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ABSTRACT 

 This study investigates several optimization problems on power network investment 

planning problems. The first paper provides a detailed literature review for long-term strategic 

electricity expansion planning (EEP) problems. The reviewed studies clustered under four 

categories: Generation, Transmission and Natural Gas Pipeline Expansion Planning, and 

Integrated considering these three studies in a single problem. The second paper is about integrated 

electricity and natural gas network long-term investment planning problem. The developed model 

specifically incorporates electricity generation, transmission and natural gas pipeline network in a 

single problem. The integrated problem considers renewable energy penetration to the existing 

power network and the supply fluctuation of the renewable energy resources. The third study 

proposes a mathematical model that provides a unique multi-objective mathematical model for 

integrated electricity and natural gas problem that includes overall network cost, environmental 

impacts, fuel cost risk factor and amount of imported fuel as objectives. A two-stage solution 

approach developed to find the most preferred solution considering the four conflicting objectives. 

In the fourth study, a mathematical model developed to select the best technology for the electricity 

energy storage (EES) units by using data envelopment analysis (DEA). EES units can be used to 

overcome the fluctuation of power production in renewable energy resources. The proposed study 

provides decision makers (DM) to make an initial decision for the EES units instead of considering 

all available EES technologies.  

The goal in this dissertation is to provide DM’s in power network field better insights for 

both power network expansion planning problems and efficiency evaluations of EES units. Both 

of these problems can be applied to any network and EES technologies.  
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CHAPTER 1 

1. INTRODUCTION 

1.1. Overview 

 For many decades, there has been a significant interest in the power system network 

problems due to the dynamic nature of the energy industry. Due to increasing electricity demand, 

new technologies, and environmental concerns, the importance of electricity has been changing 

continuously. One of the recent update on the power network research is the increasing relation of 

electricity power network and natural gas pipeline system investments due to natural gas price 

reduction, environmentally friendly nature of natural gas, new available abundant resources and 

due to some other operational advantages. Therefore, the integration of both electricity and natural 

gas networks was inevitable. In this study, the impacts of integrated networks investigated for 

different perspectives such as renewable energy intermittency, multi-objective, non-linearity of 

the cost function and asset management of the power generation units. Also, technology selection 

of EES units which is another important component of power network is investigated in this study.  

 The importance of natural gas and the interactions of both electricity and natural gas 

networks increased the attraction of integrated electricity and natural gas planning problems. 

Lower greenhouse gas (GHG) emission of natural gas, the drastic decrease of the natural gas cost, 

newly discovered abundant shale gas, fast construction of Natural Gas Fired Power Plant’s 

(NGFPP) and smaller capacity installation closer to the loads and ability to rapid ramp up and 

down are some of the advantages of natural gas in the power industry. All of these reasons made 

the natural gas as one of the most appealing resources for the electricity generation. For a long 

time, coal was the key element of the electricity generation but the share of natural gas in the 
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electricity generation has been increasing continuously. In 2015, the electricity produced from 

NGFPP has passed the electricity produced from the coal-fired power plants (CFPP).  

 In power network expansion problems, different conflicting objectives are included in the 

literature besides the investment and operation costs of the power network. Some of these 

conflicting objectives are reliability, environmental impacts, profit maximization, fuel 

dependency, and fuel price risks. In this study, long-term strategic power network investment 

problems with different perspectives are investigated. The initial Integrated Electricity and Natural 

Gas Generation and Transmission Expansion Planning (IENGTEP) model aims to identify the 

model efficiency when both electricity and natural gas networks are considered in a single problem 

while considering a renewable energy penetration and the intermittency of Renewable energy 

sources (RES) units. Since, power network investment problems relies on different conflicting 

objectives, an extension of IENGTEP model is developed by including multiple objectives in a 

single problem. A technology selection model for Electrical Energy Storage (EES) units will 

provide the decision makers’ (DM) a better initial selection to reduce the problem size instead of 

including all available technologies in the mathematical model.   

1.2. Outline of Dissertation and Contributions 

 This study consists of a literature review and four mathematical models for energy systems 

problems. In Chapter 2, a detailed literature review is presented for Generation Expansion Planning 

(GEP), Transmission Expansion Planning (TEP), Natural Gas Pipeline Investment Planning 

(NGPIP) and IENGTEP problems. One of the goals of this chapter is to make contribution to the 

existing power network expansion literature. In the literature, there are some literature review 

studies for GEP and TEP problems, also some studies investigate both GEP-TEP literature but 
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there is no study which combines the GEP, TEP and NGPIP problems. This study aims to 

contribute a detailed overview of the GEP, TEP and NGPIP literature as well as the IENGTEP 

literature. Also, the reviewed studies classified based on solution methodologies and type of the 

objectives. IENGTEP literature provides the researchers an effective starting source since the 

number of studies in this field is very limited especially for the long term strategic investment 

decision applications.  

 In Chapter 3, an MILP mathematical model developed for IENGTEP problem and is 

applied to two case studies: 6-node test network and Mexico electricity network. In this chapter, 

the impacts of natural gas prices, renewable energy incentives and renewable energy share policy 

and cost sharing of natural gas pipelines for different levels investigated in different experiments. 

The results proved that developed model is applicable to long term large network strategic 

investment problems. The results obtained from IENGTEP problem compared to a separate 

analysis where both network (GEP-TEP and NGPIP) are solved separately.  Chapter 3 proves that 

the proposed model can be applied to large real case networks for the strategic power investment 

problems.  

In chapter 4, IENGTEP, is extended to include multiple objectives:   there are various 

conflicting objectives in IENGTEP problems which should be considered before making any 

decision. For instance, CFPP units have cost advantages compared to other fuel types but these 

units are not preferable in terms of GHG emission. On the other hand, the investment cost of RES 

is not competitive with other types of units but RES units are the most preferable generation units 

in terms of GHG emission. Energy dependency to foreign countries or energy diversification also 

should be considered in the objective function since countries are not eager to create a foreign 

dependent power network and they would like to keep the balance for this dependency. In Chapter 



 4  

 

4, a MINLP model is developed. One of the contribution of this study is considering a nonlinear 

investment cost function of natural gas pipelines. The nonlinear cost function is linearized by using 

Piecewise Linear Approximation (PLA) method since the nonlinearity increases the complexity 

and execution time of the problem.  

 In Chapter 5, a technology selection model is developed to select the best EES units among 

the available units. EES units are one of the most exciting technologies to increase the flexibility 

and power quality of the power grid. These units can be used to store the excess electricity 

produced during the low demand to use it when higher demand occurs. These units also very useful 

to smooth out the fluctuation of the RES units’ supply. In Chapter 3 and 4, RES supply variability 

was assumed to be handled through the NGFPP units by adding additional capacity closer to the 

RES units. These EES units also could be integrated with the proposed mathematical models but 

there are various technologies available in the market. Data Envelopment Analysis (DEA) is used 

to compare the alternatives by using different inputs and outputs. The proposed model provides an 

initial insight for the DM for further decision analysis such as the results obtained in this study can 

be used as input to integrate the EES units’ in the mathematical models developed in Chapter 3 

and 4. 

 In Chapter 6, the findings in this dissertation are discussed along with the summary of the 

dissertation. The contributions of this dissertation is also discussed in this chapter. Chapter 7 

provides discussion of the potential future research directions for the problems, mathematical 

models and applications developed in this dissertation.   
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CHAPTER 2 

2. LITERATURE REVIEW: INTEGRATED GENERATION, TRANSMISSION AND 

NATURAL GAS PIPELINE EXPANSION PLANNING 

 

Abstract 

 The investment decision of generation and transmission expansion planning (GTEP) has a 

vital importance in power system to determine the optimal power planning. The recent 

technological developments, cost reductions and some abilities of NGFPP’s increased the 

attraction of natural gas pipeline integration with existing power system.  This paper presents a 

comprehensive literature review for these three network and investment decision problems. The 

problems are classified in terms of solution methodologies utilized to solve the mathematical 

models and single-multi objectiveness nature of the problems discussed. In the first section, a brief 

introduction to power system and natural gas pipeline network is presented. Second section 

presents a detailed literature review for electricity generation, electricity transmission, natural gas 

pipeline network and integrated generation, transmission and natural gas pipeline expansion 

planning problems.  

2.1. Introduction  

 Electric power system consists of three components: Generation, Transmission and 

Distribution. The generated electricity from the power plants is carried through the transmission 

system in bulk sized for long distances. The transmitted electricity from the generation plants to 

near residential areas, is delivered to homes and businesses via distribution system after the voltage 

is reduced through transformers. Generally, first two problems are investigated together since the 
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optimal planning for power system requires higher level of investment analysis while distribution 

level requires more detailed studies and different small structures and network to determine the 

optimal electricity distribution.  

 GTEP problems may be solved separately in the literature due to large problem size, 

complexity  and nonlinearity of the problems but in the recent investment decision studies, these 

problems are solved in a single problem as well. Even though, the natural gas pipeline network has 

strong linkage with the power system network, due to proportion of natural gas fired plants among 

all power plants, higher cost of the natural gas and limited resources of natural gas reduced the 

attractiveness of combining these three problems in a single problem [4]. But, recent technological 

developments of NGFPP’s, environmental policies for the non-fossil fuel electricity production, 

discovering new abundant natural gas resources and the cost reduction of natural gas draw a great 

attention to this linkage therefore utilities and researchers have started focusing of integration of 

the generation, transmission and natural gas pipeline network to determine the optimal investment 

decision strategies and to determine the optimal power flow between electricity and gas nodes. 

 The literature review is categorized in terms of solutions methodologies and in terms of the 

objectives stated in the literature. The solution methodologies divided into three which are defined 

as exact methods, metaheuristic methods and simulation models and the objective functions in the 

literature classified into two as single and multi-objective problems. 

 This paper is structured as follows. Section 2.1 gives a brief introduction of power network 

and the overview of the study. Section 2.2 provides the literature review of GEP, TEP and Natural 

gas pipeline problems and finally the integrated GEP-TEP and NGPIP studies are presented at the 

last part of 2.2. Conclusions and future research is discussed in Section 2.3.  
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 The power grid investment decision optimization problems consist of two long term 

planning problems: GEP and TEP problems. These long term planning problems studied 

extensively in terms of different solution methodologies, reliability factors and emission criteria 

etc. in the literature [5, 6].  GEP and TEP problems are large scale and very complex problems  . 

These two problems have very tight linkages therefore they should be investigated together in a 

single problem. However due to large size nature and complexity, the separate analysis of two 

problems can be seen in the literature to overcome the complexity of the problems. Traditional 

GTEP problems determine the type of units, location and time for the generation plant and 

transmission line investments [8-10].  

2.2. Literature Review 

This paper aims to provide a detailed literature of the generation, transmission and natural 

gas pipeline network problems as these three problems recently draw a great attention. In the 

literature, there is research gap for the integrated power system problems which includes all of 

these three problems. GEP literature reviewed on [6-8] while [2, 9-11] focuses on the TEP 

problems only. [4, 12] are the only two  literature review papers available which include  both GEP 

and TEP problems. Even though, [12] is not a literature review study,  it still provides a detailed 

overview of literature with different perspectives for the GEP and TEP problems in terms of 

stochasticity, uncertainties, maintenance schedule, etc. 

 The review of generation, transmission, natural gas pipeline network and the integrated 

generation, transmission and gas network literature are discussed separately under subsections. 

Also, these problems are categorized in terms of solution approaches and in terms of the objective 

functions. The classification of solution approaches in this paper is defined as exact methods, 
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metaheuristic approaches and simulation models. [13] has classified the solution approaches in 

GEP literature into two which are traditional methods, and heuristic methods while [14] has 

reviewed the literature in three sections in terms of solution approaches which are mathematical 

programming approaches, metaheuristics and decomposition algorithms. The objective functions 

used in the literature is another classification that we investigated the literature.   

2.2.1. Generation Expansion Planning 

 GEP is used to determine the generation capacity of power generating units, type of these 

units and the location of them while maximizing the reliability and minimizing the overall cost, 

GHG emission effects and dependency of the system to other countries, etc. GEP problems are 

one of the hot topics which is studied extensively and very attractive among researchers, utility 

companies and policy makers. The roots of the GEP problems rely on 1950’s as these problems 

are one of the early applications of optimization methods and mathematical modelling [15-18].  

 The technological developments in the power sector brought new insights to the traditional 

GEP problems. The early examples of GEP problems are developed as the least cost optimization 

problems while the new objectives and constraints such as environmental impacts, reliability and 

risk factors, cost of unmet demand, foreign dependencies included in the models recently  are 

introduced to the models over the years. These new insights changed the nature of the traditional 

GEP from single objectives to multi-objective problems. Including new technologies, risk factors, 

uncertainties, resource intermittencies, renewable penetrations, storage cells in the mathematical 

model has increased the size and the complexity of the problem. The new GEP problems also 

include smart grids, and smart electricity systems and high level of renewable penetration [20]. 

Renewable energy and big energy storage systems integration with GEP problems is investigated 
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in [4, 21, 22]. The wind energy penetration is included in GEP problems in . Environmental impact 

of renewable integration and demand management integrated with distribution planning is 

presented in [1].  Besides these extended studies, hybrid or integrated problems are developed to 

see the correlation of different systems. For instance, [1, 12] integrated the classical GEP problems 

with thermal energy.  

 The classification of the literature survey on this study focuses on solution methodologies 

and the components used in the objective function. The general overview of the GEP mathematical 

models in the literature is summarized on Table 3.1.  
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Table 2.1: Objectives, constraints, decision variables, stochastic parameters in GEP literature 

Objectives 

 Fixed operating and maintenance costs 

 Cost of power interruptions 

 Investment costs 

 Gas Emissions 

 Generation type diversity 

 Generation costs 

 Penalty for unmet demand 

Decision Variables 

Investment Decisions 

 Centralized large units 

 Renewable Resources 

 Microgrid applications 

 The more efficient technologies (Smart 

Grid) 

Dispatching Decisions 

 Production amount by large units 

 Minimum and maximum production 

from renewable energy resources 

 Demand side management 

Constraints 

 Energy balance constraints 

 Capacity constraints 

 Demand constraints 

 Energy limitation constraints 

 Budget constraints 

 Construction time constraints 

 Scheduling maintenance constraints 

 Unavailability of generation units 

 

  Traditionally, GEP problems were single objective least cost optimization problems  but 

in 2001, a new approach was introduced to the literature, and environmental constraints started to 

consider as an important constraint on the GEP problem [23-26]. With these new insight, multi-

objective GEP problems introduced by considering different aspects such as cost, environmental 

issues, reliability, loss of load, and deficit cost etc.   . Generally, take into account cost, risks, and 

environmental effects as objective function in the classical GEP model. Based on the forecasted 

electricity demand, decision of adding new technology, capacity and location of the generation 

plants and the best time of installing these new technologies to the grid is determined by 

considering the reliability factors and the amount of imported fuels over a planned horizon.  
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 In the literature, the complexities of the GEP problems are handled by making some 

assumptions, and applying different solution methodologies. [24] has classified the solution 

approaches in GEP literature into two which are traditional methods, and heuristic methods while 

[27-33] has reviewed the literature in three sections in terms of solution approaches which are 

mathematical programming approaches, metaheuristics and decomposition algorithms. A variety 

of different optimization techniques , and meta-heuristic methods  were used to solve these 

problems since the beginning of the literature. The uncertainties in the fuel prices and electricity 

demand data is considered as a stochastic optimization on .  

Solution Methodologies 

 Due to complexity of the GEP problems, different solution methodologies developed in 

the literature to obtain either optimal or near optimal solution in a reasonable amount of execution 

time. These solution approaches are categorized in three methods:  exact solutions, metaheuristic 

methods and simulation models. An exact algorithm can be developed for a moderate sized Linear 

Programming (LP), Mixed Integer Linear Programming (MILP), Non-linear Programming (NLP) 

or Mixed Integer Non-linear Programming (MINLP) for NP hard mathematical models. On the 

other hand, when the size of the problem and complexity increases, different heuristic algorithms 

could be developed to reach an approximate optimal value.  A variety of different optimization 

techniques , meta-heuristic methods , and simulation models  are developed to overcome the 

complexity of GEP problems.  
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Exact Solutions 

Branch & Bound (B&B) and Dynamic Programming (DP) are two common approaches used to 

reach an exact optimal solution in optimization problems. These solution methods are more 

applicable to moderate sized mathematical models and provides a global optimum result. In this 

section, studies that utilized exact algorithms in literature are reviewed. 

Metaheuristic Methods 

Metaheuristic methods are heuristic algorithms which are basically search algorithms that 

do not guarantee the optimal solution but are aimed to obtain a better solution during a shorter 

period of time. Metaheuristics are used to obtain near-optimal solutions by exploring the search 

space and exploiting the local search space to obtain better solutions iteratively. These methods 

are usually stochastic and not problem specific [35]. This section reviews the metaheuristic GEP 

literature. 

 [21] is one the first Genetic Algorithm (GA) application to the GEP problems. GEP 

problem is solved by using a parallel genetic algorithm (PGA). There are two kinds of PGA: 

coarse-grain, and fine-grain, coarse-grain PGA was utilized in this paper. The difference of coarse-

grain PGA and traditional GA is the migration process added to the GA. In the traditional GA, the 

population is considered as a whole therefore the initial population search takes a lot of time. On 

the other hand, coarse-grain PGA splits the population into sub-populations and the traditional GA 

is applied to these small sub-populations for every processes then the migration occurs between 

the sub-populations when a maximum fitness function value is obtained. Dividing the population 

into several sub-populations make the problem sizes smaller and by doing this, more than one 

traditional GA runs separately in parallel on coarse-grain PGA method. The GEP consists of four 
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different generation plants and 15 year planning horizon. The effectiveness of the proposed PGA 

model is validated with dynamic programming (DP) and traditional GA method, the PGA provides 

more efficient solution then conventional GA and DP.   

[35] solved a least cost GEP problem with an improved GA algorithm (IGA). GEP problem 

consists of investment, fuel, O&M costs and generation plants’ salvage values. Loss of Load 

Probability (LOLP) has been considered as reliability criterion in the model. IGA utilizes 

stochasticity in crossover selection and an artificial selection method for initial population 

selection. Three crossover methods has been developed and these methods are randomly selected 

by using a biased roulette wheel rule. The weights of each crossover method is calculated from the 

former experiments. The results are compared with traditional GA, DP and tunnel constrained DP 

methods.  

 [42] investigated a GEP problem in a competitive market by using system dynamics (SD) 

method and GA while maximizing the profit for different generation companies (GENCO’s). SD 

are utilized to evaluate the uncertainties such as demand and electricity price for an initial set of 

generators then this information obtained from SD is used to solve the proposed mixed-integer 

programming model by using GA for each GENCO’s. Each of the GENCO determines its profit 

maximization problems. Then a global search is completed to evaluate the reliability index to see 

if the constraints are violated or not.   

 [43] solved a power GEP problem with proposed method called GA-Benders’ 

Decomposition (GA-BD) method by considering the environmental costs in the objective function. 

In the GA-BD method, the original GEP problem is divided into two: master and sub-problem, 

then GA is applied to the master problem. Only the best chromosomes are utilized to obtain the 
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optimal solution. The results show that GA-BD method provides better results than the GA method 

such as less environmental impact, and lower costs with a lower execution time. Different thermal 

unit types (gas fired, coal fired, and lignite fired), reliability and environmental constraints are 

modeled in a MINLP problem.   

 [38] presented an iterative GA approach to solve a large scale nonlinear GEP model. The 

proposed algorithm utilizes iteratively the Benders’ cuts. Also a new pointer-based chromosome 

in which each constraint is considered as a gene, and the variables in each constraint gets zero if 

that variable has value of zero, and it gets one when the variable has a value rather than zero. Then 

each of these variables determine the value of the genes. The efficiency of the findings is compared 

with results obtained from commercial Branch and Bound algorithm package. Both methods 

provided similar results in the Brazilian case study.  

 [36] mentioned some drawbacks of the GA methods such as having a large size problem 

degrades the performance of the solution, therefore a combination of Simulated Annealing and 

Genetic Algorithm (ASAGA) methods is applied to long term planning horizon GEP problem. The 

traditional GA method has been elaborated by replacing the mutation with simulated annealing 

method. The study shows that ASAGA method has better results than the traditional GA method. 

The proposed method is applied to Turkey’s electricity network while considering the foreign 

energy dependency such as electricity production from natural gas, coal, and fuel oil are restricted 

with a resource capacity constraint.  

Nine different metaheuristic methods have been applied to a generic cost minimization 

GEP problem on [37] and the results are validated by comparing with the result obtained through 

dynamic programming (DP). GEP problem is modified to have a more efficient result from the 
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metaheuristic methods. DP and Hybrid technique provided the best results compared to other 

methods but metaheuristic approaches provided a near optimal solution in reasonable amount of 

execution time. The hybrid metaheuristic technique is the combination of GA and direct search 

technique and provided better result among other metaheuristic methods. 

[33] investigates the different metaheuristic techniques application to the GEP problem 

under partial deregulated market. Deregulated markets include the independent and public utilities 

in the generation market. The findings from the metaheuristic techniques are similar to the findings 

at [20]. DP provided better results in terms of execution times for small test case obtained but when 

the size of the case increases the metaheuristic techniques obtained the result in very short time 

compared to DP. 

[21] employed gravitational search algorithm (GSA) to solve a GEP problem considering 

renewable energy penetration while maximizing the profit for generation companies. GSA is a 

heuristic approach inspired by gravity laws of Newton, the method is applied to MINLP model. 

Renewable energy penetration and its impact on GHG emission reduction has been analyzed on 

the developed mixed integer nonlinear model. GSA has provided a near optimal solution in a 

shorter execution time.  

[4]  developed a hybrid algorithm to solve the GEP in a pool market. The proposed 

algorithm consists of two levels: the conflict between GENCO’s objectives are solved with 

modified game theory (MGT) method. The improved genetic algorithm (IGA) method is applied 

to determine the best decision for the utility companies. Traditional GA has some drawbacks such 

as obtaining a dissimilar child during mutation process may increase the solution time, and with 

low offspring rate the solution may trap in local optimum. The proposed IGA aims to avoid the 
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problems stated above. A similar hybrid approach has been developed in [11] which consists of 

MGT method and particle swarm optimization (PSO). PSO has two characteristics, particles and 

swarm, i.e., several particles build up a swarm. Each particle tries to reach the optimum level by 

changing its position per its former position changes and its neighbors’ moves. Each of the 

individual particles remember the best fitness function values for its moves so far and as well as 

the swarms’ best function values.  

Five different versions of PSO algorithm is applied to a least cost GEP problem on [1] for 

6 years and 14 years planning horizons. The authors also introduced two procedures to reduce the 

infeasible solutions. These concepts are called virtual mapping procedure (VMP) and penalty 

function approach (PFA). The efficiency of the proposed PSO algorithms are compared with the 

findings obtained through DP. The results have shown that the execution time of the DP is shorter 

than the PSO algorithms for 6-year planning horizon. The increase in planning horizon increases 

the execution time of DP exponentially. PSO algorithms provide more efficient solutions. Similar 

findings are obtained on [12] by applying the differential evolution (DE) and self-adaptive 

differential evolution (SaDE) algorithms to the same GEP problem.  

[52, 53] proposed a Shuffled Frog Leaping Algorithm (SFLA) to solve a GEP problem and 

the results of SFLA is tested with the results obtained from GA for 10 and 20 year planning horizon 

cases. SFLA inspired from a group of frogs which search a place for maximum amount of food. 

Frogs form the memeplexes. The local search is completed in each memeplexes and for global 

search the memeplexes are shuffled and reorganized similar to the crossover process in GA. SFLA 

performs better than the GA in terms of cost and convergence characteristics.  
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Objectives in the Literature 

 Before introducing the environmental impact of the power generation plants into the model 

on GEP problems, the GEP models has developed as single objective least cost optimization 

problems . The importance of GHG emission, reliability and risk factors linkage between existing 

power system drew a great attention of the policymakers, therefore the traditional GEP problems 

elaborated with other objectives to create more realistic cases.  

Some of the objective elements included in GEP models besides cost and environmental impacts 

can be listed as cost of power interruptions, cost of unmet demand, reliability or risk factor, 

diversification of the electricity generation, foreign dependency, etc., . 

Single Objective Models 

 Traditional GEP problems generally considers the minimization of cost of the investment 

decisions. The early applications of GEP generally developed least cost optimization models .  

These cost components can be fixed and variable generation plant investment cost, and operating 

& maintenance cost of the generation plants, cost of unmet demand, cost of power interruptions, 

etc. Considering cost does not necessarily only mean that the least cost GEP problems do not 

consider other objectives such as reliability or environmental impacts. The optimization problem 

can be solved by setting up these conflicting constraints (reliability and environmental impact) to 

a certain fixed value therefore the model may try to achieve to obtain those conflicting reliability 

and environmental impacts while minimizing the overall cost [12, 55]. Since the multiple 

objectives increases the size and complexity of the problems, authors avoid to consider multiple 

objective cases for the large size applications. For instances, most of the metaheuristic GEP 

applications consider only cost as an objective in their models .  
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Multi Objective Models 

 Multi-objective optimization problems consist of multiple different objective components 

which generally conflicts each other. For instance, while the cost is aimed to be minimized, 

reliability of the power system tried to be maximized or minimization cost may conflict with 

environmental impact since environmentally friendly energy resources may be costly compared to 

renewable and non-fossil fuels. Due to these conflicts on the objective elements, an optimal 

solution may not be achieved therefore, multi-objective optimization methods may provide a set 

of efficient solutions which are called Pareto front solutions (PFS) .  

 [57] proposed a Multi-Objective Mixed Integer Linear Programming (MOMILP) 

mathematical model for integrated GEP and TEP problem (GTEP) and developed an evolutionary 

programming approach to find approximate PFS’s and then Analytical Hiearachy Process (AHP) 

method used to select the most preferred alternative. The proposed model includes for conflicting 

objectives: minimization of generation and transmission network cost, CO2 emission, fuel price 

risk and amount of imported fuels. Same objective functions are used on [58] to develop an LP 

model for Fuzzy Multi-objective Generation Expansion Planning (FMGEP) problem. The 

proposed FMGEP problem is converted into a single objective LP problem by scaling the 

objectives with ideal and anti-ideal solutions. The problem is developed as a single period due to 

the uncertainties on the objective function. Multi-Objective Generation and Transmission 

Expansion Planning (MOGTEP) problem is solved in [59, 60] by using a similar mathematical 

model proposed in . Non-dominated solutions are determined by solving the problem with four 

different methods: Min-Max Method, Max-Min Method, Compromise Programming and 

Weighted Method and then these solutions are evaluated by using AHP method. 
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 [22] developed a MILP mathematical model to optimize a two stage stochastic GTEP 

problem. Monte Carlo simulation (MCS) is adopted to generate the scenarios for the availability 

and demand uncertainties. The objectives in this include cost function and GHG emissions. Trade-

offs between different objectives are presented in the study. 

 [61] developed a multi-objective MILP mathematical model considering the penetration of 

renewable energy resources. Maximum Economic Return, Minimization of fuel risk and CO2 

emission are considered in the objective function and Normal Boundary Intersection (NBI) method 

is utilized to obtain the PFS.  

 A MOGTEP problem is solved by using NBI method to obtain the PFS for cost, NOx and 

SOx minimization and maximization of the reliability objectives [62]. Fuzzy Decision Making 

(FDM) process is utilized to select the most preferred solution. Stochastic variables such as load 

and fuel prices are included in the model and handled with Point Estimate Method (PEM). [63] 

uses corrected NBI method which composed of Lexicographic optimization to find the PFS to 

optimize a GEP problem considering the load uncertainty.  

 A multi-objective linear programming (MOLP) mathematical model is developed to 

optimize the GEP problem [25]. The proposed mathematical model includes three objectives: total 

system cost, reliability of the power network and environmental impacts. The interactive 

capabilities of the tricriteria linear programming tool (TRIMAP) decreases the computational time 

and burden to solve the MOLP problem. [64] compares the results obtained from TRIMAP tool 

and ELECTRE IV method for the same objectives on [65] to solve an MOLP mathematical model. 

