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Abstract — The paper describes a combinatorial 

modelling approach to the research of energy sector 

development. The idea of the approach is to model a 

system development in the form of a directed graph 

with its nodes corresponding to possible states of a 

system at certain moments of time and arcs 

characterizing the possibility of transitions from one 

state to another. The combinatorial modelling is a 

visual representation of dynamic discrete alternatives. 

It allows simulating a long-term process of system 

development under various possible external and 

internal conditions, and determining an optimal 

development strategy of the system under study. The 

formation and analysis procedures of energy 

development options are implemented in the software 

package “Corrective”. The distributed computing 

environment is needed to compute an energy sector 

development graph. In 2015, the Institute of Energy 

Science of Vietnamese Academy of Science and 

Technology performed a study on Vietnam sustainable 

energy development from 2015 to 2030. Based on the 

data from this study the combinatorial modelling 

methods are applied to the formation and analysis of 

Vietnam energy development options taking into 

account energy security requirements. The constructed 

Vietnam energy sector development graph consists of 

531442 nodes. It is computed on the cluster located at 

the Institute for System Dynamics and Control Theory 

of Siberian Branch of the Russian Academy of Science 

(Irkutsk). The obtained optimal path of Vietnam 

sustainable energy development provides the 

minimum costs of energy sector development and 

operation under deterministic conditions. 

Index Terms—combinatorial modelling, energy sector, 

decision support, distributed computing environment. 

I.INTRODUCTION 

The study of long-term energy development with regard 

to uncertainty (ambiguity) of the initial information and 

development conditions should be conducted on the basis 

of general energy research approaches that employ special 

methods, models, databases and software. The models 

should consider a rather long time period (30-40 years) and 

distinguish several stages in the development and operation 

of energy systems. The models should also explicitly 

consider discreteness of the energy facility development 

options. Tools to generate and analyse energy development 

options must be well-founded and flexible. They should be 

based on some general organizing research, algorithms to 

develop and choose energy development options.  

There are two approaches to energy models used to 

project the future energy demand and supply of a country 

or a region: top-down and bottom-up. 

Top-down energy models try to describe the economy as 

a whole on a national or regional level and to assess the 

aggregated effects of energy and/or climate change policies 

in monetary units. These models simulate economic 

development, related energy demand and energy supply, 

and employment taking an aggregated view of the energy 

sector and the economy [1]. 

A bottom-up energy model has a relatively high degree 

of technological detail (compared to top-down energy 

models) used to assess future energy demand and supply. 

As regards the mathematical form, the bottom-up energy 

models have been developed in the form of simulation or 

optimization models, and more recently of multi-agent 

models [1]. 

One of the drawbacks of the conventional bottom-up 

energy model like MARKAL [2], EFOM [3], TIMES [4], 

MESSAGE [5] opposite to the integrated model of the 

USA national energy and transportation systems [6] is a 

complicated way of interregional transport facilities 

representation at a detailed level. 

There are some investigations on the Vietnamese energy 

sector in literature. The author of [7] employs optimization 

methods and empirical studies to examine sustainable long-

term development in the Vietnamese power sector and 

determines the ways to implement sustainable energy 
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options for the power sector in practice. In [8] the authors 

summarize the results of the national Master Plan for 

developing the electricity supply sector to meet increasing 

electricity demand. They also describe the evolution and 

current status of Viet Nam’s energy policies, including 

those related to energy security, energy efficiency and 

conservation, the environment, and development of 

renewable energy sources, as well as strategies for power 

sector development and restructuring of the energy sector 

toward greater use of competitive energy markets. In [9] 

the research is focused on the development and 

implementation of various Energy Efficiency and 

Conservation policies and programs in Vietnam. The 

authors of [10] provide an overview of the current energy 

policies with a view to identify the areas where further 

policy effort is needed in order to facilitate a sustainable 

development of the Vietnamese energy sector. 

It is impossible to describe and test all distinctive 

combinations of external conditions and energy 

development options within the frames of an energy sector 

model, taking into account uncertainty, energy security 

threats and other factors. This leads to a huge number of 

possible energy sector states and takes a lot of time to 

generate and analyse using usual methods of research. To 

deal with this issue the combinatorial modelling approach 

is used. The combinatorial modelling is a visual 

representation of dynamic discrete alternatives and permits 

to simulate the long-term process of system development 

under various possible external and internal conditions, and 

to determine an optimal development strategy of the system 

under study. 

