
Vol.:(0123456789)

SN Applied Sciences (2020) 2:71 | https://doi.org/10.1007/s42452-019-1878-1

Research Article

A goal programming model for grid‑connected hybrid energy system 
operations

Ahmet Aktas1  · Mehmet Kabak1 

Received: 4 October 2019 / Accepted: 9 December 2019 / Published online: 12 December 2019 
© Springer Nature Switzerland AG 2019

Abstract
Hybrid energy systems are considered as a potential solution for sustainable energy supply for small and medium scaled 
energy networks. This kind of energy systems consist of different type of conventional and renewable resources and 
classified into two groups, stand-alone and grid-connected systems. To see benefits of hybrid energy systems, making 
operational decisions analytically is extremely important. The main aim of this study is to determine operational deci-
sions of a hybrid energy system by considering profit obtained by system operations and renewable energy utilization 
ratio in load demand satisfaction. To solve the mathematical model of this multi-objective optimization problem, a 
goal programming model is proposed in this study. A numerical example for a small town with 10 demand points and 
4 energy generation plants is presented to demonstrate the applicability of the proposed model. Electricity demand in 
the small town is satisfied by energy generation plants and grid-connection. Obtained results show that the proposed 
model can be used by investors to analyze profitability of the system and renewable energy utilization ratio in the region.

Keywords Hybrid energy system · Goal programming · Renewable energy · Sustainability · Linear programming · Multi-
objective optimization
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1 Introduction

Energy is an important part of human life. Energy is used 
in many daily activities such as transportation, production, 
heating, cooling, cooking, etc. [1]. However, most of the 
existing energy resources are expected to be depleted 
in a very close future due to the rapid progress of indus-
trialization and increasing population. Because of the 
remained short time for depletion of energy resources, 
new resources for energy generation are being searched. 
Renewable resources are accepted to be one of the most 
promising energy generation ways [2].

Renewable energy is the energy obtained by regenera-
tive processes [3]. Solar energy, wind energy and geother-
mal energy are some types of renewable energy resources 
[4]. Renewables are useful for generating clean energy in 
an economic manner. Utilization of renewable energy gets 
more common, because these resources are environmen-
tally friendly and inexhaustible resources. On the other 
hand, they are commonly variable according to climate 
conditions. This disadvantage leads the concept of hybrid 
renewable energy systems. Hybrid renewable energy sys-
tems are defined as energy systems with combination of 
renewable energy resources and/or conventional energy 
resources. Construction of hybrid energy systems is useful 
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for sustainable energy supply from renewable resources. 
Since, renewable energy resources are generally variable 
due to the climate conditions, some problems may occur 
at satisfying energy demand from renewable resources in 
large scale energy systems. Some of these problems are 
energy fluctuations, supply shortages, and low quality of 
energy.

Hybrid energy systems are classified into stand-alone 
and grid-connected classes [5]. In stand-alone systems, 
generated and stored energy is used for demand satisfac-
tion. On the other hand, grid-connected systems can uti-
lize help of grid-connection in order to satisfy shortened 
demand.

Optimization of system activities is required in order to 
see benefits of hybrid energy systems completely. Optimi-
zation of such systems are computationally hard because 
of existence of number of parameters to be considered. 
Moreover, to analyze effects of seasonal and daily changes 
on the system, optimization must be done at least for a 
year period and at least hourly detail level.

In this study, operational decisions of a hybrid energy 
system in a province is analyzed. Investor is looking for 
the best operation strategy, which provides the maximum 
profit. Moreover, there is a desired level for renewable 
energy utilization rate in 2023 Targets of Turkish Ministry of 
Energy and Natural Resources. The main aim of this study 
is to obtain a compromise solution between desired profit 
of investor and renewable energy utilization rate target of 
country. To do so, a goal programming model is proposed 
to determine the best operational strategy for electricity 
demand satisfaction in the hybrid energy network of a 
province with an example.

The rest of the paper is organized as follows: The Second 
Part consists a summary of recent literature on optimiza-
tion problems on hybrid energy systems. Problem descrip-
tion and mathematical formulation of the proposed goal 
programming model are expressed in the Third part. Data 
and results of the numerical example are presented with 
solution results in the Fourth Part. The study is concluded 
in the Fifth Part by giving managerial implications and 
future research suggestions.