 A multi-objective GEP problem is solved by utilizing a simulation model for probabilistic 

production costing and dynamic programming on [65]. In order to reduce the risk of the electricity 
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network, unmet electricity demand and load duration curve are considered to develop the 

simulation model. The developed model is solved as single objective for both overall cost and 

GHG emission individually and then equal weight approach is considered in multi-objective 

mathematical model. 

 A tri-objective MILP mathematical model including power generation, system cost and 

CO2 emission objectives is developed to solve a GEP problem on [66]. First, tri-objectives 

converted into a fractional bi-objective model and then, by utilizing a linearization and 

parameterization technique, these objectives are converted into a single objective linear 

mathematical model. The results obtained from proposed model are compared with the results 

obtained from weighted sum approach to show the effectiveness of the proposed model.  

 [67] considered  storage and carbon capturing costs and carbon credit costs in the objective 

function for a deterministic MINLP problem to solve a GEP problem applied to Canada case study. 

Even though, GHG emission is considered in the objective function, all of the terms in the objective 

function is in terms of a cost function therefore this study may be considered as a single objective. 

Exact linearization methods are utilized to overcome the nonlinearity on the storage and carbon 

capturing cost function.  [68] also includes socio-environmental cost for the emission of CO2 in an 

MILP mathematical model to optimize both GEP and TEP problems by using multistage stochastic 

programming method. 

 Environmental impact for both installed generation capacity and amount of electricity 

production and overall network cost including DSM unit costs are included in an MOMILP 

mathematical model to optimize a GEP problem by considering DSM [69]. In order to find the 

compromise solution, MOLP problem which is a relaxation of MOMILP is solved. Another non-
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dominated solution is found by minimizing the Euclidean distance to the non-dominated solutions 

obtained in the relaxed problem to obtain the final compromise solution.  

 [10] proposed a branch-bound based solution methodology to solve the proposed MOMILP 

mathematical model. The most preferred solution is selected by DM in a two-step decision making 

process. After obtaining all efficient solutions solving the MOMILP problem, most promising 

alternative solutions selected among all efficient alternatives then in the second step DM’s select 

the most preferred alternative by using the criterion values. 

 An optimization tool for EEP problems, WASP is utilized in [8]. Results from a prior least 

cost optimization problem for a Turkey case study using WASP energy optimization tool is utilized 

to quantify the environmental impacts of the efficient results from WASP.  [10] proposed different 

ranges for the environmental damage costs and analyzed the impact of the intervals if precise 

information for environmental concerns is not available. Besides the cost and environmental 

impacts, land use and waste generation by power plants also considered in the objective function. 

A decision support tool (MCITOS) is used to analyze the trade-offs between the conflicting 

objectives.  

 Nuclear hazards is included in the objective function in [8] besides the cost and 

environmental impact objectives. WASP capacity expansion tool is used to solve the multi-

objective GEP problem with dynamic programming approach. Due to having nuclear hazards in 

the objective function, nuclear power plants was not selected as an appealing investment decision 

even though its zero CO2 emission. 

 Total cost, GHG emissions, energy consumption, investment risks and system reliability is 

considered in a MOMILP model to solve a GEP problem  [70]. Linearization techniques are used 
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to convert the nonlinear reliability expressions to linear equations. Pareto optimal solutions are 

determined by using a hybrid augmented-weighted epsilon method and lexicographic approach 

and then DMs utilize a fuzzy decision making process to make the final selection. 

 Utility function and a new hierarchy analysis technique are proposed [71] for EEP problem. 

The weighting coefficients of the criteria such as electricity deficit, investment cost, fuel cost and 

ash emissions by fuel combustion for different generation expansion options are determined by 

DMs.  

2.2.2. Transmission Expansion Planning (TEP) 

 TEP problems have been studied over 40 years [72, 73], but its significant importance has 

brought some new objectives to power field. 40 years ago, the electricity was not as more important 

as today, when an outage occurs time for restoring electricity was not so fast since there was no 

need, no technology to restore it so fast.  The need of electricity, having more sensitive electronic 

devices, lots of manufacturing plants, and other reasons can be listed as an answer to the questions 

that are asked above.  

 The objective of the TEP problems is to serve electricity to the utilities and customers, to 

define where, when, and how many new transmission lines should be added to the existing line, 

and to make the transmission lines more reliable. The uncertainty in the electricity demand, 

reliability of the transmission lines and the probability of the natural disasters increase the 

complexity of the TEP problems . Increasing electricity demand requires an immediate restoring 

on the transmission lines when an outage occurs. Due to the complexity nature, various solution 

methodologies, and models are developed to solve the TEP problems.  
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 Traditionally, the TEP problems are modeled by using MINLP programming models but 

the solution methodologies and proposed models vary in the literature. The solution methodologies 

for TEP problems are reviewed in detailed literature reviews some of these solution methods 

consist of mathematical optimization models, heuristic models and simulation models. In the 

literature, LP and MILP [78], non-linear programming (NLP) [79], robust optimization [6, 80], 

decomposition approaches game theory simulated annealing,  and GA are used as a tool of 

mathematical optimization and heuristic/metaheuristic approaches to solve the TEP problems. 

Simulation is another tool which can be used to either on solving the TEP problem or for handling 

the uncertainties in the TEP problems  

[83, 84] developed a MONLP mathematical model by considering probabilistic optimal flow 

to solve a TEP problem. Cost minimization, private investment and reliability maximization are 

considered in the objective function. The final selection is made based on a compromise method 

based on Euclidean distance by using the non-dominated solutions obtained from NSGA II 

solution.  

 Fuzzy decision making procedure is adopted to find the most preferred solution to solve a 

multi-objective MINLP mathematical model by using NSGA II method on [86] considered total 

cost, robustness and flexibility of the system in the objectives while [87] finds the optimal solution 

based on investment cost, reliability and congestion. An improved version of NSGA II method is 

proposed [86] by incorporating the Chu-Beasley Algorithm with NSGA II method to reduce the 

computational time. The proposed model [88], included investment cost and load shedding as 

conflicting objectives and considered the demand variability under different generation scenarios.  
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 Minimization of investment, operation and load shedding cost and maximization of loading 

factor are stated as objectives of a stochastic multi-objective mathematical model on [89]. The 

scenarios for load uncertainty generated by MCS and an epsilon constraint method is used to solve 

multi-objective problem. 

 [90] proposed a multi-objective MINLP mathematical model with four objectives: 

investment, congestion and interruption cost and benefit of the customers. The discrete part of the 

model is solved by GA and continuous part is solved by Quadratic Programming (QP), then fuzzy 

test theory is presented to select the final decision. 

Congestion surplus, cost of power outage and investment cost are considered as objectives [91] 

to solve a MOTEP problem. An extension of Strength Pareto Evolutionary Algorithm (SPEA) 

method is proposed to solve the developed model. The results are compared with original SPEA 

method and the proposed method provided better uniformity.  

2.2.3. Natural Gas Pipeline Investment Planning (NGPIP) 

 NGPIP is one of the most important strategic investment planning problems especially for 

the natural gas rich countries such as Russia, Iran, USA, etc. [86]. Natural gas pipeline network is 

very similar to electricity transmission networks. The overall objective of NGPIP problems is to 

transport the natural gas from the supply nodes to demand nodes via pipelines and compressor 

stations [92, 93] while minimizing the investment and operation cost r maximizing the net present 

value [94] of the pipeline system. Natural gas can be used either for heating and steam generation 

purposes in the residential, commercial and industrial buildings or it can be used to generate 

electricity in the NGFPP [95]. 
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 Similar to  electricity transmission networks, natural gas pipeline network also consists of 

two parts: Transportation and Distribution [96]. The main difference between transmission and 

distribution network is the volume of the gas being transported. The transmission system delivers 

the large volume of natural gas from the supply nodes to the distribution centers, while the 

distribution network is designed to satisfy the gas demand for end customers. Both networks 

consist of the same components such as valves, compressor stations, regulator units [97] and 

storage units [98].  [99] classified the natural gas transmission problems into three classes which 

are investment cost minimization, satisfying the existing demand while minimizing the fuel 

consumption of the compressor stations, and investment expansion problems to satisfy the 

increasing natural gas demand.  

 Gas pressure levels are the main difference between the gas network and traditional 

network flow problems. The gas pressure levels and flow should be considered in each arc and in 

compressor stations. The gas pressure levels bring the nonlinearity to the gas network problems 

[100-102]. Even though the real cases of the gas network problems require nonlinear mathematical 

models, there are some linear mathematical models in the literature . Due to the nonlinearity and 

nonconvexity in modelling the gas pressure, the gas pressure levels are ignored and only the 

amount of natural gas transmitted through the pipeline is considered in a linear model.  

 Majority of the natural gas network studies model the problem as MINLP problem. [104] 

utilized PLA to solve a MINLP model while [86, 89] linearized the nonlinear constraints iteratively 

until the convergence occurs. Fuel consumption of the compressor stations is addressed through a 

MINLP mathematical models on [93] developed a reduction technique based on nonlinear 

functions and graph theory.  [106] solved the fuel minimization problem by utilizing GA, PSO and 
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Sequential Quadratic Programming (SQP) methods.  PSO algorithm provided the best results in 

shorter CPU time among three methods.  

Energy consumption of the pipeline network is modeled by dynamic programming [107]. 

Iranian natural gas network is modeled to determine the optimum network layout by utilizing a 

GA [108].  

The other methods used to solve nonlinear mathematical model in the literature including 

heuristic random search algorithm [92, 109, 110], B&B Algorithm , OA/ER/AP method [111], 

stochastic chance-constrained method to overcome the demand uncertainties [112], ε-constraint 

method utilized to solve multi-objective problem [113],  feasible direction optimization method 

[114], two-stage optimization with modified sequential linear programming [115].  

An overview of operational planning of combined electricity and gas transmission 

networks is presented in [11, 116-118], this combined network problem is investigated in a single 

problem in  

2.2.4. The Integrated GEP-TEP and NGPIP Problems 

 Due to the relation between the generation, transmission and natural gas network, some 

studies combined these three problems in a single problem. The integrated GEP-TEP problem is 

developed as an extension of GEP problems.  proposed a model which integrates both problem in 

a single GTEP problem. In many years, natural gas network is ignored in the GEP and TEP 

problems and investigated as a separate problem. Increasing environmental concerns for the 

pollution of fossil fuel fired power plants, drastic cost reduction and newly discovered abundant 

natural gas sources increased the importance of natural gas for electricity production. All of these 

advantages have been increasing the share of NGFPP in the power network. For many decades, 
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coal was the prominent energy resources in the electricity generation t in 2015, the electricity 

generation produced from NGFPP exceeded the production from the coal fired power plants 

(CFPP) in US [112]. This inevitable increase on natural gas share increased the importance of 

natural gas in the power network therefore, researchers started to consider combining the 

traditional GEP and TEP problems with NGPIP problems.  

The worldwide increase on the share of NGFPP cannot only be explained by economic and 

environmental reasons.  Technical advantages of NGFPP also very crucial for the natural gas and 

electricity sectors’ interactions. High thermal efficiency power plants, low installation cost and 

low construction time can explain the proportion of the natural gas in the power system [113]. 

NGFPP could also be used to smoothen the seasonal and daily variability of electricity produced 

from the renewable energy resources. For instance, the amount of wind fluctuates a lot during a 

day and it is highly variable at different seasons and even in a day therefore the electricity produced 

from the wind turbines is not constant throughout the year. In order to avoid this fluctuation, the 

NGFPP’s can be installed closer to the wind farms due to their rapid ramp up and ramp down 

abilities [96].   

Both electricity and natural gas networks integrated in different studies such as operational 

planning of both networks considered [94]. [123-127] optimizes the operational planning of the 

hydrothermal and natural gas networks for a short term planning. Optimal flow of both electricity 

and natural gas transmission networks investigated These studies consider either both GEP and 

NGPIP problems, or TEP and NGPIP problems but they are not considering all three problems 

together. The first example of integrated electricity generation and natural gas transmission 

expansion planning (IENGTEP) problem  is proposed by [122]. [129] and [123-128] integrated all 
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three networks to investigate long term investment planning problems. n also be considered as 

IENGTEP problems but those studies are short term planning problems. All of these IENGTEP 

problems modeled as single objective mathematical problems. Table 2.2 gives a detailed 

comparison of IENGTEP problems available in the literature. 

Table 2.2: IENGTEP studies in the literature 

 

2.3. Conclusion 

 Increasing demand, environmental concerns, scarce resources, natural risks, new 

technologies, and many other issues increase the importance of the power system network. Due to 

these factors, power network is a dynamic system, which changes and evolves very fast. Therefore, 

Paper Model Explanation 

Long/Short 

Term 

Planning 

Objective 
Hydro. 

Plant 

Thermal 

Plants 
Renewable 

[129] MILP Multistage Long Least Cost Y Y Y 

[130] MINLP Multistage  Long Least Cost Y Y N 

[44] MINLP - Short Least Cost N Y N 

[7] MILP + NLP 
Multistage 

stochastic 
Short Least Cost Y Y Y 

[124] MILP - Short Least Cost Y Y N 

[10] NLP 
Interval 

Optimization 
Short Least Cost Y Y Y 

[44] MILP - Short Least Cost Y Y N 

[1] Simulation Model - Short Reliability N Y N 
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a reliable, environmental friendly and flexible power network is required to satisfy the vital 

electricity demand.  

Power networks are one of the highly studied research fields to offer new ideas, solutions 

or technologies for having more secure, more sustainable and more flexible network. This paper 

reviews literature on strategic investment decisions for power plants and electricity transmission 

lines and natural gas pipeline investment studies. These problems model more strategic decisions 

and long term investment decisions. In the literature, there are lots of examples of GEP and TEP 

problems. GEP is a strategic long term investment planning for the potential power plants in order 

to satisfy the electricity demand. These types of studies aim to determine the type of the power 

plants, location of the power plants and time to build those power plants. On the other hand, TEP 

is also a strategic long term investment problem for the electricity transmission lines which 

transports the large amount of electricity from the power plants to the large electricity load points. 

Traditionally, TEP problems develop as least cost optimization problems, but due to dynamic 

nature of the electricity transmission maximizing the profit of the utility may be considered. 

Reliability and real time applications of TEP increases the complexity of the problem. For the long 

term strategic TEP investment problems, the dynamic profit maximization, and real time 

applications are considered as negligible since they increase the complexity of the problems. For 

strategic investment decisions, GEP and TEP problems are also considered in a single integrated 

problem since both problems are highly related (GTEP).  

In recent years, NGPIP problems also integrated to GTEP problems due to the 

attractiveness of the natural gas. Discovering abundant shale gas, environmentally friendly nature 

compared to fossil fuels are some of the reasons, which makes natural gas more attractive. Natural 
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gas used in the electricity network as a supply for the gas fired generators. Natural gas can also be 

used as a buffer for the renewable energy resources. Natural gas fired plants also very useful 

resources to meet the variable electricity demand.  

In this study, GEP, TEP and NGPIP long term strategic investment planning problems 

reviewed. This study aims to provide a detailed overview of long term strategic power system 

investment problem available in the literature. In the literature, these three problems either solved 

individually or together such as GEP and TEP, TEP and NGPIP or all three problems integrated 

in a single problem.  

 The goal of this study was to create a detailed classification of the mentioned three 

problems. The studies categorized as; 

 Type of the problem: GEP, TEP, NGPIP and IENGTEP  

 Objective type: single objective and multi-objective 

 Solution Methodologies: Exact algorithms, metaheuristic approaches and simulation  

 Uncertainties included in the literature 

 The complex and dynamic nature of power network always attracts the researchers 

therefore numerous studies have been conducted considering the different elements of the power 

network therefore, this study can be a useful resource for the researchers.  
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CHAPTER 3 

3. INTEGRATED NATURAL GAS PIPELINE AND ELECTRICITY GENERATION AND 

TRANSMISSION EXPANSION PLANNING: A MEXICO POWER SYSTEM CASE 

STUDY 

 

Abstract 

 A mathematical programming model for integration of electricity generation and 

transmission expansion planning and natural gas pipeline network problem is proposed. The 

proposed mixed integer mathematical model optimizes the operation, transmission and investment 

costs for both systems at the same time.  This paper aims to determine what kind of generation 

units to be built, where to build those generation units, and when to build. The mathematical model 

also includes the decision for new transmission line for both natural gas and electricity. The 

proposed model is tested on the Mexico electricity network to analyze the impact of both the 

natural gas cost, and the integration of renewable energy with natural gas on the new investment 

decisions. It is observed that the operation and maintenance cost for natural gas network and gas 

price has tremendous impact on the investment decisions.  

3.1. Introduction  

Natural gas has a major impact on the economies of some countries which has abundant proven 

natural gas resources such as Russia, Iran, Qatar, Canada, and USA etc. [2]. The new drilling 

techniques and hydro fracturing made possible to reach even more abundant gas reservoirs such 

as shale gas [3] therefore the cost of natural gas decreased significantly over the last 10 years [4]. 

These positive changes on the natural gas increased the attention to the natural gas. For instance, 
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the coal has been the most prevalent fuel source for electricity generation for a very long time in 

the world [5, 6] but this tradition has recently changed and the natural gas has become the most 

dominant electricity generation resource in the US and exceeded the coal generation on April 2015 

[7]. The drastic changes on the natural gas sector increased the attention on the linkage between 

the power grid and natural gas pipeline networks.  

 The power grid investment decision optimization problems consist of two long-term 

planning problems: GEP and TEP problems. These long term planning problems studied 

extensively in terms of different solution methodologies, reliability factors and emission criteria 

etc. in the literature [8].  GEP and TEP problems are large scale and very complex problems  [1, 

9]. These two problems have very tight linkages therefore, they should be investigated together in 

a single problem. However due to large size nature and complexity, the separate analysis of two 

problems can be seen in the literature to overcome the complexity of the problems. Traditional 

GTEP problems determine the type of units, location and time for the generation plant and 

transmission line investments [10].  

 The power network problems have been investigated separately from the natural gas 

pipeline investment problems (NGPIP) traditionally and natural gas pipeline network has been 

avoided [11] since the electricity generation by natural gas fired plants was considerably lower 

compared to recent years and the natural gas prices were higher therefore the linkage between 

electricity network and gas network was ignored. With the drastically change on natural gas costs 

and available resources, the integrated gas and electricity planning problem has received some 

attention. Also the ability to instantly produce electricity and having a relatively low installation 

cost [12, 13] makes the natural gas fired plants more advantageous to integrate it with the existing 

power grid.  
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 In this paper, an MILP mathematical model is proposed while considering the GEP, TEP 

and existing natural gas grid in one single problem. A simple Garver 6-bus network topology is 

utilized to see if the proposed integrated model provides any better optimum solution. In order to 

do that, the proposed integrated model and the GEP-TEP problems and natural gas pipeline 

problems are applied to Garver 6-bus network separately. The results have shown that the proposed 

model provides 2.9% cost reduction compared to optimizing these problems independently. It 

should also be noted that this 2.9% cost improvement is equal to 94.6% of the overall Natural gas 

pipeline network cost. The proposed model is also applied to the 42 nodes Interconnected Mexico 

Electricity Network with different experimentations. The problem solved with different scenarios 

to investigate the impact of: 

 Natural gas prices 

 Amount of electricity produced from renewable energy resources. 

 Renewable energy incentives 

 Gas transmission line cost sharing with natural gas utilities 

on the objective function. 

 This paper is structured as follows. Section 2, 3 and 4 give a brief review of GEP, TEP and 

Natural gas pipeline problems respectively. The integrated GEP-TEP and NGPIP studies are 

presented in section 5. The mathematical model of the integrated problem is given in Section 6. 

The case studies and experimental design are demonstrated in section 7. Section 8 presents the 

numerical results of the Mexico electricity network application. Finally, the future research is 

discussed in section 9. 
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3.2. Literature Review 

 GEP and TEP problems considered in a single problem in many studies while the research 

gap exists in integrated GEP, TEP, NGPIP problems. In this section, the literature for generation, 

transmission, natural gas pipeline and integrated electricity, transmission and natural gas network 

is reviewed respectively. 

3.2.1. Generation Expansion Planning 

 GEP problems can be seen as the initial application of the literature of the operations 

research. In the 1950s, it was used as linear programming applications [14]. GEP used to determine 

the generation capacity of power generating units, type of these units, the location of the units and 

the time to build them while satisfying electricity demand and the reliability criteria and 

minimizing the overall cost, GHG effects and dependency of the system to foreign countries etc.  

[15]. The multi objective nature of the GEP, and the uncertainties in the power network increases 

the complexity of these types of problems. Variety of mathematical models and solution 

approaches has been proposed in the literature to overcome the GEP problems complexity [8].  

 GEP problems, one of the early applications of mathematical modeling and optimization, 

are a well-studied problem [16] which have been solved using techniques such as exact 

optimization solution approaches and meta-heuristic methods to overcome the complexity of the 

problem nature [17]. [18] provides a very detailed overview of early examples of GEP problems 

in the literature. Traditionally, GEP problems were single objective least cost optimization 

problems [19, 20] but in 2001, a new approach was introduced to the literature, and environmental 

constraints started to consider as an important constraint on the GEP problem [21]. With these new 

insight, multi-objective GEP problems introduced by considering different aspects such as cost, 
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environmental issues, reliability, loss of load, and deficit cost etc.   [10, 15, 22, 23]. Generally, 

take into account cost, risks, and environmental effects as objective function in the classical GEP 

model. Based on the forecasted electricity demand, decision of adding new technology, capacity 

and location of the generation plants and the best time of installing these new technologies to the 

grid is determined by considering the reliability factors and the amount of imported fuels over a 

planned horizon.  

 In the literature, the complexities of the GEP problems are handled by making some 

assumptions, and applying different solution methodologies. [10] has classified the solution 

approaches in GEP literature into two which are traditional methods, and heuristic methods while 

[22] has reviewed the literature in three sections in terms of solution approaches which are 

mathematical programming approaches, metaheuristics and decomposition algorithms. A variety 

of different optimization techniques [15, 17, 24-27], and meta-heuristic methods [9, 20, 28-46] 

were used to solve these problems since the beginning of the literature. The uncertainties in the 

fuel prices and electricity demand data is considered as a stochastic optimization problem [22, 27, 

47].  

 Some of the objectives, constraints, decision variables, and parameters on the problems in 

GEP literature are presented in Table 3.1. Note that these inputs may be deterministic or stochastic. 
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Table 3.1: Objectives, constraints, decision variables, stochastic parameters in GEP literature 

 Objectives 

 Fixed operating and maintenance costs 

 Cost of power interruptions 

 Investment costs 

 Gas Emissions 

 Generation type diversity 

 Generation costs 

 Penalty for unmet demand 

Decision Variables 

Investment Decisions 

 Centralized large units 

 Renewable Resources 

 Microgrid applications 

 The more efficient technologies (Smart 

Grid) 

Dispatching Decisions 

 Production amount by large units 

 Minimum and maximum production 

for renewable 

 Demand side management 

Constraints 

 Energy balance constraints 

 Capacity constraints 

 Demand constraints 

 Energy limitation constraints 

 Budget constraints 

 Construction time constraints 

 Scheduling maintenance constraints 

 Unavailability of generation units 

 

3.2.2. Transmission Expansion Planning (TEP) 

 TEP problems have been studied over 40 years [48], but its significant importance has 

brought some new objectives to power field. Why is TEP so important? What keeps it as a hot 

topic in the research area?  40 years ago, the electricity was not as more important as today, when 

an outage occurs time for restoring electricity was not so fast since there was no need, no 

technology to restore it so fast.  The need of electricity, having more sensitive electronic devices, 
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lots of manufacturing plants, and other reasons can be listed as an answer to the questions that are 

asked above.  

 The aim of the TEP problems are to serve electricity to the utilities and customers, to define 

where, when, and how many new transmission lines should be added to the existing line, and to 

make the transmission lines more reliable. The uncertainty in the electricity demand, reliability of 

the transmission lines and the probability of the natural disasters increase the complexity of the 

TEP problems [8, 49]. Increasing electricity demand requires an immediate restoring on the 

transmission lines when an outage occurs. Due to the complexity nature, various solution 

methodologies, and models are developed to solve the TEP problems.  

 Traditionally, the TEP problems are modeled by using MINLP models [50] but the solution 

methodologies and proposed models vary in the literature. The solution methodologies for TEP 

problems are reviewed in a detailed literature review on [8, 49], some of these solution methods 

consist of mathematical optimization models, heuristic models and simulation models. In the 

literature, LP [51, 52], MILP [50, 53-55] , NLP [56], robust optimization [57], decomposition 

approaches [58, 59], game theory [48, 60] , simulated annealing, GA [61-63] are used as a tool of 

mathematical optimization and heuristic/metaheuristic approaches to solve the TEP problems. 

Simulation is another tool which can be used to either on solving the TEP problem or for handling 

the uncertainties on the TEP problems [1, 61].   
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3.2.3. Natural Gas Pipeline Investment Problems (NGPIP) 

 The natural gas investment problems aim to minimize the overall system cost while 

meeting the natural gas demand [64] and it has a great impact on the economies of some countries 

which has abundant natural gas resources [65]. Many countries such as US, Russia, Iran, Qatar 

and Venezuela are so rich in terms of having abundant natural gas sources [66]. Figure 3.1 shows 

the major natural gas reserve countries in the world as of January, 2014 [67].  

 

 

 

 

 

 

 

 

 

 

 

 

 

The natural gas is not only used for heating purposes and steam production but also used 

to generate electricity [68] and the proportion of the electricity produced from the gas fired 

generation plants has been increasing in the world. Figure 3.2 shows the natural gas consumption 

by sectors in the U.S between 2005 and 2015 [69]. From the figure 4.2, we can see that the 

Figure 3.1:Proven Natural Gas Reserves by Country  [1, 2] 



 49  

 

percentage of natural gas used for producing electricity has increased more than 30% in the last 

ten years. The abundant natural gas resources is not the only factor to focus on this type of 

investment problems, the natural gas also has some other advantages compared to the fossil fuel 

resources such as economic benefits, decreasing fuel costs (Figure 3.3), low environmental impacts 

( 

Table 3.3), installation time, and ability to faster ramp up and down [12, 70].  

 

Figure 3.2: Natural Gas Consumption by Sectors in U.S. between 2005 and 2015 [69] 

Table 3.2 gives a detailed cost analysis of gas turbine average operating costs for major 

U.S. investor-owned electric utilities between 2005 and 2015 [71].  Fuel cost has the biggest cost 

item among the total operating cost of the gas turbines and the cost trend started decreasing after 

2008 significantly. After 2012, the fuel cost started increasing due to increasing demand for the 
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natural gas but again it has decreased after 2015. In case of natural price increase, the natural gas 

could still be an important figure of the power industry due to lower CO2 emissions [72].  

 

Figure 3.3: Gas Turbine Average Operating Expenses 2005-2015 [71] 

Table 3.2: Gas Turbine Average Operating Expenses 2005-2015  

(Mills per Kilowatt-hour) 

Year 
Operation 

Cost 

Maintenance 

Cost 

Fuel 

Cost 
Total Cost 

2005 3.69 1.89 55.52 61.1 

2006 3.51 2.16 53.89 59.56 

2007 3.26 2.42 58.75 64.43 

2008 3.77 2.72 64.23 70.72 

2009 3.05 2.58 51.93 57.55 

2010 2.79 2.73 43.21 48.74 

2011 2.81 2.93 38.8 44.54 

2012 2.46 2.76 30.45 35.67 

2013 2.56 2.8 32.56 37.92 

2014 2.63 2.9 37.06 42.6 

2015 2.34 2.68 28.22 33.24 
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Table 3.3: CO2 amount produced by Fossil Fuels 

Fuel Type 

Pounds of CO2 

per million Btu 

Heat rate 

(Btu/kWh)  

Pounds of 

CO2/ kWh 

Coal - Bituminous 205.691 10,080 2.07 

  Coal - Subbituminous 214.289 10,080 2.16 

Coal - Lignite 215.392 10,080 2.17 

Natural gas 116.999 10,408 1.22 

Distillate oil (No. 2) 161.29 10,156 1.64 

Residual oil (No. 6) 173.702 10,156 1.76 

 

 The natural gas investment problems design pipeline networks to deliver the gas from 

supply nodes to demand nodes while determining the type, size and location of the compressor 

stations to satisfy the natural gas demand while minimizing the overall costs [65, 73] or 

maximizing the net present value [74]. These network flow problems may investigate two systems: 

Transmission and Distribution [75]. The main difference between transmission and distribution 

network is the volume of the gas being transported. The transmission system delivers the large 

volume of natural gas from the supply nodes to the distribution centers, while the distribution 

network is designed to satisfy the gas demand for end customers. Both networks consist of same 

components such as valves, compressor stations, regulator units [65] and storage units [76].  [77] 

classified the problems into three classes which are investment cost minimization, satisfying the 

existing demand while minimizing the fuel consumption of the compressor stations, and 

investment expansion problems to satisfy the increasing natural gas demand.  
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 Gas pressure levels are the main difference between the gas network and traditional 

network flow problems. The gas pressure levels and flow should be considered in each arc and in 

compressor stations, the gas pressure levels bring the nonlinearity to the gas network problems 

[75]. Even though the real cases of the gas network problems require a nonlinear mathematical 

model, there are some linear mathematical models in the literature [78-82] . Due to nonlinearity 

and nonconvexity, the gas pressure levels are ignored and only amount of natural gas transmitted 

through the pipeline is considered in a linear model.  