This paper describes the software that implements some 

combinatorial modelling approach procedures and 

considers their application to study some aspects of 

sustainable energy development of Vietnam under 

deterministic conditions. 

II.ENERGY SECTOR MODEL 

The balance mathematical model [11] evaluates the 

energy sector state at a certain time period with regard to 

energy security (ES) requirements [12]. The model allows: 

 Considering the entire energy sector from 

production of energy resources to final consumption in 

various economic sectors including all stages of energy 

conversion; 

 Investigating energy technological and territorial 

structure development. 

The objective function of the energy sector model is 

 

                        (C,Х)+∑(rt,gt)→min 



The first component of the objective function reflects the 

operation costs of the energy sector. The vector C contains 

specific operating costs for the existing, reconstructed, 

upgraded and newly built production, transformation and 

transmission facilities. 

The second component represents the losses due to the 

energy resource shortage for different consumer categories. 

The energy resource shortage gt of category t is equal to the 

difference between Rt and Yt. Vector rt consists of the 

components called "specific losses" for consumer category 

t.  

The objective function of the energy sector model is 

reduced to the equations: 

 AX - ∑Yt=0 



 0≤X≤D 



 0≤Yt≤Rt 



where t=1,.., T is a category of consumers;  

T  the number of consumer categories; 

X  the decision vector whose components represent the 

intensity of energy facilities usage (storage, production, 

conversion and transmission of energy resources); 

Yt  the decision vector whose components characterize the 

energy resource consumption for different categories t; 

A (the matrix of facility technology factors (production, 

transformation) and transmission of energy resources; 

D  the vector that determines technically possible 

capacities of production, conversion and transmission 

facilities; 

Rt  the vector that defines energy resources demands of the 

category t. 

III.COMBINATORIAL MODELLING APPROACH 

The procedures of the formation and analysis of energy 

development options are based on the representation of 

components belonging to an investigated system in the 

form of a directed graph. The graph nodes correspond to 

the possible states of the components at certain moments. 

The graph arcs define the admissibility of transitions 

between states. The research on the development of the 

entire system is performed by analysing various 

combinations of states and transitions of particular 

components. This approach is known as combinatorial 

modelling [13].  

A component is a structural unit of the system under 

research. It may be a factory, a power plant, a set of similar 

energy sources or a consumer category. The degree of 

aggregation of the energy production or consumption 

facilities depends mostly on the goals of the study and 

database capabilities. 

The first step of the combinatorial modelling approach is 

to describe the basic scenario of energy development to 

investigate as a graph with one node for each time moment 
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(Fig. 1). These nodes contain essential information to 

create new possible states of the energy sector. 

In the second step, the infrastructure of the energy sector 

is divided into several components by territorial or 

industrial criteria. For each component, a development 

graph is built. It contains changes in the energy facility 

parameters at the time period considered. The development 

graphs of two energy facilities are shown in Fig. 2. The 

source nodes corresponding to moment 0 do not have 

numbers because they will not participate in the next 

construction of the energy sector graph. 

The third step is combining data of the reference graph 

with information on different components of graphs 

belonging to the same moment in time. This results in the 

set of possible states of the energy sector for each moment 

in time. The states (nodes) of the modelled system are 

linked by transitions (arcs) to form an energy sector 

development graph.  

The energy sector development graph shown in Fig. 3 is 

constructed by means of combination of nodes and arcs of 

the graphs in Figures 1 and 2. The number of generated 

possible energy sector state is shown inside the circle in 

Figure 3. The numbers above the circle are combinations 

of the graph nodes in Figures 1 and 2. The beginning of all 

paths in the generated energy sector development graph is 

a common initial node at moment 0. 

The fourth step is to check the validity of nodes and arcs 

of the energy sector development graph, since not all 

possible energy sector states and transitions can be valid. 

For this purpose, there are system-wide constraints in the 

combinatorial modelling. Two types of them can be 

distinguished: 

 Logical conditions. Some development alternatives of a 

component can depend on the implementation of certain 

development variants of other components. 

 Balance and other design constraints. These are 

constraints on the available raw resources and products 

at every time moment and transition. They can be 

defined by balance equations or inequalities. 

Lists of pairs of incompatible nodes are used to 

implement logical conditions. A couple of incompatible 

nodes are a pair of nodes of graphs of different components, 

and their combination with a possible system state is not 

possible or does not make sense for some reasons. 

The model of the energy sector (1) - (4) is of the second 

type of system-wide constraints. The admissibility of an 

energy sector state depends on the correctness of the 

decision results. 