2  Literature review

Optimization of hybrid energy systems have taken atten-
tion of researchers. Hybrid energy system of a poor rural 
community was analyzed by using HOMER (Hybrid Opti-
mization Model for Electric Renewable) software [6]. Com-
bination of wind, photovoltaic and battery options were 
analyzed. Reliability concern for energy supply of a wind 
farm in Iran was supported by hybridization with biomass 
energy [7]. Techno-economic evaluation of system was 

made by using meteorological data. Energy management 
of a hybrid railway power substation system for a planning 
horizon of 1 year with hourly time steps was supported 
by a simulation model [8]. Power balance and economics 
of the system was optimized by using a linear formula-
tion. Technical comparison of a hybrid solar water heater 
and electric storage tank water heater was presented in 
Hohne et al.’s study [9]. A life cycle cost analysis was also 
presented in their study with break-even point calculation 
for the hybrid solar water heating system. Bento et al. [10] 
proposed an optimized control strategy for hybrid energy 
systems which contains photovoltaics, pumped-storage 
hydropower, and wind power under different scenarios. 
A hybrid energy system with grid-connection in Mali was 
optimized using HOMER software [11]. Integration of pho-
tovoltaics into energy system made emission decrease of 
carbon dioxide emitted by thermal plants.

Gonzalez et al. [12] developed a multi-objective genetic 
algorithm for environmental and cost optimization of a 
hybrid electricity generation system which consists of 
biomass, photovoltaics and wind resources. Konneh et al. 
[13] used multi-objective particle swarm optimization 
approach to determine sizing decisions of a hybrid energy 
system with photovoltaic panels, wind turbines and bio-
mass combustion plant in Sierra Leone in views of four 
objective functions. Fuzzy chance constraint programming 
is used to determine optimal capacities of power genera-
tion and energy storage units under system reliability con-
straint [14].

As it can be seen from the recent literature, different 
decision problems on hybrid energy systems are faced and 
researches to solve them are conducted. In this study, opti-
mization of operating decisions of a grid connected solar 
energy system is considered.

3  Proposed model

This study proposes a goal programming model for a 
hybrid energy system. Goal programming is a commonly 
used approach to obtain compromise solutions to multi-
objective optimization models and details of goal pro-
gramming model can be seen in [15]. This system is rep-
resented as a network with possible supply resources and 
demand points in a province and consists of renewable 
energy resources and grid-connection. Grid-connection 
is used when renewables supply inadequate amount of 
electricity. The main aim of this model to determine a 
compromise operational strategy that satisfies electricity 
demand at minimum total deviation from desired profit 
level and renewable energy utilization rate. Mathematical 
formulation of the model presented as follows:
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Indices

i  Energy generation plants
j  Demand points
t  Planning periods.

Parameters

spi  Unit selling price of electricity generated at plant i
cij  Unit transmission cost of electricity generated at 

plant i to demand point j
Ai  Fixed operation cost for plant i
Djt  Demand level for point j in period t
capit  Electricity generation capacity of plant i in period t.

Decision variables

Xijt  Transmitted electricity amount from plant i to point 
j in period t

XSjt  Purchased electricity amount from grid for demand 
satisfaction at point j in period t

RUt  Renewable energy utilization rate in period t.

Mathematical model

Yit =

{

1, if plant i is used for energy generation in period t

0, otherwise

fjt =

{

1, if electricity demand of point j is satisfied by renewables in period t

0, otherwise

Qi =

{

1, if plant i is used for energy generation during the planning period

0, otherwise

(1)min d−
1
+ d−

2

(2)

∑

t

∑

i

∑

j

spiXijt −
∑

i

∑

j

∑

t

cijXijt −
∑

i

AiQi + d−
1
− d+

1
= P

(3)
∑

t

RUt

/

T + d−
2
− d+

2
= R

(4)
∑

i

Xijt + XSjt ≥ Djt ∀j, t

Equation (1) is the objective function of the model. 
Objective of the goal programming model is to minimize 
total deviation from aspiration levels of goal constraints. 
Equations (2) and (3) represents the goal constraints of the 
model, respectively. The former expresses the profit goal 
and the latter expresses the average renewable energy 
utilization rate goal. Equation (4) states that the demand 
for electricity will be satisfied by renewable resources 
and grid connection. Equations (5) and (6) show that the 
renewables are primarily used for satisfying demand and 
if the supply of renewables are inadequate, grid supply 
is used. Equation (7) defines the renewable energy plant 
generation capacity. Renewable energy utilization rate is 
calculated by Eq. (8). Equation (9) states that fixed costs for 
plants is applied if they are used for energy generation at 