 Majority of the natural gas network studies models the problem as MINLP problem. [83] 

utilized PLA to solve the proposed MINLP model while [84] linearizes the nonlinear constraints 

iteratively until the convergence occurs. Fuel consumption of the compressor stations addressed 

through MINLP mathematical models on [85, 86].  [86] develops a reduction technique based on 

nonlinear functions and graph theory.  [85] solves the fuel minimization problem by utilizing GA, 

PSO and SQP methods and PSO algorithm provided the best results in shorter CPU time among 

three methods. Energy consumption of the pipeline network is modeled by dynamic programming 

[87]. Iranian natural gas network is modeled to determine the optimum network layout by utilizing 

the GA [88]. The other methods used to solve nonlinear mathematical model in the literature 

including heuristic random search algorithm [65], B&B Algorithm [74, 77, 89], OA/ER/AP 

method [90], stochastic chance-constrained method to overcome the demand uncertainties [91], ε-

constraint method utilized to solve multi-objective problem [92],  feasible direction optimization 

method [76], two-stage optimization with modified sequential linear programming [93]. An 

overview of operational planning of combined electricity and gas transmission networks is 

presented in [94], this combined network problem is investigated in a single problem in [79, 95-

97].  
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3.2.4. The Integrated GEP-TEP and NGPIP Problems 

 GEP, TEP and NGPIP are large size problems and these problems got a lot of attention of 

the researchers and they are very highly studied topics but these problems are mainly solved 

separately. Since GEP problems are highly studied problems there are several extensions of the 

problems based on the developments in the power industry.  Smart grids, smart electricity systems 

and high level of renewable penetration is integrated to the GEP problem in [98]. For instance, 

[99] integrated the classical GEP problems with thermal energy. Renewable energy and big energy 

storage systems integration with GEP problems is investigated in [100]. The wind energy 

penetration is included in GEP problems in [101-103]. Environmental impact of renewable 

integration and demand management integrated with distribution planning is presented in [104]. 

Another extension of GEP problems can be the integrated GEP-TEP problems. Several 

applications have been proposed for integrated GEP and TEP problems in the literature including 

[23, 105-108]. 

 In the literature generally the natural gas pipeline problems and GEP problems are solved 

separately, but in recent years, the lack of GEP studies considering the NGPIP got attention of the 

researchers since the natural gas prices decreased enormously and new gas reserves are discovered. 

These drastic changes on the natural gas prices and available resources had a big impact on the 

electricity production as well.  

Figure 3.4 represents the electricity production by sources from all over the World for 2006 and 

2014. The proportion of the electricity generation from natural gas increased by 2% while there is 

a decreasing trend on electricity from nuclear and coal type plants. Another interesting point in the 

figure is the increase on the Wind and Solar energy, which is around 3%.   



 54  

 

 

Figure 3.4: World Electricity Production by Sources (2006-2014) [109] 

Figure 3.5 and Table 3.4 represents the electricity generation by sources in the U.S. 

between 2006 and 2015. From the figure and the table, the significant increase on Natural gas and 

renewable resources can be observed and the decreasing trend on the coal-fired plants is because 

of the environmental regulations and the retirement of the older plants.  

The worldwide increase on the NGFPP cannot only be explained by economic and 

environmental reasons.  Technical advantages of NGFPP also very crucial for the natural gas and 

electricity sectors’ interactions. High thermal efficiency power plants, low installation cost and 

low construction time can explain the relation between gas and power sector [94]. NGFPP could 

also be used to smoothen the seasonal and daily variability of electricity produced from the 

renewable energy resources. For instance, the amount of wind fluctuates a lot during a day and it 

is highly variable at different seasons and even in a day therefore the electricity produced from the 
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wind turbines is not constant throughout the year. In order to avoid this fluctuation, the NGFPP’s 

can be installed closer to the wind farms due to their rapid ramp up and ramp down abilities [13].   

Table 3.4: Electricity Generation by Source in US 2006 – 2015 [71] 

Year Coal Natural Gas Nuclear Renewable Petroleum  Other 

2006  1,990,511  816,441  787,219       385,772  64,166  27,151  

2007  2,016,456  896,590  806,425       352,748  65,739  25,684  

2008  1,985,801  882,981  806,208       380,932  46,242  23,511  

2009  1,755,904  920,979  798,855       417,724  38,936  22,560  

2010  1,847,290  987,697  806,968       427,376  37,061  24,168  

2011  1,733,430  1,013,689  790,204       513,336  30,182  25,720  

2012  1,514,043  1,225,894  769,331       494,573  23,190  25,685  

2013  1,581,115  1,124,836  789,016       522,073  27,164  26,441  

2014  1,581,710  1,126,609  797,166       538,580  30,231  25,483  

2015  1,352,398  1,333,482  797,178       544,241  28,249  27,145  

 

F  
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Figure 3.5: % Electricity Production by Source in U.S. [71] 

 

 

 

Figure 3.6: Electricity and natural gas network topology [94] 

 

 The relationship between the natural gas network and electricity network is presented in 

Figure 3.6. The natural gas has the same network concept with electricity. The bulk sizes of natural 
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gases transported from the resources to the local gas points and power plants and then from the 

local gas hubs, it is distributed to the customers. Liquified natural gas is another resource to 

transport the gas but it requires additional investments such as terminals, LNG ships or trains to 

transfer the gas to the network.  

 [109] developed a long term, multistage mathematical model for the integrated expansion 

planning problems which includes natural gas and electricity supply chain. An MILP mathematical 

model developed to minimize the overall costs while determining the place, technology type, time 

of the construction. This MILP mathematical model is illustrated by using Brazil integrated 

electricity and natural gas network. The natural gas chain consists of natural gas wells, liquefied 

natural gas terminals and storages. On the other hand, power system includes some renewable 

energy plants such as wind farms, thermal plants, and hydro plants.  

 GA has been utilized to overcome the nonconvexity and nonlinearity of a least cost 

IENGTEP problem on [11]. The proposed model is applied to Iranian network which includes 

thermal and hydro power plants for six years planning horizon. [78-80] combine the electricity and 

natural gas transmission network in a single problem and developed the mathematical model as 

linear optimization model due to the size and complexity of the problem since nonlinearity would 

increase the size and complexity. 

 [110] developed a nonlinear mathematical model to analyze the expansion planning 

problem for the Great Britain gas and electricity networks. The planning horizon for the networks 

is 25 years with a time step of 5 years. Gas fired generation has been increased in the low carbon 

scenario to meet the environmental requirements. The power generation mix data of the power 

plants obtained from WASP outputs which includes the retirement of the plants, capacity of new 
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plants etc. and the proposed model decides adding new gas network components such as pipes, 

compressor stations and storage facilities and electricity transmission lines.  

 IENGTEP problem has been investigated in two different problems on [111] to determine 

the day-ahead operating strategies for both networks. GEP problem is solved by using BB 

algorithm and the results from electricity network used as input of the natural gas network. If the 

results from electricity network causes any load shedding in the gas network, the electricity model 

is resolved by utilizing a heuristic method until reaching to a feasible solution.  

 An economic dispatch model is proposed to solve an integrated electricity and gas network 

problem in [112]. The proposed model is aimed to determine the short-term operation strategy for 

electricity and gas networks, the model is formulated as an MILP problem by using KKT 

optimality conditions. [112] and [113] considered the power to gas process which electricity 

produced from wind turbines can be converted into hydrogen or synthetic natural gas to produce 

electricity in the future when it is needed.  

An MINLP mathematical model is developed to solve an integrated hydrothermal and 

natural gas short term operation planning problem by [114]. A hybrid approach based on 

Lagrangian relaxation, decomposition techniques, and DP. This paper shows that natural gas 

dependency will result a critical impact the reliability, price and security of the electricity.  

 The interdependencies of the electricity and gas network in terms of reliability of both 

systems is analyzed through a simulation model on [115]. Both networks use electricity and natural 

gas on their components and this increases the dependency of the networks. Proposed integrated 

model aims to identify the failure impacts on both systems in short periods.  

 This paper proposes a multi-period, multi area MILP model to solve the integrated system 

of Mexican electricity system while satisfying the demand of electricity and natural gas. In the 
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literature, generally the natural gas demand of gas fired generation plants is considered but in this 

paper, we considered the gas demand from the end customer as well.  The renewable energy goal 

of Mexico is to have at least 6% electricity from renewable energy plants by 2035. Therefore, in 

this study, one of the objective is to have 6% electricity generation from renewable energy plants 

at the end of planning horizon. The existing renewable energy plants produces 0.8% of the total 

electricity. Also, it is assumed that natural gas fired plants should be installed close to the wind 

energy farms and the capacity of these natural gas fired plants should be at least 10% of the wind 

energy plants capacity (). Another contribution of this paper is considering the minimum workload 

of the generation plants. The transmission losses and the generation losses is also considered in 

the paper. 

  

  

Table 3.5 presents the studies investigated IENGNP problems. Short-term planning studies are 

more than long term planning studies. [11] considers hydropower and thermal power generation 

plants to see the cost efficiencies of the integrated system for 6-year planning horizon. [109] also 

added wind turbines to the generation units mixture to solve the MILP problem to see the impact 

of the natural gas integration to the hydropower plants. The proposed model in this paper considers 

the solar and wind energy units and consider the NGFPP units as a backup of the wind turbines to 

prevent the intermittency of the electricity produced by wind turbines. 
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Table 3.5: Integrated Electricity Generation and Transmission and Natural Gas Network 

Literature Review 

3.3. Mathematical Model 

 The proposed mathematical model for the IGTENGP problem is presented in this section. 

First, an integrated network considered in this study is described. Secondly, the notations, variables 

and parameters used in the model are given. Finally, the proposed mathematical model is 

described.  

 The objective of this study is to minimize the overall total cost associated with electricity 

generation and transmission planning and natural gas pipeline investment costs and the operation 

costs associated with the components of the three problems stated above while meeting the demand 

of electricity and natural gas of the demand nodes. The impact of the natural gas prices and the 

impact of different amounts of renewable incentives are also considered in the mathematical 

Paper Model Explanation 

Long/Short 

Term 

Planning 

Objective 
Hydro. 

Plant 

Thermal 

Plants 
Renewable 

[109] MILP Multistage Long Least Cost Y Y Wind 

[11] MINLP Multistage  Long Least Cost Y Y N 

[110] MINLP - Short Least Cost N Y N 

[111] MILP + NLP 
Multistage 

stochastic 
Short Least Cost Y Y Y 

[112] MILP - Short Least Cost Y Y N 

[113] NLP 
Interval 

Optimization 
Short Least Cost Y Y Y 

[114] MILP - Short Least Cost Y Y N 

[115] Simulation Model - Short Reliability N Y N 
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model. Lastly, in order to avoid the losses due to intermittency of the electricity amount generated 

by wind turbines, low capacity of NGFPP’s aimed to install closer to the wind turbines.   

 

Figure 3.7: Integrated electricity and natural gas network topology (adapted from [94]) 

3.3.1. Notation 

 The sets, indices used in the proposed model is given as follows.  

 

Sets: 

 N  Nodes 

 Q Generation Unit Types 

 P Planning horizon 

SC Scenarios 

E Edges 
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Indices: 

'

Nodes

Typeof generation units

( , ) Electricityedges

( , ) Natural gas edges

Year  in planning horizon

Q  Natural gas fired power plants

Q Wind turbines

Q Renewable fired power plants
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G

g

w

r

i N

q Q

i j E

i j E

p P p











the last period in the planning horizon
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Generation amount from unit type  at node  in period .

Capacity of new unit ty
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3.3.2. Objective Function 

 A MILP problem is developed to solve the integrated natural gas pipeline and electricity 

generation and transmission planning problem. The objective function is built to minimize the 

electricity generation and transmission costs, and natural gas transmission costs. Each line of 

objective function represents the generation costs, electricity transportation costs, and natural gas 

transportation costs respectively. The electricity generation and transmission network is 

represented with 1( , )E N A  where NE is the set of the electricity supply/demand nodes and EE is 

the set of electricity transmission lines. The natural gas pipeline and electricity generation network 

is represented with 2( , )G N B where NG is the set of nodes in the natural gas pipeline and EG is 

the set of gas pipelines. i represents the demand/supply point of natural gas and/or electricity where 

( , )E GN N N , and (i,j) represents the edges of the electricity transmission line and natural gas 

pipelines where   ( , )E GE E E  
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     (3.1.1) 

            

 Generation unit costs have fixed investment costs (
qpIC ) and variable operation and 

maintenance costs   (
qpOC ). Fixed generation cost is found by multiplying fixed investment costs 

and number of units installed during that period. Operation and maintenance generation cost is 

found by multiplying comvqp M costs and electricity generation amount (
iqpg ) at node i at period 

p for generation unit types of q. Electricity transmission costs include fixed cost of the investment 

and variable transfer costs. These costs are calculated by multiplying the total cost and new added 

transmission capacity between node i and j at period p. Natural gas transmission cost has two 

elements. First one is calculated by multiplying the fixed cost of new added gas pipeline and the 

amount of new gas pipeline. The second element is calculated by multiplying variable costs, the 

length of the pipeline between node i and j, and flow between these nodes. 

3.3.3. Constraints 

 The constraints to solve the proposed integrated model is presented on Equation 3.1.2-

3.1.16. The model consists of flow balance constraints (Equation 3.1.2-3.1.3), transmission 

capacity constraints (Equation 3.1.4-3.1.7), power plants generation capacity constraint (Equation 

3.1.8-3.1.9), upper bound constraints (Equation 3.1.10-3.1.12), number of built power plants 

(Equation 3.1.13), wind turbine and NGFPP integration constraint (Equation 3.1.14), minimum 

workload constraint for generation units (Equation 3.1.15) and renewable energy share constraint 

(Equation 3.1.16). 
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                      (3.1.2) 

 The Electricity Node Balance constraint (Equation 3.1.2) represents the balance of flow at 

each node: total in-flow (generation amount of all generation units in that node plus the incoming 

flow) is equal to total out-flow (demand at that node plus outgoing flow) at node i during period 

p. 
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           (3.1.3) 

 The Gas Node Balance constraint (Equation 3.1.3) is similar to electricity node balance 

constraint. In this case, the flow of gas through a node is balanced. Gas demand at any node 

includes the amount of gas consumption required by gas fired electricity generation units and 

consumption by other customers. At node i, the flow in (incoming flow, plus gas production in 

that node) is equal to flow out (gas demand at that node plus outgoing flow) at period p. Three 

different types of natural gas plants are used in the model. 

 ( 1) ; ( , ) ,ijp ij p ijp Ex C e e i j E p P                    (3.1.4) 

 
( 1) ; ( , ) ,ijp ij p ijp Gf C g g i j E p P             (3.1.5) 

 The electricity (Equation 3.1.4) and natural gas (Equation 3.1.5) transmission capacity 

added at period p in edge(i,j) must be greater and equal to flow between edge (i,j) minus cumulative 

electricity and natural gas transmission capacity of the edge (i,j) at period (p-1) 

 ( 1) ; ( , ) ,ijp ij p ijp Ee C e C e i j E p P                        (3.1.6) 

 
( 1) ; ( , ) ,ijp ij p ijp Gg C g C g i j E p P            (3.1.7) 

 Equation 3.1.6 and 3.1.7 ensure that the cumulative electricity and natural gas transmission 

capacity of the edge (i,j) at period p is equal to sum of electricity and natural gas transmission 
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capacity at period p-1 and new electricity (gas) transmission capacity amount of that edge at period 

p respectively. 
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              (3.1.8) 

 Capacity Bounds enforce that the maximum generation capacity of natural gas plants 

should be less than supply of natural gas. 

 
( 1) * * ; , ,iqp iq p q iqp qg CG T G T i N q Q p P          (3.1.9) 

 Generation amount constraint (Equation 3.1.9) ensures that the electricity generation 

amount of generation unit type q in node i at period p cannot be more than cumulative generation 

capacity for unit type q at period p.  
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                   (3.1.12)

 Maximum generation (Equation 3.1.10), electricity transmission (Equation 3.1.11) and 

natural gas transmission (Equation 3.1.12) capacity cannot exceed the maximum allowable limit. 
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                   (3.1.13) 

 The number of generation plant that is planned to be built at period type q in node i should 

be greater or equal to generation capacity needed in that node divided by the capacity of generation 

plant type q.  
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                               (3.1.14) 
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 Wind turbine and Natural gas integration constraints ensure that the cumulative capacity 

of natural gas fired plants should be at least a proportion of the wind turbines’ cumulative capacity 

in node i at period p. 

 * ; , ,iqp iqp qmg CG T i N q Q p P                    (3.1.15) 

 Minimum workload constraint satisfies the requirement of the minimum workload of each 

type of generation plants (Equation 3.1.15). The specifications of different types of power plant 

require to run at least at a certain level (Tqm) therefore the electricity production should be greater 

than the minimum workload of the power plants. 
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                    (3.1.16) 

 The amount of electricity generation from the renewable power plants is considered in 

Equation  (3.1.16). With this constraint, the share of renewable energy is kept more than or equal 

to a certain percentage at the end of the planning horizon. 

3.4. Case Studies 

 The proposed integrated electricity and gas expansion planning model has been applied to 

two networks: Garver 6-bus system, and 42 nodes Interconnected Mexico Electricity Network. To 

be able to see the impact and efficiency of the developed mathematical model, a base network 

topology Garver 6-bus system [116] has been utilized and then proposed mathematical model is 

applied to Mexico Electricity Network. These cases have been implemented on a 2.13 GHz Dual 

Core CPU with 3.25 GB of RAM using CPLEX 12 using GAMS.   
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3.4.1. Experimental Design 

 In order to see the impact of the natural gas cost, renewable integration incentives and the 

percentage of electricity produced by renewable energy resources on the proposed integrated 

model and their effect on overall cost, different experiments are created. Some of the cases 

investigated in this study are; 

 The base fuel cost for natural gas decreases and increases in 10% increments. 

 The investment cost incentive for renewable energy with no incentive, low, medium and 

high levels.  

 The amount of electricity produced from renewable plants assumed to be 15%, 25% and 

35% of the overall electricity production from all generation plants at the end of the 

planning horizon. 

3.4.2. Base Network Case Study 

 The proposed mathematical model is implemented to a simple 6-bus electricity network. 

Figure 3.8 illustrates Garver 6-Bus system topology which includes six nodes, three existing 

electricity generation units and six installed transmissions. Garver 6-Bus system consists of four 

different generation plants which are gas, hydropower, steam and wind fired electricity generation 

plants. The effectiveness of the proposed model is tested by using Garver 6-Bus system before its 

application to a large network.  

 The data for the generation units is obtained from [117], the transmission data for the 

existing electricity transmission lines obtained from [118], O&M cost and fuel cost of the power 

plants derived from [71]. The natural gas pipeline data is derived from the data on [118].  
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Figure 3.8: Garver 6-Bus System Topology 

 

 Existing generation capacity, operating and maintenance costs and electricity demand for 

each node and other data for the Garver 6-bus case study is listed on Appendix 1. For this case 

study, a 10-year planning horizon has been determined and electricity demand assumed to be 

increasing by 15% every year.  Node 1, 3, and 6 has been determined as natural gas supply nodes 

with enough natural gas capacity to satisfy the natural gas demand from generation plants and 

other customers. 

3.4.3. Mexico Electricity Network Case Study 

 The proposed mathematical model has been implemented on 42 node Interconnected 

Mexican Electricity Power System and planning horizon is selected as twenty-one years. Initial 

installed electricity generation capacity is 15,496 MW. This network includes 121 edges in which 

all nodes and edges are on the electricity network, and can be on the gas network. Potential number 

of generation units is 10 and the number of periods is 21. Potential number of generation units is 
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10 and the number of periods is 21. The generation plants include four fossil fuel fired plants, three 

types of NGFPP’s, two renewable energy resources (wind & geothermal) and one nuclear power 

plant.  

 Table 3.6 represents the existing power plant capacity for the Mexico electricity case study 

application. Renewable energy resources are the Unit No 5 and 9 do not have any initial capacity 

in the case study. As a base case scenario, the level of electricity produced from renewable energy 

resources is aimed to be 15% at the end of the planning horizon.   

Table 3.6: Existing Generation Plant Capacity 

No 
Power Plant 

Type 

Existing 

Capacity 

(MW) 

1 Coal -1 950 

2 Coal -2 2397 

3 Fuel Oil 4967 

4 Diesel 477 

5 Wind Turbine - 

6 N. Gas - 1 2116 

7 N. Gas - 2 743 

8 N. Gas - 3 3347 

9 Geothermal - 

10 Nuclear 499 

Total 15,496  

 

 

Table 3.7 represents the capacity for the candidate unit types, maximum generation capacity and 

the minimum generation level on those units.  
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Table 3.7: Candidate Generation Plant Data 

No 
Power Plant 

Type 
Capacity 

Max 

Load 

Min 

Load 

1 Coal -1 655.2 0.92 0.25 

2 Coal -2 250 0.91 0.1 

3 Fuel Oil 330 0.91 0.25 

4 Diesel 50 0.85 0 

5 Wind Turbine 30 0.95 0 

6 N. Gas - 1 729.3 0.96 0.45 

7 N. Gas - 2 30.1 0.9 0.1 

8 N. Gas - 3 729.3 0.96 0.25 

9 Geothermal 25 0.9 0.8 

10 Nuclear 1300.4 0.95 0.6 

3.5. Computational Results 

 The proposed mathematical program in this study is a multi-period mixed integer linear 

programming model. General Algebraic Modeling System (GAMS) is utilized to code the multi-

period single objective MILP problem, and ILOG Cplex 12.3 is used to solve the problem. The 

experimentations are performed on an Intel Core i5-6500 PC with a 3.2 GHz CPU and 8 GB of 

RAM. For the base scenarios, 0.1% optimality gap is being utilized while for the big network 0.6% 

is being utilized. 

3.5.1. Integrated Problem vs. Separate Solution 

 The major contribution of this study is to combine the three single problem into one 

integrated problem. In order to see the impact of the integrated model, two different models is 
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created. First, electricity GTEP problem (MIP) is solved separately and then the natural gas 

demand needed from the NGFPP’s obtained from this problem is used to solve the natural gas 

pipeline network problem (LP). The results of the integrated electricity generation & transmission 

expansion planning (MIP) and natural gas pipeline network problem is compared to the separate 

solution. The optimality gap is defined as 0.5% for both cases and the execution time of the 

integrated problem is 2 hours and 23 minutes more than the separate solution and the overall cost 

for integrated problem is 2.9% less than solving the problems separately (Table 3.8). This 

difference is 94.6% of the natural gas pipeline network cost.  

Table 3.8: Result Comparison - Integrated Solution  vs Separate Solution 

Problem Type Overall Cost ($) Execution Time (min) 

Integrated Problem 341,549,728 747 

Electricity & 

Transmission Network 
340,961,980 604 

Natural Gas Network 10,836,069 < 1 

Improvement 2.9% -143 

 

 Figure 3.9 represents initial capacity and the final capacity of the electricity generation 

resources by different fuel types. In both single and integrated model solutions, the electricity 

generation share of the resources has not been changed and the NGFPP’s has a share of 60.4% at 

the end of the planning horizon while the initial share of these power plants was only 13.7%. The 

reason of NGFPP dominance is because of the cost effectiveness and the abundant available 

resources. The renewable energy amount at the end of the period is 16% and the model has a 
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tendency to implement more geothermal energy instead of wind energy due to higher investment 

cost of wind turbines and the model requires additional natural gas plants to overcome the wind 

energy intermittency which adds additional cost to the wind energy. Since the only investment 

decisions made to build NGFPP’s and renewable energy resources, the share of fossil-fuels 

reduced to 15.5% from 56.7% and nuclear energy has slightly less than 1% share compared to the 

initial capacity of 3.2%.  

 

Figure 3.9: Generation Distribution - Initial vs Final Capacity 

  

3.5.2. Optimality Gap 

 Due to complexity of the proposed model, the completion time for the 6-bus network and 

Mexico electricity network is a lot different with different optimality gaps. In order to determine 
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a suitable optimality gap for the Mexico electricity network application some experiments are 

completed on 6-bus network. First of all, the proposed mathematical model is solved with 0.01% 

and 0.1% optimality gap for the base network without considering the renewable energy constraint 

to see the impact of the optimality gap on the investment decisions. The initial results have proven 

that 0.01% optimality gap improved the objective cost function obtained from 0.1% by 0.006% 

and the only difference between the two cases is the slight difference on the electricity generation 

amount in some generation units.  

 Another experiment to determine the optimality gap is checking 0.1% and 0.6% optimality 

gaps since the solver was not able to improve the results from the Mexico case study after three 

days and could reach to 0.6. Therefore, the difference between these two-optimality gap was very 

crucial since if there are significant investment decision differences for 0.1% and 0.6%, another 

solution methodology should be developed to obtain more accurate results. The objective function 

comparison for 0.1% and 0.6% optimality gap results stated in Table 3.9.  

Table 3.9: Results Comparison for 0.1% and 0.6% Optimality Gap – 6-bus network case 

Optimality Gap 
Avg. Objective Function for 

each scenario (M$) 

Avg. Execution Time for 

each scenario 

0.10% 9,904 192 sec 

0.60% 9,925 1 sec 

Improvement  0.218% 191 seconds 

 

 For the 6-bus network, the average execution time for each scenario is around 160 seconds 

with 0.1% optimality gap and it reduced to 1 seconds with 0.6% optimality gap while the 

improvement in the objective function between two cases is 1.95%. When we compared the 
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investment decisions for installing the generation plants, the improvement is because of the 

additional 100 MW natural gas fired installment with 0.1% optimality gap. Other changes on the 

investment decisions were not significant therefore for the sake of lower execution time, 0.6% 

optimality gap is determined to be an acceptable optimal solution for the big network case study.  

3.5.3. Base Case Scenario Results 

 The proposed model is applied to Garvin 6-bus network topology with 10 years planning 

horizon. Different cases and scenarios are considered to see  

 the impact of wind turbine investment costs 

 the fuel costs of natural gas 

 the share of the gas transmission cost with natural gas utilities 

 the electricity produced from renewable energy resources. 

 In order to see the cost effectiveness level of the renewable energy power plant (Plant type 

4 : Wind Turbine), the problem solved with and without constraint (0.0.1) which ensures the 

electricity production level from renewable resources at a certain level based on the governments’ 

or utilities’ policies. Extreme investment cost incentives for the wind turbines considered in the 

initial scenario without renewable energy requirement constraint. The question comes to mind with 

these extreme cost reduction is would really the cost of wind energy be lower this much? But 

studies such as [119] have shown that the capital cost of wind turbine in Denmark and U.S. has 

reduced by more than 50% between 1980 and 2005. Even though, the cost has shown an increasing 

trend after 2005, the decreasing trend has started after 2008 [120].  The future projections of wind 

energy investment cost is expected to reduce by 30% in couple decades [119]. [121] has projected 

that the cost of wind turbines would reduce by 40-50% by year 2050. Therefore, with the forecasted 

drastic cost reduction on wind turbines this scenario would give an insight to the utilities as well 
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as the policymakers. The results obtained from the initial scenario have shown that the wind 

turbines would become more cost effective if the investment cost of the wind turbines reduces by 

50%.  