If ES requirements exist, then ES status of a possible 

energy sector state is estimated by means of ES indicators. 

The ES indicator value is calculated based on the 

computation results of economic-mathematical model. The 

ES status is determined by comparing ES indicator values 

and thresholds. 

The energy sector development graph shown in Fig. 3 

has four nodes that did not pass the validity check (Fig. 4). 

The fifth stage is to build a graph containing valid states 

and transitions. States and transitions that are unreachable 

from the initial state are determined during the passage 

from the initial node to the end nodes. Then, the blind states 

and transitions are determined during the reverse passage. 

It is impossible to build a path from the initial node to the 

nodes with blind states and transitions at the last time 

moment. The invalid, unreachable and blind states and 

transitions are removed from the graph which contains 

possible energy sector states and transitions. 

In the last stage, a set of system states to form optimal 

and suboptimal paths can be determined with the algorithm 

based on the concept of dynamic programming [14]. 
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Figure 1. Basic scenario of energy sector development. 
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Figure 2. Development graph of two energy facilities. 
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Figure 3. Energy sector development graph. 
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The graph consisting of valid energy sector states and 

transitions is shown in Fig. 5. It was made from the graph 

shown in Fig. 4 where an optimal way to ensure 

minimization of costs of energy sector development and 

operation is presented by the bold lines. 

The main problem facing the combinatorial modelling 

methods implementation is a large number of system states 

and transitions to be simulated. It grows exponentially with 

the increasing number of system components and their 

states. That is why the combinatorial modelling approach 

is usually used with distributed computation technologies 

[15]. 

IV.SOFTWARE PACKAGE “CORRECTIVE” 

The above procedure of the construction and analysis of 

energy sector development graph is implemented in the 

software package Corrective [4]. It consists of the 

following modules:  

1. Module m1 designs a basic scenario of the 

considered energy sector development,  

2. Module m2 constructs an energy sector 

development graph, 

3. Module m3 checks the validity of a possible 

energy sector state (node of development graph),  

4. Module m4 supports expert analysis of energy 

sector development paths.  

Figure 6 depicts a scheme of information and logical 

links between modules of the Corrective software in the 

form of a bipartite directed graph where modules m1, m2, 

m3, m4 are black ovals. 

The main aim of module m1 is to read information from 

a database (DB) A and to transform it into the basic scenario 

of energy sector development B. DB operates under control 

of the database management system Firebird. 

Module m2 implements the methods of combinatorial 

modelling. After constructing the graph, each node is 

completely independent of others regarding calculations. 

Total computation time can be significantly reduced with 

the help of distributed computing technology. This is 

achieved by dividing the set of N nodes into groups of 

smaller size and processing them simultaneously in a 

distributed computing environment (DCE). List of input 

parameters C includes specified energy development 

strategies and can involve ES indicators and disturbances 

that may occur during the time period considered.  

The kernel of module m2 consists of several tens of 

scripts written in Lua programming language. The key part 

of m2 is the model generator, which generates a new 

possible state of the energy sector. The generator is 

controlled by a set of rules that transform raw data B and C 

into the components of the energy sector model. Researcher 

can change these rules. 

Module m3 is used to check the validity of each possible 

state of the energy sector of set D with the multistage 

constraint system. In the first stage, the energy sector model 

(1)-(4) is solved as a linear programming problem. If its 

solution exists, then m3 can validate ES status by indicative 

analysis. Finally, the state is added to the set E. 

Module m4 enables researchers to identify the optimal 

energy sector development paths based on set E, and to 

compare the found optimal path with others. 

V.MODELLING OF SUSTAINABLE DEVELOPMENT OF 

VIETNAM ENERGY SECTOR 

The Vietnam energy sector model was developed from 

2011 to 2015 on the basis of the energy sector model 

presented above during the joint research conducted by the 

Melentiev Energy Systems Institute of Siberian Branch of 

the Russian Academy of Science (ESI SB RAS) and the 

Institute of Energy Science of Vietnamese Academy of 

Science and Technology (IES VAST). 

In order to analyse the characteristics of the key 

socioeconomic regions, the Vietnam energy sector 

structure and some other related issues, the supply and 

demand balance is calculated for eight regions: Red River 

Delta, Northeast, Northwest, North Central, South Central 
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Figure 4. Optimal way on energy sector development graph. 
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Coast, Highlands, Southeast and Mekong Delta. Input data 

include energy supply (costs and value of production, 

import and export), conversion and transportation of 

energy, energy consumption. Specifically, the regional 

parameters of production capacity, costs of production, 

transport capacity, transport costs are based on the data 

from the individual production and transportation facilities. 

