I better understand the use 

of linear programming in solving 

practical problems. 

43% 54% 0% 0% 3% 

       

6) Thanks to the energy game 

homework, I better understand the use 

of linear programming in energy policy 

decisions by the government. 

20% 67% 10% 0% 3% 

7) I would like to get more 

examples/exercises/homework with a 

game component in the linear 

programming course. 

 

40% 27% 27% 3% 3% 

8) I would like to get more 

examples/exercises/homework about 

the energy issue and/or the 

environmental issue in the linear 

programming course. 

7% 27% 53% 13% 0% 
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7 Conclusions and future work 

 

This paper has presented a creative form of an IP modeling 

assignment. Instead of a classical, textual assignment, students are 

given a game assignment. The game can easily be formulated as an 

IP model by students who have had a basic introduction to MILP. 

The EnergyState game provides a good illustration of how a 

structured model formulation approach eventually outperforms a 

trial-and-error approach. 

 

Besides the game aspect, this paper addresses an up-to-date topic, 

namely energy supply. Today, energy is very important and 

students are concerned about the growing energy costs and the 

impact of, e.g., fossil fuels on our environment or the risks related 

to nuclear energy. 

 

The results of the classroom experiment confirm our belief in the 

effectiveness of the EnergyState game in teaching IP modeling. The 

results indicate that the game concept is crucial to the students‟ 

motivation for developing IP models. The energy topic turned out to 

be less important. However, the EnergyState game also serves as a 

basis for a better understanding of real-life energy supply problems 

and the trade-offs between costs, pollution and power generation. 

 

Many other economic concepts and OR models could be illustrated 

using the EnergyState game and energy supply decision problems in 

general. For instance, The EnergyState game could be used to 

demonstrate the concept of Pareto efficiency. Each Pareto-efficient 

solution with respect to two dimensions, e.g., energy production 

and costs, can be generated by solving a specific IP model. Each 

model optimizes one criterion (e.g., maximize energy production) 

while imposing a certain limit to another criterion, e.g., the costs 

(budget constraint). By varying this limit from the lowest possible 

value to the highest available budget, all Pareto efficient solutions 

with respect to energy production and cost can be generated. The 

same can be done for each pair of criteria (energy production, cost, 
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CO2 pollution and other pollution). Three-dimensional Pareto 

efficient curves are also possible. 

 

A second, interesting extension is a dynamic multi-period model. 

One possible way to transform the static energy supply problem into 

a dynamic problem is through CO2 emission rights. To fight against 

global warming, the Kyoto protocol introduced the emission trading 

system. This system is based on buying and selling emission rights. 

The European standards dictate that CO2 emissions should decrease 

significantly in the coming years. Thus, each year, the permitted 

level of CO2 pollution decreases. If a country emits less (more) CO2 

than imposed by the European standards, it can sell (buy) the 

remaining emission rights at a yearly fixed market price. The 

multiperiod aspect could also be introduced through purchasing 

(selling) energy from (to) other countries in certain years, yearly 

decreasing power productions, yearly depreciations of, e.g., nuclear 

plants, energy storage, etc. 

 

A third extension is the requirement that at least x% of the energy 

must origin from renewable energy sources (wind or solar). This 

extra requirement can easily be stated when giving the EnergyState 

assignment. Again, this is a very realistic extension as these kinds 

of „green constraints‟ are currently imposed by the European 

standards. Also from an educational point of view (with respect to 

teach LP modeling), this is an interesting extension. The restriction 

can be modeled through a blending constraint, which is addressed 

in almost all introductory LP courses.  

 

Other models that can be illustrated through energy supply 

problems include fixed charge MILP models (with fixed costs for 

building an energy plant and variable costs for every unit power 

production), set covering models (where to place the energy plants 

such that the whole country is provided with energy?) and 

transportation models (which plants supply which regions given 

energy transportation costs and limited plant capacities?), etc. 

Examples of such models can easily be created starting from the 

model for the EnergyState game. 
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