3.5.3.1.Base Case Scenario without Renewable Percentage Enforcement Constraint  

 In order to see the impact of extreme cost incentives on wind turbine investment cost, the 

constraint, which enforces the renewable energy level at a certain amount, is ignored. The initial 

results showed that wind energy becomes cost effective with an investment cost reduction of 50% 

(Figure 3.10). 

 

Figure 3.10: Installed Generation Plants vs. Investment Incentives for Renewable Energy 

Resources 

 

 From Figure 3.10, 192 MW wind turbine capacity is added to the electricity network which 

is about 2.7% of the total installed capacity. With more extreme cost reduction of 80%, the wind 
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turbine becomes the lowest cost alternative among other resource types. Since the maximum 

installment capacity for wind turbine is determined as 1,000 MW, the model has not made a 

decision to invest more wind turbine capacity. Another interesting result obtained from this 

scenario is that the steam fired power plant becomes the highest cost alternative since the capacity 

of steam fired power plant is at the end of planning horizon is found as 610 MW. With 80% cost 

reduction, the capacity of NGFPP’s tended to decrease while it showed a higher trend in the 50% 

cost reduction while the wind turbines have a total share of 15.6% among all installed generation 

plants.  

 The fuel cost and the natural gas pipeline cost sharing does not have impact on the installed 

generation capacity and the electricity production from different energy resources. This maybe 

because of some reasons 

 the small network application,  

 small amount of electricity demand and natural gas demand  

 the incentive on the wind turbine investment cost  

 Table 3.10 and Table 3.11 represents the electricity generation amount for the 6-node 

network (without renewable energy requirement) for Base Scenario and for 50% Investment Cost 

incentive for Wind Energy respectively. The highlighted rows show the impact of wind turbine 

incentives on the installed generation capacity between two cases. In node 1, the amount of wind 

turbine and natural gas fired capacity increased while steam fired power plant capacity is 

decreased. In node 5, new wind turbines installed in year 2 with the same capacity while it has 

affected the new capacity installments on NGFPP’s after year 3.  
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Table 3.10: Electricity Generation (MW) for Base Scenario 

 

Table 3.11: Electricity Generation (MW) - 50% Wind Investment Cost Incentive 

 

 Table 3.12 represents the capacities of the each type of power plant at the beginning and at 

the end of planning horizon. Initially, hydropower plants and steam plants are the major power 

resources while there is not any wind turbine at the beginning. At the end, the installed wind turbine 

capacity reaches up to 166 MW which is around 2.7% of the overall capacity. NGFPP’s are the 

Node 1 N. Gas        144        135        144        144        144        144        144        144        144        144 

Node 1 Steam        382        367        455          99        136        183        226        282        345        455 

Node 2 N. Gas          -            -            96        270        380        510        650        817     1,008     1,248 

Node 2 Hydro        460        460        460        460        460        455        460        460        460        460 

Node 3 Steam        214        226        240        122        140        161        185        213        245        317 

Node 4 N. Gas        340        368        425        510        560        644        740        851        864        864 

Node 4 Steam          -            -            -            -            -            -            -            -          115        228 

Node 5 N. Gas          -          192        192        730        840        960     1,110     1,277     1,468     1,632 

Node 6 Hydro          -            70          81          93        106        122        141        162        186        214 

Electricity Generation (MW) - Base scenario

104 5 6 7 8 9Nodes
Resource 

Type
1 2 3

Node 1 N. Gas        144        135        144        144        144        144        144        240        240        336 

Node 1 Steam        227        117        219          58          94        136        184        144        208        226 

Node 1 Wind          42          42          42          42          42          42          42          42          42          42 

Node 2 N. Gas          -            -            96        271        380        510        650        817     1,008     1,248 

Node 2 Hydro        460        460        460        460        460        455        460        460        460        460 

Node 3 Steam        328        328        328        122        140        161        185        213        245        328 

Node 4 N. Gas        340        368        425        480        554        638        734        846        973     1,056 

Node 4 Wind          -            -            -              6            6            6            6            6            6          10 

Node 5 N. Gas          -          192        192        624        733        859     1,004     1,170     1,362     1,536 

Node 5 Wind          -          106        106        106        106        106        106        106        106        106 

Node 6 Hydro          -            70          81          93        106        122        141        162        186        214 

9 103 4 5 6 7 8

Electricity Generation (MW) - Wind Turbine Incentive Scenario 50 %

Nodes
Resource 

Type
1 2
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most cost effective alternative since the installed capacity of power plants feed by natural gas 

reached to 70% at the end of the planning horizon. 

 

Table 3.12: Installed Capacity Comparison for Each Plant Type (MW and %)  

Wind Turbine Incentive Scenario 50% 

Nodes 
Resource 

Type 

Capacity at Year 0 Capacity at Year 10 

MW % MW % 

1 N. Gas 150 14% 4350 69.9% 

2 Hydro 600 54% 1100 18.2% 

3 Steam 360 32% 610 9.8% 

4 Wind 0 0% 166 2.7% 

 

3.5.3.2.Base Case Scenario with Renewable Percentage Enforcement Results 

 Renewable energy increases its share among the other electricity resources due to its 

environmentally friendly nature therefore some countries, policymakers provide some incentives 

to increase the share of renewables in the power sectors. In the base network, 15%, 25% and 35% 

electricity production from wind turbines considered in the base network scenarios with 10%, 20% 

and 30% incentives for the wind turbine investment costs. Natural gas fuel cost and natural gas 

transmission line cost sharing with gas utilities considered while creating different experiments.  

 The fuel cost decrease scenario in the 6-bus case study has not provided a good insight for 

the investment decisions with different cost values. Some of the reasons for not having an impact 

on fuel cost differences. 

 the fuel costs are very low compared to investment costs of the generation plants 
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 since the cost differences between fuel cost and investment cost is huge, the planning 

horizon should be longer to see the impact of natural gas fuel cost in the final investment 

decisions. 

 the gas demand and electricity demand is smaller compared to large network. 

 As it is discussed in the previous section, the wind turbines become more cost effective 

more than 50% investment cost incentives but we only considered the incentives by 30% therefore 

no change-s are observed on the wind turbine cost incentives scenarios.  

 Transmission line cost sharing is another scenario which does not provide more insights to 

the problem due to small network application and due to capacity constraints for the gas pipeline 

networks. Real case study application might give a different insight for the transmission line cost 

sharing scenarios. Figure 3.11 represents the total cost values obtained from different Natural Gas 

Transmission Line Cost sharing scenarios with 15% - 25% and 35% electricity requirements from 

renewable resources. The cost of the objective function increases when the renewable energy 

shares increases. On the other hand, the natural gas pipeline network cost sharing has an impact of 

$5-$9 million in overall cost which is lower than 0.1% of the overall cost. The cost decrease on 

the overall cost was naturally expected but there is no difference on the investment decisions due 

to small network case study and low electricity and natural gas demand.  
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Figure 3.11: Impact of N. Gas Transmission Cost Sharing on Objective Function for Different 

Renewable Energy Levels 

 Figure 3.12 also represents the impact of investment cost incentives for renewable energy 

resources for different level of renewable energy requirements (15%, 25%, 35%). The overall cost 

decreases proportionally when the incentive amount increases but these incentives do not have 

impact on the new renewable power plant investment decision. As it is discussed in the previous 

section, wind turbine becomes cost effective when 50% incentive is applied. Also, the cost 

difference is higher when the renewable percentage has increased among the power plants.  
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Figure 3.12: Impact of Renewable Energy Investment Cost Incentives on Objective Function for 

Different Renewable Energy Levels 

 

3.5.4. Mexico Electricity Network Case Results 

 In this paper, we would like to analyze the impact of natural gas prices, gas network 

operating costs, and renewable energy integration with natural gas. We utilized Mexico electricity 

network with 42 nodes and 121 edges, in which all nodes and edges are on the electricity network, 

and can be on the gas network. Potential number of generation units is 10 and the number of 

periods is 21. The resulting mathematical model, an MILP model, has 50,113 variables and 54,522 

constraints.  

 The results have shown that in the base scenario, the generation plant capacity increased 

from 15,496 MW to 56,715 MW while the NGFPP capacity increased from 2,116 MW to 38,295 

MW. All of the experimentations have shown that the share of NGFPP’s among total capacity has 

the biggest increase due to the cost effectiveness of the natural gas.  Experiments created to see 
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the impact of the electricity transmission cost sharing with natural gas and the impact of fuel cost 

changes on the natural gas but since the only investment decision is made to construct renewable 

power plants and natural gas fired plants, the impact of these two scenarios were not observed 

since the level of renewable electricity was defined by a constraint and the natural gas fired plants 

expansion reached to maximum level on all scenarios. 

The initial power plant capacities and the final capacity of each type of generation plant is shown 

on Table 3.13. The only new installed generation units are NGFPP’s and renewable energy 

resources. 

Table 3.13:Installed Capacity (MW vs %) - Renewable Energy Incentive Scenario 25% 

Resource Type 

Capacity at Year 0 Capacity at Year 21 

MW % MW % 

Fossil Fuel 8791 56.7% 8791 15.5% 

Natural Gas 6206 40.0% 38295 67.5% 

Renewable 0 0.0% 9135 16.1% 

Nuclear 499 3.2% 499 0.9% 

3.6. Discussion 

 The proposed MILP model is applied to two cases: 6-bus Garvin network and 42-node 

Mexico electricity network with different scenarios such as renewable energy requirements, 

renewable energy investment cost incentives, natural gas cost changes, natural gas transmission 

cost sharing with gas utility companies. The mathematical model is coded on GAMS software and 

solved by Cplex solver. 
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 Initial observation of the proposed model is the cost differences of the integrated 

mathematical model and solving the problems separately. Both integrated and separate problems 

solved and the overall cost of the integrated model is around 2.9% less than the separate solution 

even though the computational time increases around 143 minutes. Finding the optimal solution 

in terms of overall cost may not be the most attractive solution for the governments or utility 

companies. Even though, the natural gas resources have a popularity in terms of environmentally 

friendly nature, it is still not very popular to rely on one type of energy resources in the current 

power markets. There are various different kinds of threats which could affect the power system 

reliability, [122] classifies these threats as economic threats of monopoly markets, unexpected 

interruptions and threats of supply shortages for the fuels used to generate electricity. In order to 

overcome these threats, [123] claims that creating more diverse energy production system could 

help to achieve the targeted safety of the power network system.  

 The results obtained with 0.1% and 0.6% optimality gap for 6-bus Garvin network and 42-

node Mexico network cases respectively. For the small case study without renewable percentage 

requirement constraint, the results with 0.1% and 0.01% optimality gap compared and concluded 

that there is no significant difference between the two optimality gap levels therefore 0.1% 

optimality gap used in the small network case study. For the Mexico case study, due to large size 

of the problem, the best optimality that solver reached is 0.6%, the solver is observed for more 

than a day but there was not any improvement or incumbent value after 0.6% optimality gap. The 

results summarized in this section is for 0.6% optimality gap for the 42-node Mexico network. The 

results for the small network is also compared with 0.1% and 0.6% optimality gap levels to justify 

if any significant investment decision is observed with 0.1% gap but there were not any significant 
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investment decision changes for the small network. Therefore, 0.6% gap is used in the big network 

case study.  

 6-bus Garvin network application without any renewable energy requirement constraint 

has proven that the wind turbines are not a preferable alternative even though the O&M cost of the 

wind turbines are preferably lower and there is no fuel cost associated with the wind energy but 

the investment cost of the wind turbine is much higher than the other alternatives. Because of the 

high cost of the renewable energy resources, most of the countries decided some energy policies 

which aims to increase the share of renewable energy resources among their existing power 

resources. In order to increase the renewable share, countries put some objectives to achieve certain 

level of electricity production from renewable energy resources by creating some incentives, tax 

credits to make the renewable energy more appealing.  Also, the cost of wind turbines as well as 

the other renewable energy plants shows some decreasing trend [119] and its projected that this 

declining trend would keep continue for the next 30 years [121]. Due to this cost trend and the 

incentives on renewables, other scenarios created to see the level of renewable energy production 

with different level of incentives as well as the cost reduction. Extreme cost reduction scenarios 

on the investment cost of the wind turbines created to see the impact on the generation plants 

distribution. The wind energy started become cost effective at 50% cost reduction and the share of 

wind energy increased after 50% cost reduction.  

 The proposed mathematical model integrates two separate problems: Electricity and 

Natural Gas Transmission therefore electricity and natural gas transmission companies are the two 

sides of this cost item. Therefore, different cost sharing level of natural gas transmission lines 

investigated to see if there is any impact on the investment decisions for the generation power 

plants. For 6-bus network application, the transmission cost sharing for natural gas pipeline has 
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not provided significant results rather than cost reduction on the objective function. This maybe 

because of the small case application with low electricity and natural gas demand and small 

network.  

 The natural gas prices reduced significantly in the past decade. Therefore, the fuel cost of 

the power generation plants considered in the model separately than the variable O&M costs to 

see if the cost changes on the natural gas has any impact on the investment decisions. The fuel cost 

of the natural gas has only an impact on the overall cost value but does not have significant changes 

on the investment decisions on both case studies. Even though, the natural gas prices decreased 

dramatically on last ten years [4] but the effect of natural gas prices has not been observed in the 

final investment decisions on the proposed mathematical model.  

 Four different generation plants considered in the 6-bus network case study, these are 

natural gas, hydropower, steam fired and wind energy power plants. NGFPP has increased its share 

from 14% to 70% at the end of the planning horizon in the initial case study, while hydropower 

plants share reduced to 18% from 54% and the steam fired power plant percentage reduced to 

below 10% while its initial share was about 32% among all power plants. The natural gas power 

plant was the most preferable alternative among all options due to its cost effectiveness, abundant 

available resources and easy integration with renewable energy resources. Another reason for this 

high share of natural gas plants would be is its availability to install this plant at all of the nodes 

since the natural gas should be transported to every city since the natural gas have to be transported 

to all of the nodes for natural gas demands rather than its use on electricity.  

 The Mexico electricity system case study includes 10 different power plant types. These 

power plants classified into four classes, these classes are fossil fuel, natural gas, renewable energy 

and nuclear energy. Renewable energy capacity proportion is reached to 16% since the renewable 
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energy policy constraint in the mathematical model forces to generation amount to be at least 15%. 

As it found in the 6-bus network application, the renewable energy resources become cost effective 

if the incentive of the investment cost reaches to 50%. NGFPP’s has the highest share at the end 

of the planning horizon compare to other types of power plants.  

 Another result that we got from the base case scenario is that when the cost of the natural 

gas fired plant starts increasing by 10% it becomes less attractive alternative. It also proves that 

some other parameters should be added to the model rather than cost to make the problem more 

realistic since natural gas fired plants has some advantages which make it a preferable alternative 

such as ability to rapid shut down and turn on gives a chance to smoothen the electricity production 

from wind turbines by integrating these two types together, also its environmentally friendly 

structure makes it more attractive. Another advantage of natural gas fired plants is having abundant 

natural gas resources (shale gas) in different countries may cause to reduce the cost of natural gas 

fired plants more, and may decrease the dependency for foreign energy.  

3.7. Future Research 

 The results obtained from the comparison of the integrated and separate solutions has 

proven that the developed mathematical model provides better solution, but results have also 

shown that the dominance of the natural gas fired electricity plants is increasing, this may cause a 

reliability problem since relying on one single fuel resources may increase the risk of the power 

system. Therefore, the diversification of the electricity generation mix could be considered to 

obtain more diverse generation mix to reduce the risk of the power generation network. 

 In this study, a set of different scenarios compared to determine the optimality gap for the 

large Mexico power system network. 0.6% and 0.1% optimality gap results compared and 
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concluded that there is no significance difference between these two optimality gap values in terms 

of investment decisions of the generation plants on the small network, therefore, 0.6% optimality 

gap determined to be a close enough optimum solution for the large network as well but the 6-bus 

network may not be a good case study to compare the two cases for different optimality gaps since 

the small network has a limited amount of electricity and natural gas demand, small network, 

number of generation plant types is low therefore another solution methodology may need to be 

developed to reach a better solution rather than comparing the results with the small 6-bus network.  

 One of the objectives of this study is to see the impact of wind turbine costs and natural 

gas related costs on the overall investment decision. Since the problem is created as least cost 

optimization, the results have shown that the natural gas fuel cost does not have any impact on the 

investment decision of the generation power plants and the wind turbines (renewable energy 

resources) becomes cost effective if the incentives for the investment costs exceeds 50%. NGFPP’s 

and renewable energy resources are known as environmentally friendly energy resources among 

other fossil fuel fired power plants therefore including environmental impact of the generation 

types in the model may differ the results so that wind turbines or renewable energy resources may 

become more cost effective even way before than 50% investment cost reduction.  

 Other objective of the model was overcoming the wind intermittency by assigning natural 

gas fired plant capacity to wind energy power plants so that the variability on the wind load would 

be solved by the NGFPP capacity installed closed by the wind turbines. In order to deal with the 

wind energy intermittency, other methods such as electricity storage units, prediction of the wind 

energy, the wind turbine production when the cost of electricity is high (during peak periods) may 

need to be considered in the mathematical model. 
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 In this study, the proposed model is a single objective model, this model could be 

developed to multi-objective optimization problem by incorporating environmental factors, risk 

factors, foreign dependency on the objective function. O&M costs for the generation power plants 

assumed to be equal over the planning period but the O&M costs would go up when generation 

plants get older.  

 The natural gas pipeline model could be elaborated in this paper such as compressor 

stations, storages and other gas network units. The cost function of the natural gas network could 

be developed as nonlinear cost function for different levels of natural gas transmitted through the 

gas pipes. In addition, different types and capacity of gas pipelines, and electricity transmission 

lines would be considered in the future studies. 

 6-bus and 42-node network applications has proven that the proposed model could be 

applied to larger network applications with more accurate data, potentially using real world data. 

One of the other possible future research might be incorporating nonlinearity into the mathematical 

model, e.g., the cost of gas and transmission lines, compressor stations in the gas network, 

nonlinear transmission constraints that will result an MINLP mathematical model. 
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3.8. Appendix 

 The data used for Garver 6-bus case study is presented in this section.  

 

Table 3.14: Existing Garver 6-Bus Network Data 

Node 
Unit Capacity 

(MW) 

Plant 

Type 

Marginal 

Cost ($/MW) 

Demand 

(MW) 

1 150 Gas 60 160 

2 -     480 

3 360 Steam 30 80 

4 -     320 

5 -     320 

6 600 Hydro 5 - 
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Table 3.15: Electricity Transmission Line Data for Garver 6-bus system 

Start 

Node 

End 

Node 

Variable Cost 

($/MW) 

Investment Cost 

(US$) 

Capacity 

(MW) 

1 2 0.208 40 100 

1 3 0.208 38 100 

1 4 0.208 60 80 

1 5 0.208 20 100 

1 6 0.208 68 70 

2 3 0.208 20 100 

2 4 0.208 40 100 

2 5 0.208 31 100 

2 6 0.208 30 100 

3 4 0.208 59 82 

3 5 0.208 20 100 

3 6 0.208 48 100 

4 5 0.208 63 75 

4 6 0.208 30 100 

5 6 0.208 61 78 
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Table 3.16: Natural Gas Pipeline Network Data for Garver 6-bus system 

Start 

Node 

End 

Node 

Variable Cost 

($/MMBtu) 

Investment Cost 

(M$) 

Capacity 

(MMBtu) 

1 2 0.208 10 25 

1 3 0.208 9.5 25 

1 4 0.208 15 20 

1 5 0.208 5 25 

1 6 0.208 17 17.5 

2 3 0.208 5 25 

2 4 0.208 10 25 

2 5 0.208 7.75 25 

2 6 0.208 7.5 25 

3 4 0.208 14.75 20.5 

3 5 0.208 5 25 

3 6 0.208 12 25 

4 5 0.208 15.75 18.75 

4 6 0.208 7.5 25 

5 6 0.208 15.25 19.5 

 

Table 3.17: Potential Electricity Generation Plants Data 

Unit No. Type Node Capacity 

Capital Cost 

(M$) 

O&M Cost 

($/MW) 

Fuel Cost 

($/MW) 

1 Gas 1 100 60 5.02 28.22 

2 Hydro 2 500 450 13.43 - 

3 Steam 3 250 150 10.57 26.7 

4 Wind 4 2 9.2 5.02 - 



 93  

 

3.9. References 

1. Xie, M., J. Zhong, and F.F. Wu, Multiyear transmission expansion planning using ordinal 

optimization. IEEE Transactions on Power Systems, 2007. 22(4): p. 1420-1428. 

2. Economides, M.J. and D.A. Wood, The state of natural gas. Journal of Natural Gas Science 

and Engineering, 2009. 1(1): p. 1-13. 

3. Barbot, E., et al., Spatial and temporal correlation of water quality parameters of produced 

waters from Devonian-age shale following hydraulic fracturing. Environmental science & 

technology, 2013. 47(6): p. 2562-2569. 

4. Hwang, S.-N., H.-S. Lee, and J. Zhu, Handbook of operations analytics using data 

envelopment analysis. 2016: Springer. 

5. Whitaker, M., et al., Life cycle greenhouse gas emissions of coal‐fired electricity 

generation. Journal of Industrial Ecology, 2012. 16(s1): p. S53-S72. 

6. Speight, J.G., Coal-fired power generation handbook. 2013: John Wiley & Sons. 

7. EIA, U., Short term energy outlook. Energy Information Administration, Official energy, 

2015. 

8. Hemmati, R., R.-A. Hooshmand, and A. Khodabakhshian, Comprehensive review of 

generation and transmission expansion planning. Generation, Transmission & 

Distribution, IET, 2013. 7(9): p. 955-964. 

9. Sirikum, J., A. Techanitisawad, and V. Kachitvichyanukul, A new efficient GA-benders' 

decomposition method: For power generation expansion planning with emission controls. 

Power Systems, IEEE Transactions on, 2007. 22(3): p. 1092-1100. 

10. Meza, J.L.C., Multicriteria analysis of power generation expansion planning. 2006. 

11. Barati, F., et al., Multi-period integrated framework of generation, transmission, and 

natural gas grid expansion planning for large-scale systems. IEEE Transactions on Power 

Systems, 2015. 30(5): p. 2527-2537. 

12. Katzenstein, W. and J. Apt, Air emissions due to wind and solar power. Environmental 

science & technology, 2008. 43(2): p. 253-258. 

13. Lueken, C., G.E. Cohen, and J. Apt, Costs of solar and wind power variability for reducing 

CO2 emissions. Environmental science & technology, 2012. 46(17): p. 9761-9767. 

14. Masse P., G.R., Application of linear programming to investments in the electric power 

industry. Management Science, 1957: p. 149-66. 



 94  

 

15. Meza, J.L.C., M.B. Yildirim, and A.S. Masud, A model for the multiperiod multiobjective 

power generation expansion problem. IEEE Transactions on Power Systems, 2007. 22(2): 

p. 871-878. 

16. Phupha, V., T. Lantharthong, and N. Rugthaicharoencheep. Generation expansion 

planning strategies on power system: a review. in Proceedings of World Academy of 

Science, Engineering and Technology. 2012. World Academy of Science, Engineering and 

Technology. 

17. Tekiner, H., D.W. Coit, and F.A. Felder, Multi-period multi-objective electricity 

generation expansion planning problem with Monte-Carlo simulation. Electric Power 

Systems Research, 2010. 80(12): p. 1394-1405. 

18. Zhu, J. and M.-y. Chow, A review of emerging techniques on generation expansion 

planning. Power Systems, IEEE Transactions on, 1997. 12(4): p. 1722-1728. 

19. Park, J.-B., et al., An improved genetic algorithm for generation expansion planning. IEEE 

Transactions on Power Systems, 2000. 15(3): p. 916-922. 

20. Kannan, S., et al., Application and comparison of metaheuristic techniques to generation 

expansion planning in the partially deregulated environment. Generation, Transmission & 

Distribution, IET, 2007. 1(1): p. 111-118. 

21. Karaki, S., Chaaban FB, Al-Nakhl N, Tarhini KA, Power generation eexpansion planning 

with environmental consideration for Lebanon. International Journal Electric Power 

Energy System, 2001. 

22. Tekiner, H., Multi-objective stochastic models for electricity generation expansion 

planning problems considering risk. 2010, Rutgers University-Graduate School-New 

Brunswick. 

23. Meza, J.L.C., M.B. Yildirim, and A.S. Masud, A multiobjective evolutionary programming 

algorithm and its applications to power generation expansion planning. IEEE Transactions 

on Systems, Man, and Cybernetics-Part A: Systems and Humans, 2009. 39(5): p. 1086-

1096. 

24. Ramos, A., I.J. Perez-Arriaga, and J. Bogas, A nonlinear programming approach to 

optimal static generation expansion planning. IEEE Transactions on Power Systems, 1989. 

4(3): p. 1140-1146. 

25. Antunes, C.H., A.G. Martins, and I.S. Brito, A multiple objective mixed integer linear 

programming model for power generation expansion planning. Energy, 2004. 29(4): p. 

613-627. 

26. Feng, Y. and S.M. Ryan, Scenario construction and reduction applied to stochastic power 

generation expansion planning. Computers & Operations Research, 2013. 40(1): p. 9-23. 



 95  

 

27. Mo, B., J. Hegge, and I. Wangensteen, Stochastic generation expansion planning by means 

of stochastic dynamic programming. IEEE Transactions on Power Systems, 1991. 6(2): p. 

662-668. 

28. Chen, S.-L., T.-S. Zhan, and M.-T. Tsay, Generation expansion planning of the utility with 

refined immune algorithm. Electric Power Systems Research, 2006. 76(4): p. 251-258. 

29. David, A. and R.-D. Zhao, Integrating expert systems with dynamic programming in 

generation expansion planning. Power Systems, IEEE Transactions on, 1989. 4(3): p. 

1095-1101. 

30. Firmo, H.T. and L.F.L. Legey, Generation expansion planning: an iterative genetic 

algorithm approach. Power Systems, IEEE Transactions on, 2002. 17(3): p. 901-906. 

31. Fukuyama, Y. and H.-D. Chiang, A parallel genetic algorithm for generation expansion 

planning. Power Systems, IEEE Transactions on, 1996. 11(2): p. 955-961. 

32. Hejrati, Z., E. Hejrati, and A. Taheri Moghadam, Optimization generation expansion 

planning by HBMO. International Journal of Computer Applications, 2012. 37(7): p. 25-

31. 

33. Jadidoleslam, M., et al., Application of shuffled frog leaping algorithm to long term 

generation expansion planning. International Journal of Computer and Electrical 

Engineering, 2012. 4(2): p. 115. 

34. Kannan, S., et al., Application of NSGA-II algorithm to generation expansion planning. 

IEEE Transactions on Power systems, 2009. 24(1): p. 454-461. 

35. Kannan, S., S. Slochanal, and N.P. Padhy, Application and comparison of metaheuristic 

techniques to generation expansion planning problem. Power Systems, IEEE Transactions 

on, 2005. 20(1): p. 466-475. 

36. Kannan, S., et al., Application of particle swarm optimization technique and its variants to 

generation expansion planning problem. Electric Power Systems Research, 2004. 70(3): 

p. 203-210. 

37. Karthikeyan, K., et al., Application of Self-adaptive DifferentialEvolution Algorithm to 

Generation Expansion Planning Problem. J. Electrical Systems, 2013. 9(2): p. 203-211. 

38. Moghddas-Tafreshi, S., et al., Generation expansion planning in Pool market: a hybrid 

modified game theory and particle swarm optimization. Energy Conversion and 

Management, 2011. 52(2): p. 1512-1519. 

39. Park, J.-B., et al., An improved genetic algorithm for generation expansion planning. 

Power Systems, IEEE Transactions on, 2000. 15(3): p. 916-922. 



 96  

 

40. Park, Y.-M., et al., Generation expansion planning based on an advanced evolutionary 

programming. Power Systems, IEEE Transactions on, 1999. 14(1): p. 299-305. 

41. Pereira, A.J. and J.T. Saraiva, Generation expansion planning (GEP)–a long-term 

approach using system dynamics and genetic algorithms (GAs). Energy, 2011. 36(8): p. 

5180-5199. 

42. Sadeghi, H., et al. Renewable-based generation expansion planning considering 

environmental issues using GSA. in Intelligent Systems (ICIS), 2014 Iranian Conference 

on. 2014. IEEE. 