The data on regional energy consumption are obtained and 

calculated based on energy consumption data for five key 

economic sectors: industry, agriculture, transportation, 

commerce- service and residential. 

In 2015, IES VAST employed module m1 to investigate 

the sustainable energy development of Vietnam from 2015 

to 2030, with regard to the energy security requirements. 

The energy development scenarios are assessed according 

to energy security and sustainable development criteria. 

These scenarios should meet the national energy demand 

for the socioeconomic development; apply the suitable and 

efficient energy technology, minimize the environmental 

impacts from the energy system, and achieve the cost-

effective energy system development.  

Different energy development scenarios for the period of 

2020-2030 were built considering capacity variations for 

the following energy facilities: domestic coal production 

capacity (baseline, increase by 10 % and decrease by 10 

%), domestic natural gas production capacity (baseline, 

increase by 10 % and decrease by 10 %) and domestic 

hydropower generation capacity (baseline, increase by 10 

% and decrease by 10 %). 

Optimally, natural gas capacity should be increased by 

2020 to meet the national energy demand, then it should 

follow the base scenario by 2025 and 2030. Hydropower 

capacity remains stable for the whole period of 2020-2030, 

while the coal capacity reduces by 10% by 2020. 

Below the algorithms for combinatorial modelling were 

applied using the same assumptions and data for the 

formation and analysis of Vietnam energy development.  

In the first stage, the basic energy sector development 

graph was constructed. In the second stage, the component 

development graphs were built for the pairs of industries 

and regions of Vietnam (marked with “+” in Table 1). A 

typical component development graph is shown in Fig. 7, 

where the component capacity fluctuation is shown in 

circles. 

In the third stage, an energy sector development graph 

that consists of 531442 nodes is constructed. Each of 

possible Vietnam’s energy sector states is described by the 

model (1) - (4) that consists of several thousands of 

variables and hundreds of equations. In the next stage, the 

computational experiment on the new energy development 

graph is performed with DCE, which includes the high-

performance cluster Academician V.M. Matrosov [16]. 

The cluster is located at the Institute for System Dynamics 

and Control Theory of Siberian Branch of the Russian 

Academy of Science (Irkutsk). 

 

Fig. 6. The logical scheme of software package Corrective. 
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Table 1. Energy industries and regions of  Vietnam. 

Region 

Domestic 

coal 

production 

Domestic 

natural gas 

production 

Domestic 

hydropower 

generation 

Red River Delta +   

North East +  + 

North West   + 

North Central 

Coast 
 + + 

South Central 

Coast 
  + 

Central 

Highland 
  + 

South East  + + 

Mekong River 

Delta 
 +  

 

In the fifth stage, we obtain the optimal path with 

minimum development and operation costs as a criterion, 

where the natural gas production increases and the coal 

production reduces for all time moments. 

VI.CONCLUSIONS 

The advantages of the combinatorial modelling are the 

clarity and compactness of representation of modelled 

system development options in the form of a directed 

graph. The graph clearly illustrates both differences of 

various system development paths and their common states 

and transitions. 

The advantage of this approach is a complete description 

of the object development options. The traditional 

approaches to compare the development options based on 

the multi-criteria methods usually enable researcher to 

make just a few options. The choice depends on the 

researcher’s intuition and experience. Such selection, even 

if it is right, always reflects certain subjectivity and thus 

depreciates the level of result proof. 

The resulting set of the admissible system development 

paths can be applied in many forecasting tasks where, for 

example, the uncertainty should be taken into account. 

Among the admissible system paths, one can choose not 

merely the best way but also the paths close to it according 

to research criteria. 

REFERENCES 

[1] A. Herbst, F. Toro, F. Reitze, E. Jochem, 

“Introduction to energy systems modelling”, Swiss 

Journal of economics and statistics, Vol. 148(2), 

pp.111-135, 2012. 

[2] L.G. Fishbone, H. Abilock, “MARKAL, a linear-

programming model for energy systems analysis: 

technical description of the BNL version”, Intern. 

Journal of Energy Research, Vol. 5, pp. 353–375, 

1981. 

[3] E. Van der Voort, et. al., “Energy Supply Modelling 

Package, EFOM-12C Mark I, Mathematical 

Description”, Louvain-La-Neuve, 1984, 429 p. 