(5)
∑

i

Xijt ≥ Djt ∗ fjt ∀j, t

(6)XSjt ≤ M ∗
(

1 − fjt
)

∀j, t

(7)
∑

j

Xijt ≤ capit × Yit ∀i, t

(8)
∑

i

∑

j

Xijt ≤ RUt ×
∑

j

Djt ∀t

(9)
∑

t

Yit ≤ M × Qi ∀i

(10)Xijt ≥ 0 ∀i, j, t

(11)XSjt ≥ 0 ∀j, t

(12)RUt ≥ 0 ∀t

(13)Yit ∈ {0, 1} ∀i, t

(14)Qi ∈ {0, 1} ∀i, t

(15)fjt ∈ {0, 1} ∀i, t
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least one period. Equations (10)–(15) are the sign restric-
tions for decision variables.

4  Numerical example

The proposed model is solved for a small scale energy 
network with 10 demand points and 2 energy generation 
plants. To represent seasonal and hourly variation of sup-
ply and demand characteristics, 1-week data for each sea-
son is considered. So, a planning period of 672 h is deter-
mined. Values for model parameters are taken from some 

studies in the literature and capacity and demand values 
are taken from HOMER software. Supply and demand 
characteristics are presented in Figs. 1 and 2. Parameter 
values are determined as  spi = 13.3 cent/kWh,  cij = 0.0632$/
kWh + 0.0001$ × dij and  Ai = 18,000$. Flowchart of the solu-
tion process is given in Fig. 3.

Fig. 1  Demand characteristics of demand points

Fig. 2  Solar energy potential

Determination of model 
assumptions 

Construction of the 
mathematical model 

Determination of 
aspiration levels of goal 

constraints 

Collection of demand, 
capacity, price and cost 

parameters 

Obtaining solutions for 
each combination of 

aspiration levels 

Reporting the results 

Fig. 3  Flowchart for solution process
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Goal programming model is run by using CPLEX solver of 
GAMS software on a PC with  Intel® Core™ i5-6500T processor 
and 8 GB RAM. Desired renewable energy utilization rate value 
(R) is determined as 0.205, which is the official target of Turkish 
Republic. To investigate the effect of desired profit value on 
solution, the model is run by assuming that P value is equal to 
50,000$, 100,000$, 150,000$, 200,000$, and 250,000$. Solution 
results of five cases are presented in Table 1.

Solution results show that under these capacity, cost 
and selling price values, an operating policy satisfy-
ing desired renewable energy utilization rate cannot be 
obtained. However, adding more plants into hybrid energy 
system can provide desired results. Furthermore, increase 
of aspiration level of profit returns solutions with devia-
tion. Desired profit values can be predicted according to 
this analysis.

Obtaining a compromise solution by using the goal 
programming model demonstrates that the model can be 
used for determination of operational decisions in hybrid 
energy networks.

5  Conclusion

In this study, a goal programming model is proposed for 
determining the optimal operating decisions in a hybrid 
energy system. A numerical example is solved by consider-
ing different values of desired value on profit goal.

The main limitation of the model is consideration of 
a 672 h planning period. A longer period horizon may 
present more detailed solutions. Since this model only 
considers energy demand satisfaction, extension of the 
model by considering also the thermal energy demand 
can be developed in the future. Moreover, using different 
multi-objective optimization techniques and comparison 
of obtained results with evolutionary optimization algo-
rithms for greater problem dimensions can be analyzed 
in further studies. Another extension of this study is the 
verification of obtained results with this model on a real 
world data set.
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Table 1  Solution results

Case P value R value d−
1

 value d−
2

 value

1 50,000 0.205 0 0.129
2 100,000 0.205 0 0.101
3 150,000 0.205 0 0.065
4 200,000 0.205 41,381.76 0.059
5 250,000 0.205 94,165.70 0.061
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