43. Shayanfar, H., et al., Generation Expansion Planning in pool market: A hybrid modified 

game theory and improved genetic algorithm. Energy Conversion and Management, 2009. 

50(5): p. 1149-1156. 

44. Su, C.-T., G.-R. Lii, and J.-J. Chen. Long-term generation expansion planning employing 

dynamic programming and fuzzy techniques. in Industrial Technology 2000. Proceedings 

of IEEE International Conference on. 2000. IEEE. 

45. Yildirim, M., K. Erkan, and S. Ozturk, Power generation expansion planning with adaptive 

simulated annealing genetic algorithm. International journal of energy research, 2006. 

30(14): p. 1188-1199. 

46. Zhou, Y., L. Wang, and J.D. McCalley, Designing effective and efficient incentive policies 

for renewable energy in generation expansion planning. Applied Energy, 2011. 88(6): p. 

2201-2209. 

47. Bakirtzis, G.A., P.N. Biskas, and V. Chatziathanasiou, Generation expansion planning by 

MILP considering mid-term scheduling decisions. Electric Power Systems Research, 2012. 

86: p. 98-112. 

48. Contreras, J. and F.F. Wu, A kernel-oriented algorithm for transmission expansion 

planning. IEEE Transactions on Power Systems, 2000. 15(4): p. 1434-1440. 

49. Latorre, G., et al., Classification of publications and models on transmission expansion 

planning. IEEE Transactions on Power Systems, 2003. 18(2): p. 938-946. 

50. Zhang, H., et al., A mixed-integer linear programming approach for multi-stage security-

constrained transmission expansion planning. IEEE Transactions on Power Systems, 

2012. 27(2): p. 1125-1133. 

51. Kaltenbach, J.-c., J. Peschon, and E. Gehrig, A mathematical optimization technique for 

the expansion of electric power transmission systems. IEEE Transactions on Power 

Apparatus and Systems, 1970(1): p. 113-119. 

52. Villasana, R., L. Garver, and S. Salon, Transmission network planning using linear 

programming. IEEE transactions on power apparatus and systems, 1985(2): p. 349-356. 



 97  

 

53. de la Torre, S., A.J. Conejo, and J. Contreras, Transmission expansion planning in 

electricity markets. IEEE transactions on power systems, 2008. 23(1): p. 238-248. 

54. Alguacil, N., J.M. Arroyo, and M. Carrión, Transmission network expansion planning 

under deliberate outages, in Handbook of Power Systems I. 2010, Springer. p. 365-389. 

55. Aghaei, J., et al., Generation and transmission expansion planning: MILP–based 

probabilistic model. IEEE Transactions on Power Systems, 2014. 29(4): p. 1592-1601. 

56. Zhao, J.H., et al., Flexible transmission expansion planning with uncertainties in an 

electricity market. IEEE Transactions on Power Systems, 2009. 24(1): p. 479-488. 

57. Chen, B., et al., Robust optimization for transmission expansion planning: Minimax cost 

vs. minimax regret. IEEE Transactions on Power Systems, 2014. 29(6): p. 3069-3077. 

58. Oliveira, G., A. Costa, and S. Binato, Large scale transmission network planning using 

optimization and heuristic techniques. IEEE Transactions on Power systems, 1995. 10(4): 

p. 1828-1834. 

59. Orfanos, G.A., P.S. Georgilakis, and N.D. Hatziargyriou, Transmission expansion 

planning of systems with increasing wind power integration. IEEE Transactions on Power 

Systems, 2013. 28(2): p. 1355-1362. 

60. Jenabi, M., S.M.T.F. Ghomi, and Y. Smeers, Bi-level game approaches for coordination 

of generation and transmission expansion planning within a market environment. IEEE 

Transactions on Power Systems, 2013. 28(3): p. 2639-2650. 

61. Moeini-Aghtaie, M., A. Abbaspour, and M. Fotuhi-Firuzabad, Incorporating large-scale 

distant wind farms in probabilistic transmission expansion planning—Part I: Theory and 

algorithm. IEEE Transactions on Power Systems, 2012. 27(3): p. 1585-1593. 

62. Arabali, A., et al., A multi-objective transmission expansion planning framework in 

deregulated power systems with wind generation. IEEE Transactions on Power Systems, 

2014. 29(6): p. 3003-3011. 

63. Romero, R., M.J. Rider, and I.d.J. Silva, A metaheuristic to solve the transmission 

expansion planning. IEEE Transactions on Power Systems, 2007. 4(22): p. 2289-2291. 

64. Farahani, R.Z., S. Rezapour, and L. Kardar, Logistics operations and management: 

concepts and models. 2011: Elsevier. 

65. Kabirian, A. and M.R. Hemmati, A strategic planning model for natural gas transmission 

networks. Energy policy, 2007. 35(11): p. 5656-5670. 

66. Group, B., BP Statistical Review of World Energy June 2016. 2016. 

67. Agency, C.I., The World Factbook 2012-13. 2013: Central Intelligence Agency. 



 98  

 

68. Spath, P.L. and M.K. Mann, Life cycle assessment of a natural gas combined-cycle power 

generation system. 2000: National Renewable Energy Laboratory Golden, CO. 

69. Administration, U.S.E.I. U.S. Natural Gas Consumption by End Use. 2016 11/30/2016 

[cited 2016 12/28/2016]; Available from: 

https://www.eia.gov/dnav/ng/ng_cons_sum_dcu_nus_a.htm. 

70. Bolland, O. and S. Saether, New concepts for natural gas fired power plants which simplify 

the recovery of carbon dioxide. Energy Conversion and Management, 1992. 33(5-8): p. 

467-475. 

71. EIA, U., Electric power annual 2015. 2016. 

72. Pratson, L.F., D. Haerer, and D. Patiño-Echeverri, Fuel prices, emission standards, and 

generation costs for coal vs natural gas power plants. Environmental science & 

technology, 2013. 47(9): p. 4926-4933. 

73. Martin, A., M. Möller, and S. Moritz, Mixed integer models for the stationary case of gas 

network optimization. Mathematical programming, 2006. 105(2-3): p. 563-582. 

74. Dilaveroglu, S., Optimization for Design and Operation of Natural Gas Transmission 

Networks. 2012, Texas A&M University. 

75. Ríos-Mercado, R.Z., S. Kim, and E.A. Boyd, Efficient operation of natural gas 

transmission systems: A network-based heuristic for cyclic structures. Computers & 

Operations Research, 2006. 33(8): p. 2323-2351. 

76. Xu, Y., et al. The optimization of gas pipeline transmission and end segment storage in gas 

network. in Operations Research and its Applications in Engineering, Technology and 

Management 2013 (ISORA 2013), 11th International Symposium on. 2013. IET. 

77. Üster, H. and Ş. Dilaveroğlu, Optimization for design and operation of natural gas 

transmission networks. Applied Energy, 2014. 133: p. 56-69. 

78. Damavandi, M.Y., H. Seifi, and M. Pedram. Generation units maintenance scheduling 

considering gas network constraints. in Electric Power and Energy Conversion Systems, 

2009. EPECS'09. International Conference on. 2009. IEEE. 

79. Li, T., M. Eremia, and M. Shahidehpour, Interdependency of natural gas network and 

power system security. IEEE Transactions on Power Systems, 2008. 23(4): p. 1817-1824. 

80. Damavandi, M.Y., et al., New approach to gas network modeling in unit commitment. 

Energy, 2011. 36(10): p. 6243-6250. 

81. Sun, C.L., et al. An integrated expert system/operations research approach for natural gas 

pipeline operations optimization. in Electrical and Computer Engineering, 1999 IEEE 

Canadian Conference on. 1999. IEEE. 

https://www.eia.gov/dnav/ng/ng_cons_sum_dcu_nus_a.htm


 99  

 

82. Vasconcelos, C.D., et al., Network flows modeling applied to the natural gas pipeline in 

Brazil. Journal of Natural Gas Science and Engineering, 2013. 14: p. 211-224. 

83. De Wolf, D. and Y. Smeers, The gas transmission problem solved by an extension of the 

simplex algorithm. Management Science, 2000. 46(11): p. 1454-1465. 

84. Pratt, K. and J. Wilson, Optimisation of the operation of gas transmission systems. 

Transactions of the Institute of Measurement and Control, 1984. 6(4): p. 261-269. 

85. Haddad, J. and R. Behbahani, Optimization of a natural Gas transmission system. 

International Journal of Computer Applications, 2013. 66(11). 

86. Ríos-Mercado, R.Z., et al., A reduction technique for natural gas transmission network 

optimization problems. Annals of Operations Research, 2002. 117(1-4): p. 217-234. 

87. Liu, E., C. Li, and Y. Yang, Optimal energy consumption analysis of natural gas pipeline. 

The Scientific World Journal, 2014. 2014. 

88. Sanaye, S. and J. Mahmoudimehr, Optimal design of a natural gas transmission network 

layout. Chemical Engineering Research and Design, 2013. 91(12): p. 2465-2476. 

89. Gunes, E.F., Optimal design of a gas transmission network: A case study of the Turkish 

natural gas pipeline network system. 2013. 

90. Cobos-Zaleta, D. and R.Z. Ríos-Mercado. A MINLP model for minimizing fuel 

consumption on natural gas pipeline networks. in XI Latin-Ibero-American conference on 

operations research. 2002. 

91. Behrooz, H.A., Managing demand uncertainty in natural gas transmission networks. 

Journal of Natural Gas Science and Engineering, 2016. 34: p. 100-111. 

92. da Silva Alves, F., J.N.M. de Souza, and A.L.H. Costa, Multi-objective design optimization 

of natural gas transmission networks. Computers & Chemical Engineering, 2016. 93: p. 

212-220. 

93. Bermúdez, A., et al., Simulation and optimization models of steady-state gas transmission 

networks. Energy Procedia, 2015. 64: p. 130-139. 

94. Rubio-Barros, R., et al., Combined operational planning of natural gas and electric power 

systems: state of the art. 2010: INTECH Open Access Publisher. 

95. An, S., Q. Li, and T.W. Gedra. Natural gas and electricity optimal power flow. in 

Transmission and Distribution Conference and Exposition, 2003 IEEE PES. 2003. IEEE. 

96. Unsihuay, C., J.M. Lima, and A.Z. de Souza. Modeling the integrated natural gas and 

electricity optimal power flow. in Power Engineering Society General Meeting, 2007. 

IEEE. 2007. IEEE. 



 100  

 

97. Shahidehpour, M., Y. Fu, and T. Wiedman, Impact of natural gas infrastructure on electric 

power systems. Proceedings of the IEEE, 2005. 93(5): p. 1042-1056. 

98. Zhang, Q., et al., An integrated model for long-term power generation planning toward 

future smart electricity systems. Applied Energy, 2013. 112: p. 1424-1437. 

99. Abbasi, A.R. and A.R. Seifi, Energy expansion planning by considering electrical and 

thermal expansion simultaneously. Energy Conversion and Management, 2014. 83: p. 9-

18. 

100. Hu, Z. and W.T. Jewell. Optimal generation expansion planning with integration of 

variable renewables and bulk energy storage systems. in Technologies for Sustainability 

(SusTech), 2013 1st IEEE Conference on. 2013. IEEE. 

101. Zhang, C., et al. Generation expansion planning considering integrating large-scale wind 

generation. in Industrial Electronics Society, IECON 2013-39th Annual Conference of the 

IEEE. 2013. IEEE. 

102. Malik, A.S. and C. Kuba, Power generation expansion planning including large scale wind 

integration: a case study of Oman. Journal of Wind Energy, 2013. 2013. 

103. Lin, J., et al., Reliability based power systems planning and operation with wind power 

integration: A review to models, algorithms and applications. Renewable and Sustainable 

Energy Reviews, 2014. 31: p. 921-934. 

104. Zeng, B., et al., Integrated planning for transition to low-carbon distribution system with 

renewable energy generation and demand response. IEEE Transactions on Power Systems, 

2014. 29(3): p. 1153-1165. 

105. Unsihuay-Vila, C., et al., Multistage expansion planning of generation and 

interconnections with sustainable energy development criteria: A multiobjective model. 

International Journal of Electrical Power & Energy Systems, 2011. 33(2): p. 258-270. 

106. Cedeño, E.B. and S. Arora, Integrated transmission and generation planning model in a 

deregulated environment. Frontiers in Energy, 2013. 7(2): p. 182-190. 

107. Gampala, K., L. Özdamar, and S. Pokharel, Investment model for power generation and 

transmission network expansion in Turkey. Journal of energy engineering, 2005. 131(2): p. 

118-138. 

108. Liu, G., H. Sasaki, and N. Yorino, Application of network topology to long range composite 

expansion planning of generation and transmission lines. Electric Power Systems 

Research, 2001. 57(3): p. 157-162. 

109. Unsihuay-Vila, C., et al., A model to long-term, multiarea, multistage, and integrated 

expansion planning of electricity and natural gas systems. IEEE Transactions on Power 

Systems, 2010. 25(2): p. 1154-1168. 



 101  

 

110. Chaudry, M., et al., Combined gas and electricity network expansion planning. Applied 

Energy, 2014. 113: p. 1171-1187. 

111. Qadrdan, M., et al., Operating strategies for a GB integrated gas and electricity network 

considering the uncertainty in wind power forecasts. IEEE Transactions on Sustainable 

Energy, 2014. 5(1): p. 128-138. 

112. Li, G., et al., Security-constrained bi-level economic dispatch model for integrated natural 

gas and electricity systems considering wind power and power-to-gas process. Applied 

Energy, 2016. 

113. Bai, L., et al., Interval optimization based operating strategy for gas-electricity integrated 

energy systems considering demand response and wind uncertainty. Applied Energy, 2016. 

167: p. 270-279. 

114. Unsihuay, C., J. Marangon-Lima, and A.Z. de Souza. Short-term operation planning of 

integrated hydrothermal and natural gas systems. in Power Tech, 2007 IEEE Lausanne. 

2007. IEEE. 

115. Erdener, B.C., et al., An integrated simulation model for analysing electricity and gas 

systems. International Journal of Electrical Power & Energy Systems, 2014. 61: p. 410-

420. 

116. Garver, L.L., Transmission net estimation using linear programming. IEEE Transmission 

Power Apparatus System, 1970: p. 1688-1697. 

117. Saboori, H., M. Mohammadi, and R. Taghe. Composite generation and transmission 

expansion planning considering the impact of wind power penetration. in Power and 

Energy Engineering Conference (APPEEC), 2011 Asia-Pacific. 2011. IEEE. 

118. Zhang, H., et al., An improved network model for transmission expansion planning 

considering reactive power and network losses. IEEE Transactions on Power Systems, 

2013. 28(3): p. 3471-3479. 

119. Lantz, E., R. Wiser, and M. Hand, The past and future cost of wind energy. National 

Renewable Energy Laboratory, Golden, CO, Report No. NREL/TP-6A20-53510, 2012. 

120. Bolinger, M., Understanding trends in wind turbine prices over the past decade. 2012. 

121. Ryan Wiser, et al., Forecasting Wind Energy Costs and Cost Drivers: The Views of the 

World's Leading Experts. 2016, Lawrence Berkeley National Laboratory. 

122. Grubb, M., J. Mitchell, and P. Beck, The new geopolitics of energy. 1996: Royal institute 

of international affairs. 

123. Grubb, M., L. Butler, and P. Twomey, Diversity and security in UK electricity generation: 

The influence of low-carbon objectives. Energy policy, 2006. 34(18): p. 4050-4062. 



 102  

 

CHAPTER 4 

4. A MULTIOBJECTIVE MODEL FOR INTEGRATED ELECTRICITY AND NATURAL 

GAS PIPELINE NETWORKS WITH NONLINEAR NATURAL GAS INVESTMENT 

COST  

 

Abstract 

 In this paper, a multi-objective mathematical model for long-term integrated electricity and 

natural gas pipeline network is presented. The multiobjective model optimizes both electricity and 

natural gas networks simultaneously to determine the type of generation and transmission units, 

the location and capacity of these units. The uniqueness of this study is multi-objective nature of 

the problem where proposed model simultaneously optimizes the costs, environmental impact and 

amount of imported fuel. The electricity network includes the GTEP and the natural gas pipeline 

problem includes the pipeline investment problem, also the associated costs of these problems are 

considered in the cost objective. The nonlinear natural gas investment cost function is linearized 

by using PLA method. The proposed mathematical model is implemented on a 20-node electricity 

network and a Belgium natural gas network case study.  

4.1. Introduction  

 The traditional EEP problems  usually optimizes the strategic investment decision for 

generation and transmission expansion to minimize the total investment and operation costs while 

satisfying the electricity demand [1, 2]. Even though the traditional EEP problems are modeled as 

a single objective least cost optimization problem, these problems may include different 

conflicting objectives such as environmental and social impacts [3], reliability of the power 
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network [4], energy price risks and foreign dependency [5], etc. In recent years, the global 

environmental awareness has increased the attention on the power GEP problems since the 

polemics about the greenhouse gas emissions of the power generators has raised significantly. 

 Environmental awareness has also increased the importance of environmentally friendly 

energy resources such as natural gas and renewable energy resources. Natural gas has become one 

of main fuel used in the power generation planning not only because of its environmentally friendly 

nature but also the drastic decrease in the natural gas prices, newly discovered resources and ability 

to rapid response of the NGFPP’s. As a result,  the traditional EEP problems are extended by 

incorporating the natural gas pipeline networks into GEP and TEP problems, instead of 

investigating these three problems independently [6]. The linkages between the natural gas 

network and electricity network require to investigate two networks in a single IENGTEP model  

[6-8].   

 The conflicting objectives may also be utilized in the IENGTEP problems.  In the literature, 

multi-objective EEP problems and IENGTEP problems are studied independently. In summary, 

there is a research gap for multi-objective IENGTEP problems.  

 In this paper, a new multi-objective nonlinear mathematical model is proposed to optimize 

the strategic investment decision of the both electricity and natural gas pipeline networks. The  

multi-objective analysis of the integrated problems provides better strategic investment decisions 

for policy makers and utilities.  The proposed mathematical model is applied to a test network. 

The test networks include  22 node Mexico electricity network [9] and Belgium natural gas 

pipeline network [10]. Both electricity and natural gas networks may have some nonlinearity in 

the flow constraints or in the objective functions. The nonlinearities in the natural gas flow 

constraints are ignored in this study. However, the nonlinearities in the natural gas pipeline 
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investment cost is included in the mathematical model. The investment cost of the pipeline is a 

quadratic function of the diameter of the pipe, which  is developed by using the real world data for 

the Belgium natural gas network case study [10]. This nonlinear function is linearized by using a 

PLA method for different pipe sizes used in the problem.  

 The structure of this paper organized as follows: The literature for both multi-objective 

EEP and IENGTEP problems is reviewed in Section 4.2.  The methodologies ie. nonlinear cost 

function and multiobjective approach used in this study is presented in Section 4.3 Both networks 

are described under Section 4.4. Proposed mathematical model and numerical results are presented 

in Section 4.5 and 4.6 respectively. Future research direction and discussion of the results are 

discussed in Section 4.7.  

4.2. Literature Review 

 In this study, a unique multi-objective integrated electricity and natural gas network model 

is going to be developed. We investigate multi-objective EEP problems, NGPIP problems, and 

integrated single objective IENGTEP problems to identify the gaps in the literature. 

 EEP problems are studied extensively for many decades therefore different optimization 

techniques, solution methodologies, mathematical modelling, test network applications are 

available in both single and multi-objective problems. In this study, relevant EEP and IENGTEP 

studies are presented in the literature review section: extensive literature reviews for EEP problems 

can be found in [1, 11-15].  

 In this study, EEP problems are categorized into two problems: GEP and TEP problems. 

In the literature these two problems are studied independently or together. [2, 16, 17] consider the 
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GEP problems and [18, 19] investigate TEP problems separately. Both problems studied in [4, 5, 

9]  are single objective GTEP problem. 

 Traditionally, EEP problems are formulated as single objective least cost optimization 

models on [20-25] but single objective models are not suitable to conduct a detailed decision 

analysis of conflicting objectives of EEP problems. Some studies including [26, 27] considered 

the environmental impact cost in the objective function besides the overall system cost but these 

studies can be considered as single objective GEP problem since both objectives are in terms of 

cost and the goal is to minimize the total cost.  

 In order to determine the set of efficient solutions (non-dominated solutions) or Pareto 

Front Solutions (PFS), different multi-objective mathematical approaches are developed. 

A variety of different models developed to solve multi-objective GEP, TEP and integrated 

GTEP problems are MILP, LP, NLP and MINLP mathematical models. [2, 28-31] proposed 

MOMILP and [32, 33] utilized MOLP to solve a GEP problem. Generally, multi-objective TEP 

problems are modeled as MINLP models [34-37]. GEP and TEP problems are investigated in a 

single GTEP problem as MOMILP models [3-5, 9, 38, 39] and MOLP models [3]. 

 In order to select, the most preferred solution in a multi-objective optimization problem, 

efficient solutions or Pareto Front Solutions should be obtained by solving the multiobjective 

problem using different methods and then the best solutions should be selected among PFS. 

Various methodologies are developed to solve a multi-objective optimization problem in the EEP 

literature. Some of the methods used in the literature are: Fuzzy decision making process [2, 3, 

30], AHP method [5] , Evolutionary programming (EP) [9], Trade-off analysis [38], NBI method 

[2, 4, 28], Lexicographic optimization [28], Trimap Decision Tool [32, 33], Electre IV [33],  

Weighted Sum approach [39, 40], Euclidean distance [31, 34], Hybrid Augmented-Weighted 
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Epsilon Method – Lexicographic Approach [30], Utility function method [41], Non-dominated 

Sorting Generic Algorithm II [35, 36], Epsilon Constraint method [42], and Fuzzy Genetic 

Algorithm [37].  

 In the literature, NGPIPs minimize investment costs, compressor stations’ fuel 

consumption and develop expansion strategies to meet the variable natural gas demand [43].  

NGPIP problems are studied independently in the literature due to complexity and non-linearity 

of the problem nature. The main objective of the problem is optimizing the overall system cost 

while meeting the natural gas demand of the end users [44]. The network structure of electricity 

and natural gas pipeline networks are very similar. 

Gas network optimization problems have two subsystems: Transportation and Distribution 

[45]. As in the power system network, large amount of natural gas is carried by transportation 

system while distribution systems distribute the smaller amount of natural gas to the end 

customers. Gas storage units, valves, compressor stations and regulators are the important 

components in both transportation and distribution natural gas networks [46, 47]. Gas pressure 

levels dissociate the natural gas network problems from the traditional network problems since gas 

pressures are one of the key factors to calculate the gas flow in a pipeline, which also increases the 

complexity of the problem due to nonlinearity [45]. Gas flow constraint and the cost function have 

the non-linearity not only because of the pressure levels but also because of the diameters of the 

proposed pipeline, therefore, the NGPIP problems generally modeled as MINLP mathematical 

models  and also  as LP and MILP with some simplistic assumptions [48-52]. In addition, some 

linear approximation methods are used to avoid the nonlinearity of the problem such as PLA 

approximation [10, 53] and iterative linearization methods [54].  A variety of different methods 

and algorithms are presented in the literature to overcome the nonlinear mathematical models 
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including heuristic random search algorithm [47], GA [55], GA and PSO and [56], B&B Algorithm 

[43, 57, 58], OA/ER/AP method [59], feasible direction optimization method [46], two-stage 

optimization with modified sequential LP [60], graph theory and reduction technique for 

nonlinearities [61], ε -constraint method for multi-objective problem [62] and  stochastic chance-

constrained method to capture uncertainty in the natural gas demand [63].  

 In recent years, the popularity of the integrated EEP and NGP problems has increased 

significantly due to discovering new abundant gas resources [64], reduction in natural gas cost 

[65], recognizing highly interrelated structure of electricity and natural gas networks, and 

environmental and operational benefits of NGFPP’s [66, 67]. [66] describes the operational 

planning of an integrated electricity and natural gas pipeline networks. [49, 68-70] considers the 

optimal flow of both networks as a transportation network problem.  

 In the literature, there are a small number of studies considering all three GEP, TEP and 

NGPIP problems in a single optimization model.  

 

 

 

Table 4.1 gives a detailed comparison of IENGTEP problems available in the literature. All of the 

studies in the literature are single objective models, [8, 71]. This study considers strategic long-

term expansion planning while [6, 7, 72-75] investigated short term planning cases as a multi-

objective problem.  
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Table 4.1: Integrated Electricity Generation and Transmission and Natural Gas Network 

Literature Review 

 

 The proposed mathematical model in this study provides a new insight to the literature by 

considering the conflicting objectives of the both networks as a multi-objective integrated 

framework. A MINLP mathematical model is developed to solve the multi-objective IENGTEP 

problem and the proposed model is applied to electricity and natural gas networks. Another 

contribution of the proposed model is considering the nonlinearity of the investment cost function 

of the natural gas pipelines. The nonlinear investment cost function is approximated by using PLA 

method.  

Paper Model Explanation 
Long/Short 

Term Planning 
Objective 

Hydro. 

Plant 

Thermal 

Plants 
Renewable 

[71] MILP Multistage Long Least Cost Y Y Y 

[8] MINLP Multistage Long Least Cost Y Y N 

[6] MINLP - Short Least Cost N Y N 

[7] 
MILP + 

NLP 

Multistage 

stochastic 
Short Least Cost Y Y Y 

[72] MILP - Short Least Cost Y Y N 

[73] NLP 
Interval 

Optimization 
Short Least Cost Y Y Y 

[74] MILP - Short Least Cost Y Y N 

[75] 
Simulation 

Model 
- Short Reliability N Y N 
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4.3. Methodologies 

 Non-linear function for natural gas pipeline investment cost and the multi-objective 

optimization techniques are two concepts used in this study, methodologies and the literature 

review of both concepts will be discussed in this section.  

4.3.1. Natural Gas Pipeline Cost Function 

 In this study, operating cost and investment cost for natural gas pipeline network is 

included in the model separately. Both of the cost functions simplified on [76] as a nonlinear 

function with respect to diameter. In real cases, both operating and investment cost function are 

more complex [77] and may depend on more variables such as thickness of the pipe, gas pressure 

in the pipe etc.  

  

 Natural gas pipeline investment costs comprise different cost items such as material costs, 

right of way costs, compressor station costs and installation costs [78]. Material costs include pipe 

Total cost 

Operating cost 

Investment cost 

Pipe Diameter 

C
o

st
 

Figure 4.1: Natural gas pipeline cost function - simplified 
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costs and coating costs, while the right of way cost includes land right costs, and property damage 

costs [78]. Installation costs depend on the depth of the pipe to be buried underground. All of these 

cost components make the pipeline investment cost function very complex. [77] compared three 

cost calculations for natural gas pipeline network  considering, hydraulic equations. J-curves 

economic analysis and optimization methods. J-curves method estimates the cost data by 

comparing the flow and transfer cost of natural gas for different sizes of pipes.   The hydraulic 

equation method   provides less accurate results due to assumptions made while obtaining the flow 

equations. The J-curves method may provide more accurate results than hydraulic calculations but 

also requires more time to complete the analysis. The best costing method for the pipeline networks 

is optimization methods which  provide more accurate results in a reasonable amount of time  [77].  

 Since natural gas pipeline investment cost is highly complex and dependent on different 

variables, in the literature there are different nonlinear equations to approximate the pipeline cost. 

[78] derived the pipeline and compressor station cost individually on the basis of an annual worth 

comparison. Annual investment and operating cost of pipeline, which is, formulated as a function 

of diameter of pipe (D) and a function of τ where τ is a function of design pressure, diameter of 

the pipe, design factor and specified minimum yield strength is found by using equation 4.1:  

0.881 0.559 0.809 7,144.59*  317.61*Annual PipelineCost D D    (4.1) 

 [77] used linear cost function  including compressor, pipeline, maintenance and operating 

costs for natural gas pipeline for a given diameter size. Nonlinearity was included in the 

compressor work constraints and hydraulic equation constraints. Nonlinearity in the mathematical 

model is due to pressure calculations, therefore a linear and a nonlinear model  are developed to 

determine the optimum investment strategy. The linear model considers nine discrete pressure 
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levels while nonlinear model randomly considers different pressure levels to obtain more precise 

results. 

 [53] developed a two-stage algorithm to optimize the natural gas pipeline network problem. 