[4] R. Loulou, M. Labriet, “ETSAP-TIAM: the TIMES 

integrated assessment model Part I: Model structure”, 

Computational Management Science, Vol. 5, No. 1, 

pp. 7–40, 2008.  

[5] H. Gerking. “Modeling of multi-stage decision 

making process in multi-period energy models”, 

European Journal of Operational Research, vol. 32, 

no. 2, pp. 191–204, 1987. 

[6] E. Ibanez, J. D. McCalley, “Multiobjective 

evolutionary algorithm for long-term planning of the 

national energy and transportation systems”,  Energy 

Systems, No. 2(2), pp. 151-169, 2011.  

[7] N.T. Nguyen, “Programming Sustainable 

Development in a Developing Country: A Social 

Optimization of the Vietnamese Power Sector”. Ph.D. 

dissertaion, EHESS, Paris, France, 2011. 

[8] P.K. Toan, N.M. Bao, N.H. Dieu, “Energy supply, 

demand, and policy in Viet Nam, with future 

projections”, Energy Policy, vol. 39(11), pp.6814-

6826, 2011. 

[9] N.D. Luong, “A critical review on Energy Efficiency 

and Conservation policies and programs in Vietnam”, 

Renewable and Sustainable Energy Reviews, vol. 52, 

pp.623-634, 2015. 

[10] T.M. Do, and D.  harma, “Vietnam's energy sector: A 

review of current energy policies and strategies”, 

Energy Policy, vol. 39(10), pp.5770-5777, 2011. 

[11] V.I. Zorkaltsev, The methods of forecasting and 

analysis of the efficiency of the fuel supply system 

operation, Nauka: Moscow, 1988. (in Russian). 

[12] S.  enderov, “Energy  ecurity of the Largest Asia 

Pacific Countries: Main Trends”, International 

Journal of Energy and Power, vol. 1, no. 1, pp.1-6, 

2012. (in Russian). 

[13] V.I. Zorkaltsev, O.V. Khamisov, The equilibrium 

models of the economy and energy, Nauka: 

Novosibirsk, 2006. (in Russian). 

 

10 10 

0 

-10 -10 

2015 2020 2030 

T 

0 0 

10 

0 

-10 

2025 

Figure 7. A typical development graph of Vietnam energy 

industry. 

http://esrj.ru/


A. Edelev et. al                       Energy Systems Research, Vol. 1, No. 1, 2018 

 

 

 

73 

 

[14] R. Bellman, “The theory of dynamic programming”, 

Bulletin of the American Mathematical Society, vol. 

60(6), pp.503-515, 1954. 

[15] A. Edelev, I. Sidorov, “Combinatorial Modeling 

Approach to Find Rational Ways of Energy 

Development with Regard to Energy Security 

Requirements”, in NAA 2016, vol. 10187, Springer: 

Cham, Bulgaria, 2017, pp. 317-324. 

[16] Irkutsk Supercomputer Centre of SB RAS, [Online]. 

Available: http://hpc.icc.ru, Accessed: Apr. 5, 2018. 

 

Aleksey V. Edelev, graduated from 

Irkutsk Technical University in 1996. 

He is a Candidate of Sciences. He is a 

senior researcher at Melentiev Energy 

Systems Institute SB RAS.  

His main research interests are energy 

development modelling, decision 

support systems.  
 

Valeriy I. Zorkaltsev graduated from 

Novosibirsk State University. He is a 

Doctor of Technical Sciences, 

Professor. Currently, he is a fellow 

research scientist at Melentiev Energy 

Systems Institute SB RAS. His main 

research interests are: optimization 

theory, mathematical economics, 

simulation technique. 

 

Doan Van Binh received his PhD degree 

in Industrial Economics in 2012. Since 

2013, he has been Director of the 

Institute of Energy Science, Vietnam 

Academy of Science and Technology in 

Vietnam. His research interests include 

energy security, energy system and 

power system. 

 

Nguyen Hoai Nam received his Master 

degree in Sustainable Development in 

2011 before entering Vietnam’s Ho Chi 

Minh National Politics Academy as a 

PhD candidate in 2014. Nam’s major 

research topics are energy systems 

reliability and planning  employing 

various energy-economic models. 

http://esrj.ru/

	The Combinatorial Modelling of VietnamEnergy Development
	I. Introduction
	II. Energy Sector Model
	III. Combinatorial Modelling Approach
	IV. Software Package “Corrective”
	V. Modelling Of Sustainable Development Of Vietnam Energy Sector
	VI. Conclusions
	References