Second stage is formulated first to optimize the operating conditions of pipeline network while 

satisfying the demand and to minimize the operating cost. Operating cost is a quadratic function 

of diameter and depends on the gas flow. Flow equation is a nonlinear equation consists of 

nonlinear pressure values. After obtaining the operating conditions for pipeline network, 

investment problem is formulized. Investment cost function is a quadratic function of pipeline 

diameter:  

5 2 3 2.51801 *  7.478210 * 7.7476ij ijInvestment Cost D D      (4.2) 

 The cost unit obtained through Equation 2 is in terms of Belgian Franc per kilometer where 

35 million Belgian Francs is about 1 million US dollars. When the cost unit is converted to US 

Dollars per mile, equation 4.3 can be obtained. 

4 2 4 1 4.54249 *  1.09948 * 3.56244ij ijInvestment Cost D D       (4.3) 

 Nonconvex gas transmission network optimization problem is converted to a convex 

problem by approximating the investment cost   using a quadratic function with respect to diameter 

[79] which is claimed to fit better than the equation proposed in  [53]. Oil and Gas Journal has 

analyzed the cost data of the natural gas pipeline investments in the U.S. and provided an average 

investment cost for pipeline. According to this study the natural gas investment cost is estimated 

as $155,000 per inch-mile [80] 
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 [81] also developed a cost function for natural gas pipeline investment, the cost function 

includes a quadratic diameter function for labor, construction and material costs and a right of way 

cost function by using the previous data.  

 The presented studies in this section showed that the investment cost of natural gas pipeline 

follows a quadratic function with respect to diameter while operating and maintenance cost has a 

nonconvex nature coming from the pressure levels in the pipes. Pressure level is also a component 

of flow equation therefore the optimization problem becomes nonconvex but separable.  

 In this study, a two-stage optimization procedure is applied to reduce the complexity of the 

problem. First of all, optimum levels for gas pressures in pipelines are determined by solving the 

natural gas network problem for a given network then the results obtained from the first stage is 

applied to second stage which is the integrated electricity and natural gas pipeline expansion 

planning problem. The natural gas investment cost function is obtained from [53] and the unit of 

the cost function is converted to $ per mile, i.e., equation 3 represents the cost function used in the 

mathematical model. The value of different generic pipeline diameters is found and used as 

parameters in the model. Figure 4.2 represents the graph for the natural gas pipeline investment 

cost function proposed in Equation 4.3.  
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Figure 4.2: Natural gas pipeline investment cost function 

4.3.2. Multi-objective optimization approach 

 The proposed multi-objective solution methodology is developed as two stages. In the first 

stage, a set of non-dominated solutions are found by using different multi-criteria optimization 

approaches and then, the most preferred alternative is selected among these non-dominated 

solutions by using Analytical Hierarchy Process (AHP). 

First stage – Multi-objective approach  

 In this section, multi-objective approach that is used to solve IENGTEP problem is 

described in details. The multi-objective approach used in this study is previously applied on [5] 

for a generation expansion planning problem by considering only the electricity network. The steps 

of the first stage can be described as follows: 

 The mathematical model is solved as a single objective problem by evaluating each 

objective separately. 
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 Max-min, min-max and compromise approach used to find three non-dominated solutions. 

 A set of random scenarios created by using weighted approach to obtain a set of non-

dominated solutions. 

 Similar non-dominated solutions, which does not have too many differences in terms of 

investment planning and/or operational planning, are eliminated. 

Second stage – Multi-objective approach  

 In order to select the most preferred alternatives among the non-dominated solutions 

obtained in the first stage, an AHP approach is utilized in the developed mathematical model. AHP 

approach first introduced by [82] to decompose complicated problems with a hierarchical structure 

by using a scale approach. This hierarchical structure consists of objectives as criteria, and sub 

criteria.  

 In the developed model, there are four criteria such as cost, environmental impact, imported 

fuel and price risks of the fuels. Cost functions may be decomposed in three sub criteria such as 

electricity investment cost, electricity transmission cost and natural gas investment and 

transmission costs. 

 Decision-making units (DMU) provide an expert opinion and determines a scale for each 

criteria and sub criteria in the hierarchy. The alternatives selected in the first stage is then ranked 

and the most preferred alternative is selected. 

4.4. Case Studies 

 The proposed multi-objective electricity and natural gas GTEP is applied to two networks: 

26-node Mexico Electricity Network and two different natural gas network: one similar to Mexico 
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Electricity Network and a second one which is real case 20-node Belgium Natural Gas Network. 

The reasons behind of the network selection are; 

 Both Mexico and Belgium networks have similar number of nodes. 

 Detailed data about the Belgium Natural Gas Pipeline network is available.  

 Initial results obtained by solving the developed model for Mexico Case study, which has 

similar network data for electricity and natural gas network. After initial case study, developed 

model is applied to real cases: Mexico and Belgium Network. Planning horizon for the developed 

model is assumed 10 years and the developed mathematical model is implemented on a 2.13 GHz 

Dual Core CPU with 3.25 GB of RAM using CPLEX 12 under GAMS. 

4.4.1. 26-node Mexico Electricity Network 

 A 26-node Mexico electricity network is selected as a test network for a 10-year planning 

horizon. The electricity network initially has 37-edges and 8 different power generation units with 

four different types of fuels. Power generation technologies considered in this study includes 

conventional steam plants, coal fired, combined cycle, nuclear, gas fired, geothermal, wind energy, 

and hydro power plants. The fossil fuels considered in this study are coal, natural gas, oil, and 

uranium.   
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Table 4.2: Candidate & existing generation plant data 

 

 The electricity data used in this study is obtained from [83]. Table 4.2 and Table 4.3 

represent the existing and candidate electricity power plant data. The nuclear power plant’s CO2 

emission is very low compared to other types of fossil fuels and therefore it is ignored in the study.   

Table 4.3: Existing generation capacity (MW) 

 

 Plant 

Type #
Type

Capacity 

(MW)
Availability Fuel Type

CO2 

Emission

Investment Cost 

($/kW)

O&M Cost 

($/MW)

1 STEAM 350                0.900             Oil 0.795 830,000                930.000        

2
COMBINED 

CYCLE
560                0.930             Natural Gas 0.359 400,000                780.000        

3 GAS TURBINES 184                0.900             Natural Gas 0.508 300,000                1,320.000     

4 COAL 350                0.920             Coal 0.957 1,300,000             330.000        

5 NUCLEAR 1,506             0.950             Nuclear 0 1,930,000             950.000        

6 GEOTHERMAL 230                0.910             Steam 0 1,060,000             430.000        

7 WIND 100                0.400             Wind 0 1,000,000             1,230.000     

8 HYDRO 200                0.990             Water 0 900,000                510.000        

Node STEAM
COMBINED 

CYCLE

GAS 

TURBINES
COAL NUCLEAR GEOTHERMAL WIND HYDRO

1 2,092        496                898        

2 1,035        1,535             

3 1,265        3,218             1,488             2,600    66          

4 3,466        577                597                2,100    190                       2,783     

5 1,989             1,449             292        

6 2,380        1,930             1,365           40         6,120     

7 150           1,045             277                
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 Electricity nodes, number of generation units in each node and electricity demand on those 

nodes are presented in Table 4.4, the transmission data and the cost data for existing edges are 

presented in Table 4.5. 

Table 4.4: Existing 26-node Mexico electricity network data 

Node 

Number 

Node 

Name 

Number of 

Existing 

Units 

Electricity 

Demand 

(MW) 

Node 

Number 
Node Name 

Number 

of 

Existing 

Units 

Electricity 

Demand 

(MW) 

1 Sonorte 3 1,923 14 Sanluispo 1 2,368 

2 Sonsur 2 707 15 Bajio 7 4,551 

3 Mochis 6 1,195 16 Lcardenas 3 1,241 

4 Mazatlan 1 310 17 Central 4 12,069 

5 Juarez 3 1,425 18 Oriental 10 4,406 

6 Chihuahua 2 1,561 19 Acapulco 1 832 

7 Laguna 2 1,846 20 Temascal 1 1,147 

8 Rioescond 3 1,640 21 Minatitla 0 1,262 

9 Monterrey 4 6,359 22 Grijalva 4 1,912 

10 Reynosa 3 1,398 23 Lerma 2 404 

11 Huasteca 3 1,114 24 Merida 3 1,113 

12 Guadalaja 4 2,862 25 Cancun 1 375 

13 Manzanill 2 471 26 Chetumal 0 180 
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Table 4.5: 26-node Mexico electricity transmission data 

 

Origin 

Node

Destination 

Node

Transmission 

Capacity
Fixed Cost Variable Cost Length

1 2 500               3.903           0.208 150

2 3 220               3.903           0.208 141

4 3 750               3.903           0.208 247

4 7 300               3.903           0.208 176

4 12 320               3.903           0.208 252

5 1 380               3.903           0.208 176

6 5 500               3.903           0.208 193

7 6 350               3.903           0.208 329

7 9 260               3.903           0.208 215

7 14 250               3.903           0.208 263

8 6 225               3.903           0.208 600

8 9 2,100            3.903           0.208 203

9 11 1,000            3.903           0.208 251

9 14 1,000            3.903           0.208 410

9 10 1,150            3.903           0.208 448

10 18 1,000            3.903           0.208 231

10 14 1,500            3.903           0.208 351

12 14 650               3.903           0.208 194

12 15 750               3.903           0.208 225

13 12 1,700            3.903           0.208 211

15 14 850               3.903           0.208 99

15 17 1,000            3.903           0.208 232

16 12 400               3.903           0.208 254

16 15 460               3.903           0.208 366

16 17 1,900            3.903           0.208 254

16 19 200               3.903           0.208 215

18 17 3,400            3.903           0.208 280

18 20 1,300            3.903           0.208 229

19 17 400               3.903           0.208 142

20 17 2,800            3.903           0.208 231

20 21 1,550            3.903           0.208 231

20 22 2,200            3.903           0.208 392

21 22 2,200            3.903           0.208 147

22 23 435               3.903           0.208 296

23 24 435               3.903           0.208 281

24 26 435               3.903           0.208 170

24 25 150               3.903           0.208 291
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4.4.2. Belgium Natural Gas Network 

 The proposed mathematical model is applied to the 20-node Belgium natural gas network 

[53] with 26-nodes Mexico electricity network. Supply and demand information and pressure 

boundaries are obtained from [84]. Determining the pressure levels increase the complexity of the 

problem, so the optimum pressure levels for each node is obtained from [85]. Figure 4.3 represents 

the Belgium gas network [53]: there are two different pipelines in the network: low and high 

calorific gas pipelines, in this study, we mainly focus on high calorific network. 

 

Figure 4.3: Belgium natural gas network [53] 

 Natural gas flow equation can be expressed in the same way with electricity flow equation 

but natural gas flow is a quadratic function of pressure levels of supply and demand node. Length, 

diameter, friction of the pipeline and compressibility factor, and gravity of gas help to determine  

the amount of natural gas flow through a pipeline [84]. Equation 4.4A is used to calculate the 

capacity of natural gas pipeline with different sizes:  
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 Pressure levels for both supply and demand nodes brings nonlinearity to the above 

equation, as other elements of the equation are assumed to be constant values. For instance, the 

value of specific gravity of gas used as 0.56, while compressibility factor used as 0.96 for a 50 °F 

natural gas where friction factor is ignored. In order to overcome the nonlinearity from pressure 

levels, the optimum pressure levels for both supply and demand nodes obtained from [85], as 

Belgium gas network has been used in that study. The only remaining nonlinearity in this equation 

is the diameter of the pipelines. The transmission capacities for the candidate pipelines are 

calculated by using common pipeline diameters between 4-30 inches. The flow capacity and the 
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pressure levels used in this study can be seen on Table 4.6. Equation 4.4 can be modified by 

applying the constant values and pressure levels ,( )i j   (Equation 4.4B) 

2.5

,*g i jQ d         (4.4) 

4.5. Mathematical Model 

 The proposed mathematical model for the multi-objective IGTENGP problem is presented 

in this section. First, an integrated network considered in this study is described. Secondly, the 

notations, variables and parameters used in the model are given. Finally, the proposed 

mathematical model is described.  

 Four different conflicting objectives of the power GEP problems considered in this study 

to observe the impacts of the multi-objective nature of the problem in the strategic investment-

planning problem. In the previous chapter, renewable energy integration was considered in the 

model but due to higher investment cost of the renewable resources, model was not selecting any 

investment plan for renewable energy resources unless it is forced with a constraint to generate 

some electricity from the renewable resources. The objective of this study is to minimize the 

overall total cost, GHG emission, imported fuel and fuel cost risks while meeting the demand of 

electricity and natural gas of the demand nodes.  

4.5.1. Notation 

 The sets, and indices used in the proposed model is given as follows.  

Sets: 

   

Nodes

Generation Unit Types

         Planning horizon

        Edges

N

Q

P

E
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Table 4.6: Candidate transmission line capacities for different diameters 

 

4 6 8 10 12 15 18 20 24 28 30

1 Zeebrugge Dudzele n1.n2 78.82 78.75 97.8 269.5 553.2 966.5 1524.6 2663.3 4201.2 5467.2 8624.2 12679.1 15065.9

2 Zeebrugge Dudzele n1.n2 78.82 78.75 97.8 269.5 553.2 966.5 1524.6 2663.3 4201.2 5467.2 8624.2 12679.1 15065.9

3 Dudzele Brugge n2.n3 78.75 78.46 162.3 447.4 918.4 1604.4 2530.8 4421.1 6974.0 9075.6 14316.2 21047.3 25009.4

4 Dudzele Brugge n2.n3 78.75 78.46 162.3 447.4 918.4 1604.4 2530.8 4421.1 6974.0 9075.6 14316.2 21047.3 25009.4

5 Brugge Zomergem n3.n4 78.46 75.11 262.0 721.9 1482.0 2589.0 4083.9 7134.3 11254.0 14645.4 23102.2 33964.2 40358.0

6 Loenhout Antwerpen n5.n6 77.75 73.5 227.7 627.5 1288.2 2250.3 3549.8 6201.2 9782.0 12729.8 20080.4 29521.6 35079.1

7 Antwerpen Gent n6.n7 73.5 73.43 35.1 96.7 198.4 346.6 546.8 955.1 1506.7 1960.7 3092.9 4547.1 5403.1

8 Gent Zomergem n4.n7 75.11 73.43 213.4 588.2 1207.4 2109.3 3327.3 5812.5 9168.9 11932.0 18822.0 27671.4 32880.6

9 Zomergem P éronnes n4.n14 75.11 71.19 190.2 524.1 1075.8 1879.4 2964.7 5179.0 8169.6 10631.5 16770.6 24655.6 29297.1

10 Voeren Berneau n8.n9 79.3 78.73 250.0 688.9 1414.1 2470.4 3896.8 6807.5 10738.4 13974.4 22043.8 32408.2 38509.0

11 Voeren Berneau n8.n9 79.3 78.73 250.0 688.9 1414.1 2470.4 3896.8 6807.5 10738.4 13974.4 22043.8 32408.2 38509.0

12 Berneau Liége n9.n10 78.73 76.41 249.8 688.5 1413.4 2469.0 3894.8 6803.9 10732.7 13967.0 22032.1 32390.9 38488.5

13 Berneau Liége n9.n10 78.73 76.41 249.8 688.5 1413.4 2469.0 3894.8 6803.9 10732.7 13967.0 22032.1 32390.9 38488.5

14 Liége Warnand n10.n11 76.41 75.22 158.2 436.0 895.1 1563.6 2466.5 4308.8 6797.0 8845.2 13952.8 20513.0 24374.5

15 Liége Warnand n10.n11 76.41 75.22 158.2 436.0 895.1 1563.6 2466.5 4308.8 6797.0 8845.2 13952.8 20513.0 24374.5

16 Warnand Namur n11.n12 75.22 73.1 161.1 444.1 911.6 1592.5 2512.1 4388.4 6922.5 9008.6 14210.5 20891.8 24824.7

17 Namur Anderlues n12.n13 73.1 71.46 143.4 395.1 811.1 1416.9 2235.1 3904.6 6159.3 8015.5 12643.9 18588.7 22088.0

18 Anderlues P éronnes n13.n14 71.46 71.19 163.5 450.5 924.7 1615.4 2548.1 4451.4 7021.8 9137.9 14414.4 21191.7 25181.0

19 P éronnes Mons n14.n15 71.19 68.35 370.8 1021.7 2097.3 3663.9 5779.6 10096.6 15926.7 20726.2 32694.4 48066.3 57114.8

20 Mons Blaregnies n15.n16 68.35 64.7 259.6 715.3 1468.4 2565.2 4046.4 7068.9 11150.7 14511.0 22890.2 33652.4 39987.5

21 Warnand Wanze n11.n17 75.22 74.86 133.6 368.2 755.8 1320.2 2082.6 3638.2 5739.0 7468.4 11781.0 17320.1 20580.6

22 Wanze Sinsin n18.n17 77.7 74.86 240.4 662.5 1360.1 2375.9 3747.9 6547.2 10327.9 13440.2 21201.1 31169.2 37036.8

23 Sinsin Arlon n18.n19 77.7 66.2 242.0 666.9 1369.1 2391.7 3772.7 6590.7 10396.4 13529.4 21341.8 31376.1 37282.6

24 Arlon P étange n19.n20 66.2 65.72 191.3 527.2 1082.3 1890.8 2982.6 5210.3 8219.0 10695.8 16872.0 24804.6 29474.1

Transmission Capacity for different diameters (MMBtu/yr)Edge 

#
From To Edges P 1 P 2
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Indices: 

Nodes

Typeof generation units

Typeof fossil fuels

Pipelinediameter options

( , ) Electricityedges

( , ) Natural gas edges

Year  in planning horizon

Q  Natural gas fired power plants

Q Wind turb

E

G

g

w

i N

q Q

k K

d D

i j E

i j E

p P p















'

ines

Q Renewable fired power plants

P Represents the last period in the planning horizon

r

 

Parameters: 

 

Investment cost of type  generation plant in period .

Operation and Maintenance cost of type  generation plant in period .

Operation and Maintenance cost of arc  in period . 

      

qp

qp

t

ijp

IC q p

OC q p

OC i j p

    where ={1,2} represents the electricity transmission line, and gas 

           pipeline respectively

 Fixed investment cost of arc  in period . 

           where ={1,2} represents the ele

t

ijp

t

FC i j p

t



2

ctricity transmission line, and gas

           pipeline respectively

CO  emission rate  of plant type  in period .

Fuelcost of fossil fuel type .

qp

k

E q p

F k
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max

min

The availability of generation unit type 

Max generation capacity of generation unit type

 

 

Minimum workload level f

a

or generati n

Investment capacity for gener tion i

on u it ty

n

pe 

u t

avail

q

q

q

q

T

q

IL

q

T q

T

p

t

e

yp

Natural gas pi line maximum allowable investment capacity on arc 

Naturalgas pipeline flow constant o

e 

Electricity transmission maximum allowable investment capac

r

ity o

a

n a

n  

rc 

ci

j

j

i

ij ij

ij

q

TL ij

PL



 

Variables: 

Generation amount from unit type  at node  in period .

Capacity of new unit type  at node  in period .

Capacity of new unit type  at node  in peri

 

 Generation 

Cumulative Generation 

iqp

iqp

iqp

g q i p

q i

i

G p

CG q od .

Power flow through arc  in period .

as flow through arc  in period .

Binary variable for generation unit investment

1 : If a generation unit type q is built i

t

        

 

 Amoun  of g

 

ijp

ijp

iqp

p

ij p

i

y

j

x

f p

n node i during period 
         

0: Otherwise                                                                            

Binary variable for pipeline diameter

1 : If a diameter  pi
  

 

      

ijdp

p

d

y

 
 
 

peline is installed between node -  during period 
  

0: Otherwise                                                                            

Additional electricity transmission capaci ty tijp

i j p

e

 
 
 

hrough arc  in period p.

Additional gas transmission capacity through arc  in period p.ijp

ij

ijg

 

4.5.2. Objective Function 

 A MINLP problem is developed to solve the integrated natural gas pipeline and electricity 

generation and transmission-planning problem. Nonlinearity is in both natural gas investment cost 
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function and the natural gas flow constraint. The nonlinearity is approximated by introducing the 

cost data for different common pipeline diameter sizes. Pipeline investment costs for the sizes 

between 2 inch and 32 inches are calculated by using equation 4.4. 

  (4.4) 

 The cost objective aims to minimize the electricity generation and transmission costs, and 

natural gas transmission costs. Each line of the first objective function represents the generation 

costs, electricity transportation costs, and natural gas transportation costs respectively (Equation 

4.5A). The electricity generation and transmission network is represented with  where 

NE is the set of the electricity supply/demand nodes and EE is the set of electricity transmission 

lines. The natural gas pipeline and electricity generation network is represented with 

where NG is the set of nodes in the natural gas pipeline and EG is the set of gas pipelines. i represents 

the demand/supply point of natural gas and/or electricity where , and (i,j) represents 

the edges of the electricity transmission line and natural gas pipelines where    

 

 

1

2
1

1

1

2 2

4 2 44.54249 *  1.09948

* 3.56244 )

( * y ) (OC * )

(1 ) ( * ) ( * *x )

( * y1 * y1

* ( * * )

qp iqp qp iqp

p t w

ijp ijp ijp ijl ijp

p P q Q t

ijdp ijdp

w

ijl ijp i j

d

d jl i p

IC g

MinZ r FC e OC L

L O L

dia

dia C g









 



 
 
 

 
 
 
     
 
 
  
 
 
     



 
( , )i j E

 
 
 
 
 
 
 
 
 
 
 
 

    4.5A 

       Generation unit costs have fixed investment costs ( ) and variable operation and 

maintenance costs   ( ). Fixed generation cost is found by multiplying fixed investment costs 

4 2 4 1( )  4.54249 *  1.09948 * 3.56244ij ijInvestment Cost IC D D    

1( , )E N A

2( , )G N B

( , )E GN N N

( , )E GE E E

qpIC

qpOC
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and number of units installed during that period. Operation and maintenance generation cost is 

found by multiplying comvqp M costs and electricity generation amount ( ) at node i at period 

p for generation unit types of q. Electricity transmission costs include fixed cost of the investment 

and variable transfer costs. These costs are calculated by multiplying the total cost and new added 

transmission capacity between node i and j at period p. Natural gas transmission cost has two 

elements. First one is calculated by multiplying the fixed cost of new added gas pipeline and the 

amount of new gas pipeline. The second element is calculated by multiplying variable costs, the 

length of the pipeline between node i and j, and flow between these nodes. 

 Second objective (Equation 4.5B) ensures to minimize the CO2 emission from the power 

plants. Total CO2 emission is calculated by multiplying the CO2 emission rate ( ) per MWh 

electricity produced from each of the generation unit types and the amount of electricity generated 

from these units during the planning horizon ( ).  

         4.5B 

 Third objective (Equation 4.5C) is to minimize the amount of imported fossil fuel by 

incorporating the cost of fossil fuel into the model ( ) by multiplying it with amount of imported 

fossil fuel used in electricity generation ( ).  

          4.5C 

iqpg

qpE

iqpg

2 ( * )qp iqp

i N q Q p P

MinZ E g
  



kF

kpu

3 ( * )k kp

k K p P

MinZ F u
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 Fourth objective (Equation 4.5D) is to minimize the risk for the variation of the fuel prices 

by multiplying cost variation coefficient ( ) with the amount of electricity produced from the 

fossil fuel fired power plants ( ).  

         4.5D 

4.5.3. Constraints 

 The constraints to solve the proposed integrated model is presented on Equation 4.6 - 4.19. 

The model consists of flow balance constraints (Equation 4.6-4.7), transmission capacity 

constraints (Equation 4.8 - 4.11), power plants generation capacity constraint (Equation 4.12 - 

4.13), upper bound constraints (Equation 4.14 – 4.15), number of built power plants (Equation 

4.16), wind turbine and NGFPP integration constraint (Equation 4.17), minimum workload 

constraint for generation units (Equation 4.18) and renewable energy share constraint (Equation 

4.19). 

      (4.6) 

 Electricity node balance constraint (Equation 4.6) represents the balance of flow at each 

node: total in-flow (generation amount of all generation units in that node plus the incoming flow) 

is equal to total out-flow (demand at that node plus outgoing flow) at node i during period p. 

      (4.7) 

kpS

iqpg

4 ( * )
K

kp iqp

p P k K q J i N

MinZ S g
   

  

:( , ) :( , )E E

jip ijp iqp ip

j j i E j i j E q Q

x x g D
  

    

:( , ) :( , )

* where
r

G G

jip ijp ip iqp ip G

j j i E j i j E q Q

f f s g GD i N
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 Gas Node Balance constraint (Equation 4.7) is similar to electricity node balance 

constraint. In this case, the flow of gas through a node is balanced. Gas demand at any node 

includes the amount of gas consumption required by gas fired electricity generation units and 

consumption by other customers. At node i, the flow in (incoming flow, plus gas production in 

that node) is equal to flow out (gas demand at that node plus outgoing flow) at period p. Three 

different types of natural gas plants are used in the model. 

      (4.8A) 

      (4.8B)

2.5

, , , ,* 1 *ijp i j d p i jg d y                          (4.9)  

 The electricity (Equation 4.8A) and natural gas (Equation 4.8B) transmission capacity 

added at period p in edge (i,j) must be greater and equal to flow between edge (i,j) minus 

cumulative electricity and natural gas transmission capacity of the edge (i,j) at period (p-1). 

Equation 4.9 ensures that additional gas pipeline capacity is less than the maximum gas transported 

via pipeline. 

      (4.10) 

     (4.11) 

 Equation 4.10 and 4.11 ensure that the cumulative electricity and natural gas transmission 

capacity of the edge (i,j) at period p is equal to sum of electricity and natural gas transmission 

capacity at period p-1 and new electricity (gas) transmission capacity amount of that edge at period 

p respectively. 

( 1) ; ( , ) ,ijp ij p ijp Ex C e e i j E p P     

( 1) ; ( , ) ,ijp ij p ijp Gf C g g i j E p P     

( 1) ; ( , ) ,ijp ij p ijp Ee C e C e i j E p P      

( 1) ; ( , ) ,ijp ij p ijp Gg C g C g i j E p P      
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        (4.12) 

 Capacity bounds enforce that the maximum generation capacity of natural gas plants 

should be less than supply of natural gas (Equation 4.12). 

     (4.13) 

 Generation amount constraint (Equation 4.14) ensures that the electricity generation 

amount of generation unit type q in node i at period p cannot be more than cumulative generation 

capacity for unit type q at period p. 

         (4.14) 

        (4.15) 

        (4.16) 

 Maximum generation (Equation 4.14), electricity transmission (Equation 4.15) and natural 

gas transmission (Equation 4.16) capacity cannot exceed the maximum allowable limit. 

       (4.17) 

 The number of generation plant that is planned to be built at period type q in node i should 

be greater or equal to generation capacity needed in that node divided by the capacity of generation 

plant type q (Equation 4.17).  

;
g

iqp ip

i N i Nq Q

G s p P
 

   

( 1) * * ; , ,iqp iq p q iqp qg CG T G T i N q Q p P    

;
E

iqp q

i N p P

G IL q Q
 

 

; ( , )ijp ij E

p P

e TL i j E


  

; ( , )ijp ij G

p P

g PL i j E


  

* ;iqp iqp qc

i N p P i N p P

G y T q Q
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      (4.18) 

 Wind turbine and Natural gas integration constraints ensure that the cumulative capacity 

of natural gas fired plants should be at least a proportion of the wind turbines’ cumulative capacity 

in node i at period p (Equation 4.18). 

      (4.19) 

 Minimum workload constraint satisfies the requirement of the minimum workload of each 

type of generation plants (Equation 1.1.15). The specifications of different types of power plant 

require to run at least at a certain level (Tqm) therefore the electricity production should be greater 

than the minimum workload of the power plants. 

       (4.20) 

 The amount of electricity generation from the renewable power plants is considered in 

Equation 4.20. With this constraint, the renewable energy penetration level is kept more than or 

equal to a certain percentage based on the government’s energy policy at the end of the planning 

horizon. 

, , ,1 1
D

i j d p

d

y               (4.21) 

Equation 4.21 ensures that only one size of pipeline can be selected for each gas edge. 

* ; ,
g w

iqp iqp
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4.6. Results 

 The proposed methodology is implemented to 26-node Mexico Electricity Network and 

Belgium Natural Gas Network. Belgium network used in [1], originally had 20-nodes but to be 

consistent with the electricity network used in this model, Belgium gas network has been extended 

to 26-node as well. After this modification, both electricity and natural gas network consists of 26-

nodes. Electricity network used in this study consists of 37-edges while natural gas pipeline 

network consists of 25-arcs. Natural gas network is assumed to have only two natural gas sources. 

The proposed mathematical models is coded by GAMS software and Cplex software used as solver 

to solve the MIP problem.  

 In the first stage of solution procedure, multi-objective solution approaches were being 

utilized. First, ideal and anti-ideal solutions determined by solving the proposed problem as single 

objective for each objectives as minimization (ideal) and maximization (anti-ideal) problems. 

After obtaining the ideal and anti-ideal solutions in the previous step, three widely used 

multiobjective solution procedures used to obtain non-dominated solutions ie. min-max, max-min 

and compromise programming by using ideal and anti-ideal solutions. The results obtained through 

max-min approach is not a non-dominated solution therefore, it is avoided in the second stage of 

the solution methodology. Second, the problem solved by using weighted sum approach. The 

proposed mathematical model is converted into a single objective problem by multiplying these 

objectives with random weights. Each objective function values are scaled by dividing the 

objective function values with the difference of anti-ideal and ideal solution values. 1000-random 

weight scenarios determined and eight non-dominated solutions selected among those 1000 

weighted sum approach solutions. Using random weight sum approach increases to obtain more 
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diverse solutions as random weights will provide different levels of importance for each objective 

functions.  

Table 4.7: Non-dominated solutions for each objective 

 

 The non-dominated solutions for each objective function values obtained through min-

max, compromise programming and weighted sum approaches and ideal and anti-ideal solutions 

presented in Table 4.7.  

 The subcriteria values in this case sub-cost function values ie. investment cost, greenhouse 

gas emission, imported fuel cost and fuel cost risk for all 10 non-dominated solutions presented in 

Table 4.8. The investment cost for generation plants is the largest cost component among the first 

objective. Variable electricity generation cost is the second highest cost item which is followed by 

natural gas pipeline cost and electricity transmission line cost.  

 The values presented in both Table 4.7 and Table 4.8 is used as input values in the second 

stage of the multiobjective procedure. In the second stage, AHP procedure is implemented by using 

the objective values calculated in the first stage. In order to select, the most preferred alternative 

Total Cost Greenhouse Gas Imported fuel Fuel Cost Risk

w1 w2 w3 w4 Obj1 Obj2 Obj3 Obj4

A1 24,004,600,000            210,598                11,081,440              92,469                 

A2 23,838,400,000            193,022                9,600,109                91,820                 

A3 0.28 0.13 0.25 0.34 7,730,432,700             192,939                8,120,036,300          98,747                 

A4 0.23 0.26 0.28 0.23 7,735,498,500             192,633                8,120,036,300          98,500                 

A5 0.18 0.14 0.30 0.37 7,776,526,600             191,568                8,120,036,300          98,460                 

A6 0.37 0.36 0.12 0.15 7,776,957,300             193,379                8,120,036,300          98,467                 

A7 0.18 0.28 0.35 0.19 7,781,188,800             192,121                8,120,036,300          98,821                 

A8 0.43 0.06 0.22 0.28 7,780,714,500             194,214                8,120,036,300          98,068                 

A9 0.19 0.35 0.08 0.38 7,774,269,400             193,947                8,120,036,300          99,001                 

A10 0.19 0.28 0.45 0.09 7,738,875,100             193,468                8,120,036,300          98,372                 

Ideal 7,821,144,691             164,457                9,318,815                81,119                 

Anti Ideal 35,823,608,710            308,447                8,120,036,327          149,644               

Alternatives
Weights

MinMax

Compromise
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among the non-dominated solutions presented in Table 4.7 and Table 4.8 analyzed by considering 

the judgment criteria matrices given in Table 4.9 

Table 4.8: Pay-off table for each sub cost functions 

  

 The pairwise judgment criteria presented in the following two tables are depending on the 

judgments of DM’s and it can be different for other DM’s. According to 4.10, the cost function 

has equal preferences with imported fuel and fuel cost risk criterion while environmental impact 

is more preferable than cost criterion. Per DM’s judgment, environmental impact is slightly 

preferable than cost criterion and imported fuel criterion. Lastly, fuel cost risk is estimated to have 

equal preference with both cost criterion and environmental impact criterion while it is more 

preferable compared to imported fuel criterion. 

 

 

 

Investment Cost Generation Cost Transmission Natural Gas Cost

w1 w2 w3 w4 Obj1.1 Obj1.2 Obj1.3 Obj1.4

A1 15,096,000,000        136,735,500           8,770,133,000     1,699,079                

A2 14,939,300,000        121,926,100           8,773,027,000     4,066,677                

A3 0.28 0.13 0.25 0.34 7,559,493,300         131,108,105           19,299,620         20,531,675              

A4 0.23 0.26 0.28 0.23 7,565,579,800         130,318,863           19,031,712         20,568,126              

A5 0.18 0.14 0.30 0.37 7,610,623,100         126,495,672           18,697,832         20,709,996              

A6 0.37 0.36 0.12 0.15 7,610,345,400         130,508,188           15,569,557         20,534,155              

A7 0.18 0.28 0.35 0.19 7,612,062,000         130,766,767           17,844,668         20,515,365              

A8 0.43 0.06 0.22 0.28 7,610,428,800         130,912,814           18,822,271         20,550,616              

A9 0.19 0.35 0.08 0.38 7,604,845,200         131,358,318           17,613,194         20,452,688              

A10 0.19 0.28 0.45 0.09 7,569,722,700         131,112,848           17,510,681         20,528,871              

Alternatives
Weights

MinMax

Compromise
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Table 4.9: Judgment cost criteria (CC) matrix 

  CC1 CC2 CC3 CC4 

CC1 1 1/3 1 1 

CC2 3 1 2 1 

CC3 1 1/2 1 1/3 

CC4 1 1 3 1 

  

 Table 4.10 represents the decision making pairwise judgment preferences for the sub cost 

functions. According to this table, first sub cost function (investment cost) has some relative 

preference with electricity transmission line cost function and slightly important than variable 

generation cost. Lastly, natural gas pipeline cost is more preferable than investment cost function. 

For the remaining, almost all pairwise judgment values are equal.  

Table 4.10: Pairwise sub-criteria matrix for cost functions 

  SC1 SC2 SC3 SC4 

SC1 1 3 1 1/4 

SC2 1/3 1 1 1 

SC3 1 1 1 1 

SC4 4 1 1 1 

 

 By using both judgment matrices, a ranking order has been determined by using AHP 

method. Table 4.11 represents the detail of the AHP calculations. According to this ranking, min-

max and compromise programming detects the most preferable alternatives while weighted sum 

approach provides similar results. Min-max approach priority is found as 17% while compromise 

programming approach priority is 16.7%. 
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According to the results provided in Table 4.11, the ranking of the alternatives found as; 

A1>A2>A6>A5> A7>A10 >A4>A9>A8>A3 

4.7. Discussion  

 A two-stage multicriteria optimization procedure proposed to solve IENGTEP problem. 

The results has shown that the proposed approach is applicable to multi-objective integrated 

electricity network problems but, the ranking of the non-dominated solutions especially for 

weighted sum approach are pretty close to each other. As the data used in this study are adapted 

from different sources, the proposed approach would provide better managerial insights with a 

more and consistent data.  

 The results also show that the alternatives, which have more weights for environmental 

impact objective function, are tended to have higher ranking. Ranking of both fuel risk cost 

LEVEL 1 CC2 CC3 CC4

g 0.365679317 0.149287956 0.307498427

LEVEL 2 SC1 SC2 SC3 SC4

g 0.227 0.185 0.244 0.345

Alternative 1 0.05582 0.09509 0.00026 0.48093 0.092428745 0.461846592 0.1051

Alternative 2 0.05640 0.10664 0.00026 0.20094 0.100845002 0.533111139 0.1059

Alternative 3 0.11146 0.09917 0.11635 0.03980 0.100888241 0.000630284 0.0984

Alternative 4 0.11137 0.09977 0.11798 0.03973 0.101048535 0.000630284 0.0987

Alternative 5 0.11071 0.10279 0.12009 0.03946 0.101610413 0.000630284 0.0987

Alternative 6 0.11072 0.09963 0.14422 0.03979 0.100658703 0.000630284 0.0987

Alternative 7 0.11069 0.09943 0.12583 0.03983 0.101317643 0.000630284 0.0984

Alternative 8 0.11072 0.09932 0.11930 0.03976 0.100226057 0.000630284 0.0991

Alternative 9 0.11080 0.09898 0.12749 0.03995 0.10036418 0.000630284 0.0982

Alternative 10 0.11131 0.09917 0.12823 0.03980 0.100612481 0.000630284 0.0988

16.71%

8.25%

8.27%

8.30%

OVERALL EVALUATION OF 

THE ALTERNATIVES

16.99%

8.37%

8.30%

8.25%

8.27%

8.30%

0.1775343

CC1

Table 4.11:AHP results & calculation details 



 136  

 

criterion and imported fuel amount alternatives are higher than other possible solutions. Another 

observation can be, if both cost and environmental impact criteria has higher weights, the rankin 

of the alternative automatically goes up. 

4.8. Future Research 

 The proposed multi-objective integrated power network optimization problem is the first 

multi-objective study, which considers all GEP, TEP and NGPIP problem at the same time. The 

results shown that the proposed approach successfully and effectively provides results. In this 

section, the potential future research directions for this study is discussed.  

 As it is discussed in the previous section on this chapter, nonlinearity has been considered 

in the natural gas pipeline problem and used a step-wise linearization approach to determine the 

investment cost for pipelines for different diameters. Also, nonlinearity on the natural gas flow 

calculation has been considered. To decrease the complexity of the problem, the optimum levels 

of pressure levels for different edges on the network has been obtained from [2]. As networks are 

not exactly matching, different assumptions made to overcome the inconsistencies of both 

networks. With an integrated data, the proposed approach can be implemented and may provide 

better results for long-term strategic electricity optimization problems. another future research 

direction for natural gas network can be including the compressor stations and calculating the 

pressure levels for both nodes in an edge in the mathematical model. As these nonlinearities 

increase the complexity of the problem, a third step can be added to solution approach to solve the 

natural gas pipeline problem first and define the pressure levels, flow amount, compressor station 

locations in advance. By doing that, the nature of the problem will be completely different as our 

main focus is solving both electricity and natural gas network together.  
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 As nonlinearities in natural gas network would increase the complexity of the defined 

problem, uncertainties in GEP problem will add more complexity to the existing problem. In that 

case, a metaheuristic approach or BD approach can be used to solve the more complex problem.  
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CHAPTER 5 

5. EFFICENCY EVALUATION OF THE EES UNITS: A DATA ENVELOPMENT 

ANALYSIS MODEL 

 

Abstract 

 To avoid the environmental damages of fossil fuels from electricity generation, policy 

makers aim to increase the share of the renewable energy in power generation. In recent years, the 

renewable energy investments have increased significantly to minimize the negative impact of 

fossil fuels. However, the efficient usage of the renewable energy is very hard to accomplish but 

due to the intermittent capacity of the renewable energy. EES units are one way to increase the 

efficient utilization of renewable energy to address the intermittency concerns. As a result, the 

selection of the EES technology is very critical due to the requirements of the different 

applications. This study proposes a data envelopment analysis (DEA) model to select the best 

technologies among different EES units. Input and output oriented DEA models has been 

implemented under four different returns to scale assumption: Constant Returns to Scale (CRS), 

Variable Returns to Scale (VRS), Increasing Returns to Scale (IRS) and Decreasing Returns to 

Scale (DRS). 10 different EES technologies has been selected to compare the relative efficiencies 

and 63 EES units considered in the model. The results show that the proposed model provides 

effective results and this method can be used to compare the EES technologies for different 

applications with better data.  
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5.1. Introduction  

 Environmental concerns raise questions about the fossil fuels usage in electricity 

generation. The share of environmentally friendly fossil fuel alternatives such as natural gas in 

electricity production has increased significantly during the last couple of decades. Besides the 

environmental impacts of fossil fuels, these finite resources eventually will become very expensive 

when the reserves become very low. A better option is utilizing renewable energy alternatives. In 

order to avoid these risks in the future, the policymakers aimed to increase the share of renewable 

energy resources (RES) in the existing power network. RESs are constantly renewed, and do not 

emit greenhouse gases to the atmosphere directly unlike the other fossil resources. Despite the 

advantages stated above, there are some disadvantages of the renewable energy resources that 

prevents the investors and utility companies to invest more on the renewable energy resources. 

Some of the drawbacks can be listed as 

 More expensive than other types of energy resources 

 Construction site limitations such as remote areas, etc. 

 Reliability or power quality is low (intermittent capacity) 

 The efficiency levels are low 

 Installing expensive renewable energy resources while considering the above limitations 

requires improving the reliability and the efficiency of the electricity produced by those units. This 

can be achieved by integrating these units with EES units or natural gas fired generation units to 

overcome the intermittent capacity and variability of the renewable energy resources. 

Intermittency of a renewable energy capacity is a term to be used when the capacity of renewable 

energy becomes unavailable for a certain time. Variability of the capacity is based on the available 
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energy during a normal day. These two terms are sometimes defined separately but mostly used as 

a single term to define the variable nature of renewable energy resources.  

In this study, the variability and the intermittency of the renewable resources are defined 

with only intermittency term. For instance, during the night, the solar capacity will go down to 

zero or during a cloudy weather, the available solar capacity will be lower than a normal sunny 

day. For wind energy, the speed of the wind may vary a lot during the day therefore the available 

energy will vary significantly during the day. This intermittency reduces the reliability or power 

quality of the power network and the efficiency of the renewable energy resources will be very 

low if there is not any activity such as forecasting or utilizing energy storage units.  

In the previous chapters, the intermittency of renewable energy resources in the proposed 

models was taken care of by integrating those units with NGFPP’s therefore if there is any variation 

on the electricity production, the natural gas fired plants will buffer the variation. Installing EES 

units is another way to overcome the intermittency. EES units are one of the vital elements of the 

power systems to increase the efficiency of renewable resources and power quality.  

There are various types of EES units with different sizes and specifications used for 

different applications. [1] presents different types of EES units available on the market and 

compares those units under different specifications. [2] compares different EES technologies in 

terms of application, efficiency, cost and volume density.  

In this study, a mathematical model is developed to compare the efficiency of the different 

EES technologies using Data Envelopment Analysis method. Technology selection of EES units 

will be a helpful insight for the mathematical models developed in the previous chapters. The 

research objectives can be listed as 
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 Analyzing and comparing the EES technologies by considering multiple inputs and 

outputs. 

 Providing  managerial insights for the DM’s for EES unit investments 

 Selecting the best technology for different energy storage applications 

 

The organization of this chapter is as follows: in section 2, a detailed literature on DEA, 

and EES technology is presented. The DEA models and methodology followed in this study is 

presented in section 3. Mathematical model  is discussed in section 5.4. The input and output 

parameters and description of the data is given in section 5.5. Results and future research directions 

are discussed in section 5.6 and 5.7 respectively. 

5.2. Literature Review 

 In this section, a literature review will be presented under two subsections. First, a DEA 

literature review and its applications in power network field will be presented. Second, a brief 

description of EES units and a literature review will be discussed.   

5.2.1. Data Envelopment Analysis 

 Literature on DEA is very extensive: many different applications and models have been 

developed based on the inputs, outputs, single stage vs. multistage models, variations in the data, 

and the types of data. [3] provides an extensive literature review and investigates different types 

of DEA models and its applications.  

DEA is a widely used technique in power network field to compare the efficiencies of 

different power plants, and technologies. [4]  reviews the DEA studies in the field of energy 

efficiency. The selected articles reviewed in this paper [4]  is classified in nine different application 
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fields such as environmental efficiency, economic, eco-efficiency, energy performance, energy 

savings etc. [5] provides a literature review on DEA applications in energy and environmental 

field is completed by. The application of DEA in energy and power network can be about either 

comparing the same power plant types, the same power plants with different production systems 

(biofuel production), or comparing different types of technologies such as renewable energy 

resources (RER).   

 [6] investigated the investment efficiencies of three RER in Korea: wind energy, fuel cells, 

and photovoltaic energy resources. Wind energy was found as the most prominent resources for 

the government investments in Korea. [7] compared the efficiencies of the photovoltaic power 

stations (PPS) in the USA and Germany. The results indicate  that the PPS in US is not efficient 

compared to the ones in Germany even though, there are some advantages for solar resources in 

US such as abundant solar resources, available lands, and higher insolation. 

  [8] investigated the efficiencies of the 25-wind farms (WF) by using an input-oriented CRS 

model. As an input parameters land area, produced kinetic energy, materials used in the 

construction of WF, the output parameters is selected as electricity amount, wastes to recycling 

and incineration and different types of emission values to air. [9] also evaluated the efficiencies of 

wind farms in China by using a two-stage DEA model. The findings has shown that the age of the 

wind farm and curtailment rate negatively affects the efficiency while ownership of the wind farm 

does not have any impact on efficiency measures.  

 The challenges of multicriteria decision making approach (MCDA) to determine the 

efficiencies of different DMU’s aimed to be avoided by utilizing the DEA’s strength to evaluate 

the relative efficiencies of biogas plants [10]. Biogas substrates and labor were two input 

parameters while generated electricity and heat were two output parameters defined on this study.  
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 The relative efficiencies of alternative energy resources are evaluated using DEAto provide 

a new insight for the policy makers of Brazil [11].  The performance of residue based power 

generation was higher than other alternative energy resources such as wind energy and small 

hydroelectric units. 

 A multicriteria DEA (MCDEA) is developed to compare the efficiencies of 13- renewable 

energy units [12]: it was found that medium size renewable technologies (10-50 MW) were the 

best alternatives compared to other units. The results of DEA and MCDEA were compared and 

the efficient alternatives found by single objective DEA were not found as an efficient alternative 

with the MCDEA algorithm. 

 A two stage DEA model was developed  to evaluate the environmental efficiency of power 

plants  [13]. In the first stage, technical and environmental efficiencies are calculated for each 

power plant and the results obtained from this stage are used as an output for the second stage to 

obtain an updated environmental efficiency  [13].  

 Undesirable outcomes and uncontrollable variables are considered in six different DEA 

models to evaluate the efficiencies of CFPP’s in China  [14]. Single stage and multistage models 

are developed to compare the efficiencies of the power plants. In the first stage, a standard DEA 

model is applied and for the multistage models stochastic frontier analysis (SFA) used as second 

stage in the models. A super efficiency DEA (SE-DEA) model is developed to investigate the 

CFPP’s in China [15]. In order to reduce the dimension in the model, a Principal Component 

Analysis (PCA) is also introduced. In another study, [16] compared two energy efficiency 

measures and compared the results for CFPP’s, non-comparable factors also included in the model. 

[17] applied DEA to compare the operational and environmental efficiencies of the CFPP in US 

by including desirable and undesirable outputs in the model.  
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 The efficiency levels of Nuclear power plants (NPP) and CFPP with carbon capture & 

storage (CCS) are investigated [18] by using DEA and simple additive weighting (SAW) methods. 

The results shown that CFPP with CCS are slightly better than NPP’s. 

 [19] compared six different production approaches used in biofuel production in China to 

select the most efficient biofuel production method.  

 NGFPP’s is one of the most dominant energy resources in the world. [20] compared 

NGFPP’s in Spain to measure the environmental efficiency of the existing power plants. An 

integrated life cycle assessment (LCA) and DEA model is developed. It is observed that the 

operating hours and environmental efficiencies of NGFPP’s are highly related. The integrated 

LCA and DEA studies in energy systems field were reviewed on [21]. [22] used DEA to compare 

17- combined cycle power plants’ (CCPP) efficiencies.  

 A multiobjective DEA (MODEA) model was developed to evaluate the efficiencies of the 

power plants in Iran [23]. MODEA model provides multiple efficient frontiers, in order to 

overcome this challenge; a unique weight was calculated by using game theory.  

 Another application of DEA in energy field is evaluating the environmental efficiency of 

electricity generation mix. [24] uses DEA approach to determine the environmental efficiencies of 

power generation of some European countries. Inefficient electricity distribution lines are 

evaluated using DEA method [25]. 

 A fuzzy DEA model is developed [26] to evaluate the energy efficiency consumption of 

an ethylene production plant in which uncertainty in the inputs and outputs are modeled using 

triangle fuzzy numbers.  
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5.2.2. Energy Storage Units 

 EES units are very attractive in the power network applications due to several advantages 

they provide for the existing network. Some of these advantages can be listed as follows: EES 

units 

 Help to store energy to be used during the peak energy demand period. 

 Provide more flexible opportunity for energy management. 

 Can be integrated with RES units to avoid their intermittent nature or to smooth the 

high-energy generation fluctuations.  

 Are very useful to meet electric vehicle demand. 

 Can help reduce the energy import during the peak demand periods. 

 In the literature, there are very detailed reviews for the new EES technologies and these 

reviews are very important due to new technological inventions. [27] provides an extensive 

literature review for the EES technologies. In addition,  [27] also discusses the challenges and 

economic trends of the EES technologies. The state of the art EES units are also reviewed in [1, 2, 

28]. In the literature, a variety of classification has been determined for EES units such as functions 

of EES units, application types, response duration, storage durations and type of energy can be 

stored in EES units [1]: The most widely used classification in the literature and in the industry is 

the type of energy stored in EES units, which can be  Mechanical, Electrochemical, Electrical, 

Thermochemical, Chemical and Thermal Energy (See  

 

 

Table 5.1 [1] for a detailed classification for  the available EES technology with respect to stored 

energy form). 
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Table 5.1: EES Technologies Classification [1] 

 

 EES technologies are categorized and compared according to different specifications 

which provide a visual comparison of the available EES technologies for different applications 

and specifications. Some of these comparisons can be listed as  

 If the volume of EES unit is highly important for a specific application, comparison of 

power density versus energy density of EES units would be a good article to compare the 

alternatives. Both higher power density and energy density would require smaller volume 

EES unit [1, 29, 30].  

 For a weight limited application, a comparison between specific power and specific energy 

per unit weight would provide a better understanding of the efficient application [1]. 

 For different nominal discharge times, power rating and energy capacities can be used to 

compare the EES unit [1, 2, 29]. 

 Cycle efficiencies can be a good comparison for EES units, and it can be found by dividing 

the system electricity output to input [1, 2, 29, 30]. 

Mechanical Electrochemical Electrical Thermochemical Chemical Thermal

Pumped Hydro - PHS 

Compressed Air - CAES

Flywheel - FES

Secondary battery

Lead Acid

NaS

Li-ion

Flow Battery

Redox Flow

Hybrid Flow

Capacitor

Supercapacitor

Superconducting 

Magnetic - SMES

Solar Fuels

Solar Hydrogen

Hydrogen

Fuel Cell

Electrolyser

Sensible/latent 

heat storage



 153  

 

 Capital costs [1, 2, 5, 29-31], annual operating, and maintenance cost per energy capacity 

[1, 32], lifecycle cost and levelised cost [32, 33] of  EES units would be a good indicator 

for investors.  

 Technical maturities of the EES units is another good indicator for DM’s due to reliability 

of existing technologies [29-31].  

 Life time can also be used another comparison perspective for different EES technologies 

[29]. 

 [30] categorized sixteen different types of EES units with different aspects such as cycle 

efficiencies, energy and power density, reliability, response time, energy storing purpose 

(discharge duration). Even though, this study has very similar comparisons like other studies in 

the literature, this is also the first study in the literature, which compared the EES technologies 

with respect to reliability factors such as mean time between failures (MTBF) and mean time to 

recovery (MTTR).  

 [31] classifies the EES units with respect to their discharge times into three categories: If 

discharge time is between seconds and minutes, this type of EES units are more suitable for Power 

Quality purposes. If discharge time is between minutes and 1-hour, they can be used to bridge the 

power. If it is more than an hour, this type of EES units can be used for energy management 

purposes. 

 EES units for large-scale applications are reviewed with respect to different aspects with 

useful graphical representations [34]. Some of these comparisons are capital energy cost vs. capital 

power cost, total storage costs, efficiencies vs. energy density, power vs. energy density, efficiency 

vs capacity, maturity level of the technologies, and discharge duration.  
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 An economic analysis for EES units by considering life cycle cost (LCC) of the capital 

related and energy related cost items is completed on. [32, 33] provide a levelised cost approach 

to determine the cost of electricity for the EES units over their entire life cycles. [35] provides a 

detailed cost benefit economic analysis for EES units for medium-voltage distribution networks 

for peak demand reduction applications. The developed model considers savings on energy storage 

during the low-priced hours and selling that energy during higher-priced periods. 

 In the literature, there are a variety of comparison of EES technologies with respect to 

different specifications of EES units. All of these comparisons prove that these specifications 

provide conflicting information, and a detailed comparison is necessary to provide a better 

efficiency evaluation instead of comparing two variables at the same time.  

 The integration of EES units and RES units are investigated for its impact on payback 

period analysis [36]. The optimum sizes of EES units for both new and existing RES units are 

determined by calculating and comparing the payback periods for all possible alternatives. Two 

different EES units considered in the study: Lithium-ion and Lead-gel batteries and their 

operational advantages by combining them with RES units are discussed by enumerating this new 

technology and the variability on payback period analysis by using sensitivity analysis. 

5.2.2.1. EES Units Application Fields 

 In the literature, different categories and classification approaches are proposed for EES 

technologies. The main classification metric can be made with respect to the discharge capacities 

or discharge times. Discharge times of EES technologies can be categorized into short, medium 

and long discharge times. Short discharge times can be between seconds to minutes and they are 

used for power quality (PQ) purposes. For PQ purposes, EES technologies provide power for a 
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short period for quick energy needs to maintain the required PQ in a grid. Medium discharge times 

(minutes to hourly) are good applications for bridging the power (BP). EES units in power bridging 

ensures to provide the power during a transition period from a failed power resource to a reliable 

resource. EES with long discharge times (hours) are for energy management purposes to optimize 

the power usage [29-31].  

 In the literature there are other categorizations for EES units, such as another classification 

for EES technologies [27, 30] is 

 Bulk Energy Storage 

 Distributed Storage 

 Power Quality 

 [2] classified the EES technologies into four different categories based on their 

applications, these categories are 

 Low power applications (Small-scale systems) 

 Medium power applications (Small-scale systems) 

 Networks connection applications 

 Power Quality applications 

 Even though, there are different categorizations proposed in the literature, the application 

types of EES technologies can be listed in different categories stated in the literature. Some of the 

widely used applications can be listed as 
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 Load leveling / Peak shaving / Time shifting: All of three applications are for either 

smoothening the peak energy demand and/or avoiding the higher electricity cost during the 

peak hour. Time shifting would help to store the energy when it is less expensive and to 

use or sell that during expensive periods. Peak shaving helps electricity users to decrease 

the peak electricity demand and to use the power, which was stored during non-peak hours. 

Load leveling may not be only for peak periods but it helps to smoothen the energy demand 

fluctuations [1, 27, 28, 30, 31]. 

 Ramping and load following: EES units support the existing electricity supply against the 

unexpected changes on electricity demand [1, 27]. 

 Power quality: EES units ensures to provide the stable power supply in case of flicker 

effects and voltage sags. In order to maintain the reliable supply, the EES unit should be 

responding very quickly [27, 28, 30].  

 Renewable energy integration: The intermittent nature of renewable energy resources can 

be avoided by integrating EES units with the existing RES [1, 28, 31]. 

 Demand-side management: Customers can buy energy during off-peak hours and sell it to 

the grid during peak hours by utilizing small EES units [30].  

 Contingency service: EES units serve as a backup source in case of a power plant failure 

[30]. 

 Back-up power 

 Black start: EES units can supply the electricity after a shutdown in the electricity network 

without using any power from the existing grid [1, 30]. 
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 Transmission and distribution stabilization: EES units can also be used to maintain the 

power quality on transmission and distribution lines by providing the synchronous 

operation [1].  

 Besides the EES applications stated above, there are still some more EES applications in 

real life, but widely used applications are listed in this study.  

5.3. Methodology – Data Envelopment Analysis (DEA) 

 DEA is a method to evaluate the efficiency of decision-making units (DMU). Efficiency 

evaluation methods can be classified into two: Parametric evaluation methods and Non-parametric 

evaluation methods [37]. The difference between parametric and non-parametric studies is the 

relationship between input and output of a DMU is specified by a function in parametric studies 

while non-parametric studies do not require such prior assumption or a function [37]. DEA is one 

of the non-parametric methods to evaluate the efficiency of DMU’s and was first introduced [38] 

to evaluate multiple input and outputs of production units [3]. 

 DEA uses an LP approach to evaluate the efficiency of a DMU unit by considering the 

inputs and outputs of DMU units [4]. Using DEA, [38] evaluates the efficiency of some school 

districts by considering different inputs and outputs without introducing the prices in the model. 

The first model, known by the authors’ initials, Charnes, Coopers, and Rhodes (CCR) , is 

considered as a ratio model (Equation 5.1-5.3):  
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 This model can be converted into a linear form known as dual multiplier formulation. DEA 

is a useful tool to determine the efficient DMUs: it either improves the inefficient DMUs by 

increasing the inputs while output is kept at the same level (input-oriented), or by increasing the 

outputs while input parameters kept as same (output-oriented). Following the LP models are primal 

formulations for input-oriented and output-oriented DEA models respectively. These models also 

known as DEA multiplier models. 
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 Multiplier DEA (primal) models stated above assumes that one unit of improvement in 

input will have one unit improvement in output. However, this perfect scenario may not be realistic 

for the real cases therefore a variable return to scale (VRS) approach is developed  by assuming 

that any increase or decrease in input would not be effecting the output proportionally. Figure 5.1 

represents the improvements obtained by applying the VRS model compared to constant returns 

to scale (CRS) model. CRS model does not assume any increase or decrease on the weights and 

only considers that the weights in the model is greater than zero ( 0)j  .  

 

 

 Figure 5.1: DEA efficient frontier representation for CRS and VRS models [39] 

 

 Figure 5.1 represents the efficient frontiers for both CRS and VRS models. Points I, H and 

M represents the efficient frontiers for the DEA model with CRS approach. On the other hand, J, 

H and L represents the efficient frontiers by considering the VRS approach in DEA model, both 

points J an L were not efficient frontiers with CRS assumption. As it can be seen from this figure 

points J and L becomes efficient frontier under VRS assumption. Also, point K is an inefficient 

alternative for VRS model. 
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 In this study, three variable returns to scale models being utilized to evaluate the 

efficiencies of the EES units. The linear mathematical model for these VRS models only add one 

constraint to the CRS model. These VRS models are 

 Variable Returns to Scale (VRS) model assumes the summation of all weights are equal to 

1 
1

( 1)
n

j

j




 . 

 Increasing Returns to Scale (IRS) model assumes the summation of all weights are less 

than 1
1

( 1)
n

j

j




 . 

 Decreasing Returns to Scale (DRS) model assumes the summation of all weights are 

greater than 1 
1

( 1)
n

j

j




 . 

5.4. Mathematical Model 

 In order to evaluate the efficiencies of the EES technologies, different linear DEA models 

have been developed. In this section, these input & output oriented CRS and VRS models are 

presented. 

5.4.1. Notation 

 The sets, indices, parameters and decision variables used in the DEA model is given as 

follows. 

Sets: 

N EES technologies  

I Inputs 

R Outputs 
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Indices: 

( , ) EES technologies to be compared

Input variables

Input variables

j k N

i I

r R







 

Parameters: 

Input for EESunit

Output for EESunit

ij

rj

x i j

y r j
 

Decision Variables: 

Efficiency measure for input oriented model for EESunit

Efficiency measurefor output oriented model for EESunit

Weight for EESunit

k

k

j

j

j

j







 

Mathematical Model: 

 In this section, different formulations for DEA model is presented for both input and output 

oriented models. The objective of the input oriented model is to minimize the input variables while 

keeping the same amount of output variables. The output oriented model aims to maximize the 

output levels while keeping the level of input variables. 
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Output oriented CRS Model
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 Three versions of VRS models for both input oriented and output oriented model 

formulations are given as follows; 
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 In this study, we will evaluate the efficiencies of energy storage units by using both CRS 

and VRS models. 

5.5. Energy Storage Units’ Data 

 In the literature, there are many studies for the EES units’ as the technology for EES units 

are evolving quite fast. [1] provides one of the most detailed review for the EES technologies and 

different characteristics of those units are listed by considering the EES applications and the 

literature review. The data used in this study is obtained from [1]. As the data for different 

characteristics has different ranges, we used both averages of those characteristics and also a fuzzy 

representation using triangle membership functions. This study aims to provide different 
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managerial insights for the selection of EES units as efficiency measures are obtained by 

considering multiple inputs and outputs.  

5.5.1. Performance measures for EES units 

 The main attribute of an EES unit is the energy and power capacities of the storage unit. 

The energy capacity shows the amount of energy that an EES unit can store (W-hour) while the 

power capacity shows the amount of power that can be delivered to the system (Watt). Both of 

these measures are very important to identify the usefulness of a storage system. For instance, an 

EES unit can store enormous amount of energy but only can provide a very little amount of power 

at a time. In this case, this EES unit can be used for a long time while only very little amount of 

electricity can be used as an output of the EES unit. On the other hand, an EES unit can store small 

amount of energy while the power output is very large. In this case, this power can be good for a 

very small amount of time as the energy stored in EES unit is very limited. To sum up, an EES 

unit should store enough energy to be able to provide power during the application period and this 

power should meet the electrical demand for that application. In this section, the performance 

measures used in the mathematical model as input and output are discussed and provided 

comparison of those characteristics found in the literature.  

Size of the EES units 

 For many applications, the weight and volume of EES units may have limitations. 

Therefore, energy and power specifications of EES units are determined with respect to volume 

and weight. Energy and power density of an EES unit are used for volume limited applications 

while specific energy and power can be used for weight limited applications. In this study, we only 
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considered the energy and power density as specific energy and power had some missing values 

in the data but those also can be added as an output in the model if the data becomes available.  

 If both energy and power densities are higher, it means that smaller volume is needed for 

an EES unit. According to findings on [1], PHS and CAES need more volume as their densities 

are low. On the other hand, batteries, fuel cells and flywheels has medium density levels while 

Lithium-ion batteries have both higher power and energy densities and require less volume 

compared to other types of EES units. Figure 5.2 represents the comparison of EES units 

considering both power and energy density [1]. 

 

Figure 5.2: Comparison of power density and energy density. Obtained from [1]. 

  

 As it is discussed, specific energy and specific power are measures to select among EES 

units for weight-limited applications. Higher specific energy and power requires less weight for 

an EES unit. Li-ion batteries have higher specific energy and power; it means their weights are 
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lighter compared to other types. Batteries and flywheels have medium specific energy and power, 

while capacitors (SMES, supercapacitors) have higher specific power but lower specific energy 

levels. These type of EES units are suitable for power quality applications as their response times 

are quite fast [1]. EES technologies are compared with respect to specific power and energy on 

[1], and this comparison is represented in Figure 5.3. 

 

Figure 5.3: Comparison of specific power and energy. Obtained from [1].  

Cycle Efficiency 

 The ratio of electricity output to electricity input is known as cycle efficiency. The cycle 

efficiency for different EES technologies has been increasing over the years as new researches and 

new technologies are evolved. Majority of EES units have cycle efficiency greater than 60% and 

this is expected to increase in the future. Since cycle efficiency shows the ratio of output and input, 
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we included that in our model instead of power and energy capacities of EES units as available 

data for both power and energy capacities have very large ranges.  

Discharge Efficiency 

 Discharge efficiency is a key factor and included in our model as an output and it helps to 

improve the overall cycle efficiency. Discharge efficiency represents the efficiency measure for 

transmitting the electricity from electricity storage phase to discharging the power. Self-discharge 

can be a good metric to compare the efficiencies of EES technologies, it represents the energy 

losses while EES unit is waiting on the shelf. Since the available data has some categorical and 

percentage values, further analysis and more accurate data is needed to include this metric in future 

studies.  

Capital Cost and Operating & Maintenance (O&M) Cost of EES units 

 Capital cost has been widely used to compare different alternatives, but it may not be used 

as the only cost metric since O&M cost can also affect the economic analysis significantly 

depending on the cost levels. In our model, we used average capital cost and O&M cost with 

respect to power as inputs. Since the available EES technologies have different lifetime we also 

considered the lifetime of the technologies as an. Figure 5.4 shows the capital cost per unit of 

energy and power for different EES technologies [2].  

 In this study, a mathematical model is developed with two inputs capital cost per power 

and O&M cost per power and five outputs including energy density, power density, discharge 

efficiency, cycle efficiency and lifetime of EES technologies. As it is reviewed in the literature, 
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there are some other metrics, which affects the investment decisions of EES technology selection, 

and these metrics also can be included in the model if more data becomes available.  

 

Figure 5.4: Capital Cost vs Energy & Power. Obtained from [1]. 

5.5.2. Data description  

 Seven different metrics are used to compare the efficiencies of EES units [1]. Since each 

EES technology has different types and sizes of storage units, the data provided in [1] has some 

data ranges, minimum & maximum points etc. In order to overcome this issue, different methods 

being followed in this study such as using averages, minimum & maximum points, and triangle 

numbers (minimum, maximum, and average values). The average cost has been used to determine 

the power capital costs. For energy density, power density and lifetime, the minimum and 

maximum points are being used while the medium values also included in the cycle efficiency 

besides the minimum and maximum values in the range.  
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 In addition, some of the data were missing for different technologies; therefore, in the 

model only 10 different EES technologies are being investigated. Table 5.1 represents the data for 

these EES technologies. The number of alternatives is being increased to 63 by considering the 

minimum, maximum and average values of the different EES technologies. 

 

5.6. Results and Discussions 

 In this study, a new efficiency analysis approach has been proposed to compare the EES 

technologies by considering multiple performance measures at the same time. In  the literature, at 

most three characteristics are considered to compare the EES technologies and the proposed model 

considers two input parameters and five output parameters to analyze the relative efficiency of the 

EES technologies.  

Average power 

capital cost

($/kW)

O&M Cost 

($/kW-year)

Energy density

(W-h/L)

Power density

(W/L)

Discharge 

efficiency

(%)

Energy 

efficiency

(%)

Lifetime

1 PHS 3150 3 0.2 - 2 0.1 - 0.2 0.87 0.7 - 0.8 50

2 CAES 700 22 2 - 6 0.2 - 0.6 0.745 0.6 - 0.7 25

3 Flywheel 300 20 20 - 80 5000 0.915 0.8 - 0.9 15 - 20

4 Lead acid 450 50 50 - 80 90 - 700 0.85 0.75 - 0.9 3 - 15

5 NiCd vented sealed 1000 20 15 - 80 75 - 700 0.7 0.6 - 0.8 5 - 20

6 Li-ion 2600 20 200 - 400 1300 - 10000 0.9 0.85 - 0.98 5 - 15

7 Zinc air 1600 20 130 - 200 50 - 100 0.7 0.5 - 0.7 1

8 NaS 2000 80 150 - 300 120 - 160 0.8 0.7 - 0.85 12.5

9 VRFB 1050 70 20 - 70 0.5 - 2 0.75 0.6 - 0.75 5 - 20

10 SMES 344.5 18.5 6 2600 0.96 0.75 - 0.8 10

INPUT OUTPUT

TechnologyNo

Table 5.2: EES technologies comparison data, inputs and outputs. 
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 The results obtained from DEA methods will be discussed in this section. 10 different EES 

technology has been selected to compare the efficiencies. Since the available data has some range 

values, these alternatives extended by using average, minimum, maximum and median values for 

the different range values. After this extension, 63 units compared in this study.  Table 5.3 

represents the average efficiency values for all of 10 EES technologies, the detailed results for all 

63 alternatives presented in Appendix A. In this study, eight different DEA model has been 

implemented to evaluate the relative efficiencies of the EES units. The proposed models are 

modeled in General Algebraic Modeling System (GAMS) and solved by using CPLEX solver.  

 The efficiency values for the DEA units, which has value of one, are considered an efficient 

unit. For input oriented models, the values less than 1 considered inefficient while efficiency 

values greater than one in output-oriented models considered as inefficient alternative. 

 From Table 5.3, we can conclude that three alternatives are found to be efficient 

alternatives and these are PHS, NaS and VRFB storage technologies. Flywheel, Lead acid, Li-ion 

and SMES technologies are not found as efficient in any of the extended alternatives for all of the 

eight DEA models.  

 On the other hand, NiCd vented and Zinc air EES units are found as efficient under VRS 

assumptions for both input and output oriented models. DRS assumption for output-oriented model 

also found both NiCd vented and Zinc air technology as an efficient alternative.  

 CAES units also found as an efficient frontier under VRS assumption for input-oriented 

model. In addition, CAES has found as an efficient unit in all of the DEA models when the 

maximum level of power density and energy density is considered in the data.  
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Table 5.3: Average efficiency measures 

 

5.7. Future Research 

 The proposed approach is the first example of DEA applications in the EES technology 

literature. The results showed that DEA approach could successfully be implemented in EES unit 

efficiency comparison.  

 As it was discussed in the previous sections, due to scarcity of available data, the number 

of performance measures are kept low (2 input, 5 output measures), therefore the results may not 

be very satisfactory for different applications as these applications may have different expectations 

from EES units. Therefore, the proposed model can provide much better analysis with more proper 

data.  

 Another future research direction could be the wide ranges in the data. For some of the 

performance measures for almost all of the technology types were given as ranges and these ranges 

were very wide for some of the performance metrics. As these ranges may have extreme values, 

the extreme values for different performance metrics can cause significant problems in the 

efficiency results. In order to overcome the wide range issue in the data, averages, minimum, 

CRS VRS IRS DRS CRS VRS IRS DRS

1 PHS 1 1 1 1 1 1 1 1

2 CAES 0.855 1 0.855 0.855 1.205 1.205 1.205 1.205

3 Flywheel 0.254 0.77 0.254 0.254 3.964 3.592 3.592 3.964

4 Lead acid 0.615 0.86 0.615 0.615 1.62 1.47 1.47 1.62

5 NiCd vented sealed 0.525 1 0.525 0.525 1.92 1 1.92 1

6 Li-ion 0.86 0.91 0.86 0.86 1.16 1.1 1.1 1.16

7 Zinc air 0.685 0.923 0.685 0.685 1.812 1.561 1.715 1.658

8 NaS 1 1 1 1 1 1 1 1

9 VRFB 1 1 1 1 1 1 1 1

10 SMES 0.5 0.797 0.5 0.5 1.987 1.77 1.77 1.987

Average efficiency measures 

No Technology
Input-oriented model Output-oriented model



 172  

 

maximum and medium approach has been utilized. As a future research, either the DEA model 

can be applied with exact data or fuzzy DEA models can be integrated in the proposed model.  

 The DEA approach has been implemented with eight different models. The efficient 

frontiers obtained from all of these DEA models are considered as efficient alternatives. As a future 

research, cross-ranking approach can be utilized to rank the DMU’s to select the best alternatives.  

 As it was discussed on the previous sections, there are different application categories that 

EES units can be utilized. In this study, this categorization has not been considered due to the 

limited amount of available data. Some of the technologies that we used in this study may not be 

used in the same type of application. Therefore, the proposed model can be applied for different 

application categories when more data is available. In this case, the efficient frontiers would 

provide better managerial insights for the DM’s.  
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5.8. Appendix 

Table 5.4: Efficiency measures for all 63 EES units 

No Technology Subclass 
Input-oriented model Output-oriented model 

CRS VRS IRS DRS CRS VRS IRS DRS 

1 PHS 1.1 1 1 1 1 1 1 1 1 

2 PHS 1.2 1 1 1 1 1 1 1 1 

3 PHS 1.3 1 1 1 1 1 1 1 1 

4 PHS 1.4 1 1 1 1 1 1 1 1 

5 PHS 1.5 1 1 1 1 1 1 1 1 

6 PHS 1.6 1 1 1 1 1 1 1 1 

7 CAES 2.1 1 1 1 1 1 1 1 1 

8 CAES 2.2 0.71 1 0.71 0.71 1.41 1.04 1.41 1.04 

9 CAES 2.3 1 1 1 1 1 1 1 1 

10 CAES 2.4 0.71 1 0.71 0.71 1.41 1.04 1.41 1.04 

11 CAES 2.5 1 1 1 1 1 1 1 1 

12 CAES 2.6 0.71 1 0.71 0.71 1.41 1.04 1.41 1.04 

13 Flywheel 3.1 0.27 0.77 0.27 0.27 3.68 3.5 3.5 3.68 

14 Flywheel 3.2 0.23 0.77 0.23 0.23 4.39 3.73 3.73 4.39 

15 Flywheel 3.3 0.27 0.77 0.27 0.27 3.68 3.5 3.5 3.68 

16 Flywheel 3.4 0.23 0.77 0.23 0.23 4.39 3.73 3.73 4.39 

17 Flywheel 3.5 0.27 0.77 0.27 0.27 3.68 3.5 3.5 3.68 

18 Flywheel 3.6 0.23 0.77 0.23 0.23 4.39 3.73 3.73 4.39 

19 Lead acid 4.1 0.62 0.86 0.62 0.62 1.61 1.45 1.45 1.61 

20 Lead acid 4.2 0.62 0.86 0.62 0.62 1.61 1.45 1.45 1.61 

21 Lead acid 4.3 0.61 0.86 0.61 0.61 1.63 1.49 1.49 1.63 

22 Lead acid 4.4 0.61 0.86 0.61 0.61 1.63 1.49 1.49 1.63 

23 Lead acid 4.5 0.62 0.86 0.62 0.62 1.61 1.45 1.45 1.61 

24 Lead acid 4.6 0.62 0.86 0.62 0.62 1.61 1.45 1.45 1.61 

25 Lead acid 4.7 0.61 0.86 0.61 0.61 1.63 1.49 1.49 1.63 

26 Lead acid 4.8 0.61 0.86 0.61 0.61 1.63 1.49 1.49 1.63 

27 Lead acid 4.8 0.62 0.86 0.62 0.62 1.61 1.45 1.45 1.61 

28 Lead acid 4.9 0.62 0.86 0.62 0.62 1.61 1.45 1.45 1.61 

29 Lead acid 4.10 0.61 0.86 0.61 0.61 1.63 1.49 1.49 1.63 

30 Lead acid 4.11 0.61 0.86 0.61 0.61 1.63 1.49 1.49 1.63 

31 NiCd vented sealed 5.1 0.57 1 0.57 0.57 1.76 1 1.76 1 

32 NiCd vented sealed 5.2 0.48 1 0.48 0.48 2.08 1 2.08 1 

33 NiCd vented sealed 5.3 0.57 1 0.57 0.57 1.76 1 1.76 1 

34 NiCd vented sealed 5.4 0.48 1 0.48 0.48 2.08 1 2.08 1 

35 NiCd vented sealed 5.5 0.57 1 0.57 0.57 1.76 1 1.76 1 

36 NiCd vented sealed 5.6 0.48 1 0.48 0.48 2.08 1 2.08 1 

37 Li-ion 6.1 0.86 0.91 0.86 0.86 1.16 1.1 1.1 1.16 
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Table 5.4: Efficiency measures for all 63 EES units (continued) 

No Technology Subclass 
Input-oriented model Output-oriented model 

CRS VRS IRS DRS CRS VRS IRS DRS 

38 Li-ion 6.2 0.86 0.91 0.86 0.86 1.16 1.1 1.1 1.16 

39 Li-ion 6.3 0.86 0.91 0.86 0.86 1.16 1.1 1.1 1.16 

40 Li-ion 6.4 0.86 0.91 0.86 0.86 1.16 1.1 1.1 1.16 

41 Li-ion 6.5 0.86 0.91 0.86 0.86 1.16 1.1 1.1 1.16 

42 Li-ion 6.6 0.86 0.91 0.86 0.86 1.16 1.1 1.1 1.16 

43 Zinc air 7.1 0.83 1 0.83 0.83 1.2 1 1.2 1 

44 Zinc air 7.2 0.83 1 0.83 0.83 1.2 1 1.2 1 

45 Zinc air 7.3 0.71 1 0.71 0.71 1.4 1 1.4 1 

46 Zinc air 7.4 0.71 1 0.71 0.71 1.4 1 1.4 1 

47 Zinc air 7.5 0.71 1 0.71 0.71 1.4 1 1.4 1 

48 Zinc air 7.6 0.71 1 0.71 0.71 1.4 1 1.4 1 

49 NaS 8.1 1 1 1 1 1 1 1 1 

50 NaS 8.2 1 1 1 1 1 1 1 1 

51 NaS 8.3 1 1 1 1 1 1 1 1 

52 NaS 8.4 1 1 1 1 1 1 1 1 

53 NaS 8.5 1 1 1 1 1 1 1 1 

54 NaS 8.6 1 1 1 1 1 1 1 1 

55 VRFB 9.1 1 1 1 1 1 1 1 1 

56 VRFB 9.2 1 1 1 1 1 1 1 1 

57 VRFB 9.3 1 1 1 1 1 1 1 1 

58 VRFB 9.4 1 1 1 1 1 1 1 1 

59 VRFB 9.5 1 1 1 1 1 1 1 1 

60 VRFB 9.6 1 1 1 1 1 1 1 1 

61 SMES 10.1 0.52 0.85 0.52 0.52 1.92 1.77 1.77 1.92 

62 SMES 10.2 0.49 0.77 0.49 0.49 2.02 1.77 1.77 2.02 

63 SMES 10.3 0.49 0.77 0.49 0.49 2.02 1.77 1.77 2.02 
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CHAPTER 6 

6. CONCLUSION 

 In this dissertation, new mathematical models and solution methodologies developed to 

optimize problems in the field of power network. The aim of this study is to provide managerial 

decisions for DM’s such as utilities, policy makers, researchers etc.  

 A detailed literature review considering generation, transmission and natural gas pipeline 

network optimization problems provided in Chapter 2. Long-term strategic expansion planning 

problems consist of electricity generation and transmission problems, as natural gas become a 

prominent element of electricity network, NGPIP studies also reviewed under this chapter along 

with GEP and TEP problems. Lastly, integrated studies, IENGTEP problems, included in this 

chapter. As GEP problems, one of the widely studied problems in long-term strategic investment 

decision problems, these studies categorized based on objective types ie. single and multi-objective 

studies.  

 A unique mathematical model proposed in Chapter 3 to solve a large scale, long-term 

strategic IENGTEP problem. The developed model is applied to Mexico electricity network case 

study. The efficiency of the proposed model presented by comparing the IENGTEP solution with 

solving GEP-TEP problem and NGPIP problem separately. Renewable energy penetration, natural 

gas cost impacts, and renewable energy incentives considered in developed model.  

 As power network optimization problems has different conflicting objectives, the proposed 

model in Chapter 3 is modified to consider the multi-objectiveness of the power network expansion 

problems. A MINLP mathematical model developed considering the nonlinear cost function of the 

natural gas pipeline and amount of natural gas flow. A two-stage solution approach is used to solve 
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multi-objective model. In the first stage, different multi-objective solution approaches used to 

obtain a set of non-dominated solutions ie. min-max, max-min, compromise programming and 

weighted sum methods. In the second stage, AHP method is used to select the most preferred 

solution among the non-dominated solutions obtained in the first stage. The proposed model is 

implemented on two networks: Mexico Electricity Network and Belgium Natural Gas Network.  

 Another contribution of Chapter 3 & 4 is considering the intermittent electricity capacity 

of RES units. These capacity fluctuations of the RES units are handled by assigning extra NGFPP 

capacities at closer locations to RES units. Assigning NGFPP capacities is only one of the method 

to overcome the RES capacity intermittency. Another method to deal with this intermittency is 

using EES units [1-3]. As EES technologies can be used in many different applications such as 

energy management purposes [3-5], demand shifting [5], power quality [6] etc., these technologies 

evolving very quickly. As this technology is evolving very quickly, a decision making approach 

is necessary to select the best EES units among the available technologies in the market. In Chapter 

5, different DEA models developed to compare the efficiencies of EES units. A detailed literature 

review of both EES technologies and DEA applications in power network field is provided in this 

chapter as well. The contribution of this study is to develop a unique model to compare the 

efficiencies of EES units to provide better managerial decisions for utility makers. The results 

obtained in this chapter can also be integrated with the mathematical model proposed in Chapter 

3 & 4 as another alternative to overcome the intermittency of electricity generation capacity of 

RES units.    
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CHAPTER 7 

7. FUTURE RESEARCH 

  Each chapter of this dissertation can be extended in the future studies. In this 

section, the potential future research directions discussed. Future research directions are 

categorized into two sections. First, future research potential for IENGTEP is presented and then 

future research directions for Chapter 5 is presented. 

7.1. Future Research for IENGTEP problems 

 Chapter 3 & 4 provided unique single & multi-objective problems to solve IENGTEP 

problems but these studies can have extended by solution methodologies, mathematical model and 

application. Potential future research directions for both IENGTEP studies provided in Chapter 3 

& 4 presented in this section. 

 Power network problems are complex large-scale problems and consist of different 

uncertainties and risk factors in its nature [1]. As a future research, the proposed models in Chapter 

3 & 4 can be extended by considering different uncertainties and risk measures in the model. Some 

of these uncertainties can be listed as; 

 Electricity and natural gas demand growth uncertainties [1]. 

 Fuel price risks and uncertainties [1]. 

 Reliability of electricity transmission lines [2, 3]. 

 The proposed IENGTEP models in Chapter 3 & 4 are applied to real networks under 

different assumptions. In Chapter 4, by combining both Mexico and Belgium networks, a case 

study is created but the proposed mathematical model can be applied to a real case study with more 

accurate data as some assumptions had to be made for the existing data.  
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 Traditionally, both TEP and NGPIP problems modeled by using MINLP models [4, 5]. 

The proposed models can be extended by considering the nonlinearities in both electricity 

transmission lines and natural gas pipeline. Considering nonlinearities on these problems will 

increase the complexity of the problems therefore different solution approaches need to be 

developed such as GA [6], robust optimization [7], PLA [8], reduction techniques and graph theory 

[5] etc. Compressor stations also can be included in the NGPIP model as it brings nonlinearity to 

the investment planning problem.  

 In order to overcome the fluctuation of electricity generation capacity of RES units, 

NGFPP capacities assigned to RES units due to their rapid ramp up and ramp down abilities [9]. 

This fluctuation can be resolved by integrating EES units as well. In the future, different 

alternatives such as EES units can be considered in the mathematical model to avoid this 

intermittency.  

 The future directions stated in the previous bullets will increase the complexity of the 

problem therefore; different solution approaches such as metaheuristic approaches and 

decomposition methodologies may be developed to solve the more complex problems.  

7.2. Future Research for EES technology efficiency evaluation 

 In Chapter 5, a unique DEA model developed to compare the efficiencies of the EES units 

and this study can be extended by applications and solution methodologies. As developed model 

is the first application of DEA method to compare the efficiencies of EES units, this study can also 

be extended in different future research directions. Some of these future research potentials can be 

listed as: 
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 More input and output parameters can be included in the DEA model when more and 

accurate data becomes available. In addition, input and output parameters can be modified per 

different types of EES applications. 

 As this study is the first study in the literature which compares the efficiencies of EES 

technologies by using DEA method. There may be some future research directions as there was 

not enough and detailed data available.  

 Due to lack of available data, this study can be extended by using more accurate data. The 

proposed DEA model would provide better managerial decisions with detailed and real case data. 

As the data used in this study has wide ranges, different DEA approaches can be used by 

considering the ranges in the data such as triangular fuzzy DEA approach.  

 The proposed DEA model can be extended by considering uncertainties (stochastic DEA) 

[10], and conflicting objectives (multi-objective DEA) [11, 12].  

 As DEA units can be used to overcome the intermittency of the RES capacity, the results 

obtained in Chapter 5 can be used as an input parameters of the models developed in Chapter 3&4. 

This approach also can be integrated with the IENGTEP problem.   

 In this section, different future research directions discussed. Some of these future research 

directions will increase the complexity of the problems considered in this study therefore, these 

complexities will require developing different solution approaches.  
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