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A B S T R A C T

The use of hybrid power generation systems is an attractive alternative to conventional fossil fuel generation
since they may assist in mitigating the emission of gases that are harmful to the atmosphere when using clean
and renewable sources of energy. However, finding the ideal configuration for the installation of a hybrid system
composed of solar photovoltaic (PV)-diesel generation is a complex task. In this sense, the objective of this study
is to develop an approach to select the optimal configuration of hybrid power generation systems for isolated
regions by means of combining the techniques of Mixing Design of Experiments, Normal Boundary Intersection
and analysis of super efficiency using Data Envelopment Analysis. The proposed approach is applied to a set of
four isolated regions in the northern region of Brazil, more specifically in the state of Amazonas. The results
show that for each region a different configuration is selected but with large shares of diesel generation at first.
On the other hand, all these cases represent points in the Pareto frontier that are the most inefficient due to the
high volume of CO2 emissions. From the application of the proposed approach, significant CO2 emission re-
ductions are obtained by selecting the optimal configurations represented as the most efficient points in the
Pareto frontier. Our results show that due to conflicting characteristics of the selected objectives, the installation
of such hybrid power generation systems produces an increase in LCOE, mainly related to the high costs of the
batteries, although less accentuated than the reductions in emissions.

1. Introduction

In isolated regions, where there is no access to interconnected
power systems, the service to provide and ensure a reliable electricity
supply while satisfying the load at all times is a critical task for system
operators and planners (Roy and Kulkarni, 2016). According to
Mohammed et al. (2015), the integration of renewable energy re-
sources, especially in remote areas where the network connection is not
available, has been widely used all over the world due to economic and
technical aspects. In addition, as highlighted by Rezzouk and Mellit
(2015), Renewable Energy Sources (RESs) are considered a good al-
ternative to fossil fuels since they assist in mitigating the emission of
gases that are harmful to the atmosphere as they use clean and regularly
regenerative energy (sun, wind, water, etc.). In this context, several
RES-related projects have been developed in the last two decades

(Yahiaoui et al., 2016).
Regarding isolated regions, hybrid systems, which combine more

than one generation source, have often been an attractive alternative to
the supply of electricity. A hybrid system can be formed by two or more
sources, either renewable or conventional forms of generation.
Mohammed et al. (2015) highlight the use of solar photovoltaic (PV)
systems with a diesel generator in hybrid power generation system to
supply demand in isolated areas. According to Kaabeche and Ibtiouen
(2014), the use of renewable energy systems based on solar energy has
been showing high growth rates in recent years. According to Silveira
et al. (2013), the use of solar PV generation has gradually presented
itself as an important alternative because it is economically feasible,
environmentally accepted and well adapted to isolated areas, where the
installation costs of conventional systems are relatively high.

Trepani and Millar (2016) report that because of the variability and
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intermittence of the electricity generated from solar PV systems, these
will probably not replace a definitive diesel generator set in isolated
systems without the aid of energy storage systems. However, the solar
PV system will have to operate in parallel with diesel engines and po-
tentially with other plants that can store electricity, forming the so-
called hybrid systems. It is worth emphasizing, that it is important to
guarantee the diversity of hybrid PV-diesel systems, since such con-
figuration implies in greater reliability, robustness and supply quality.

Nevertheless, finding the ideal configuration for the installation of
PV-diesel hybrid systems is a complex task, since the use of diesel
generators, which is a less costly decision nowadays for remote areas,
implies increasing pollutant emissions. According to Bernal-Agustín
et al. (2006), considering cost and emission minimization in this type of
system is a conflicting problem, since cost reduction implies an increase
in pollutant emissions and vice versa. This fact is due to the char-
acteristics of the decision variables associated with the hybrid system
(share of production from diesel generators and from solar PV systems).

Several studies in the literature present the use of optimization
techniques applied to create designs of hybrid systems (Kaabeche and
Ibtiouen, 2014). Due to often conflicting goals, some studies have been
employing multi-objective optimization methods to verify the best
configuration of hybrid systems by analyzing different trade-offs be-
tween objectives. We can highlight the work of Bernal-Agustín et al.
(2006), Dufo-López et al. (2011), Izadbakhsh et al. (2015), Gitizadeh
et al. (2013), which use multi-objective programming in the context
addressed. Bernal-Agustín et al. (2006) apply a Pareto Evolutionary
Algorithm (SPEA) for the multi-objective optimization of an isolated
PV-wind-diesel system in which the objectives to be minimized are the

total cost and the CO2 emissions. Like Bernal-Agustín et al. (2006),
Dufo-López et al. (2011) describe an application of SPEA to perform
multi-objective optimization of an autonomous PV-wind-diesel system
with storage using batteries. Nevertheless, in this case, the objectives to
be minimized are the levelized cost of electricity (LCOE) and the
equivalent life-cycle emissions of carbon dioxide (LCE).

Among the several multi-objective optimization methods that are
able to construct the Pareto frontier, the Normal Boundary Intersection
method (NBI), developed by Das and Dennis (1998), is one of the most
promising methods available in the literature (Naves et al., 2017).
Izadbakhsh et al. (2015) analyze the scheduling of energy sources in a
microgrid consisting of micro-turbines, solar PV panels, fuel cells,
battery storage and wind turbines. The authors use multi-objective
optimization with the NBI method to simultaneously deal with mini-
mization of total operational costs and gas emissions minimization. The
main objective is to enable the system operator to adopt the most de-
sired operating strategy considering economic and environmental
strategies. Through the technique Modified Normal Boundary Inter-
section (MNBI), Gitizadeh et al. (2013) solve a problem of Generation
Expansion Planning considering three objectives (maximization of
economic returns, minimization of CO2 emissions and minimization of
the risk related fuel consumption due to the use of non-renewable en-
ergy sources). To our knowledge, there is a gap in the literature to
explore a combined approach using Mixture Design of Experiments
(MDOE) (Montgomery, 2013), NBI and super-efficiency Data envelop-
ment analysis (super-efficiency DEA) (Andersen and Petersen, 1993;
Charnes et al., 1978) to support and enhance decision-making in multi-
objective programming problems.

Nomenclature

Ct total energy consumed
D the fraction of debt in the investment
E the fraction of equity in the investment
Et total energy produced
E(x) response variable function
f x( )i objective function
f x( ) normalized value of the objective function
FU utopia points
FN nadir points
g(x) inequality constraints
h(x) equality constraints
h number of decision variables
Kd the cost of debt
Ke the cost of equity
m polynomial degree
m number of objective functions
n number of DMU’s
N number of points of a simplex lattice
q number of technology of energy generation
rf the risk-free rate
rc the credit risk premium
rb the country risk premium
r number of DEA inputs
s number of DEA outputs
S x( ) entropy function
t the income tax
uj decision variable (multiplier of the output Y)
vi decision variable (multiplier of the input X)
w vector of weights of each objective function
xi fraction of each technology of the system total generation

capacity
X DEA input
Y Response Variable Function

Y DEA output
β leveraged beta

∗βi contribution of each component in the response variable
θk efficiency of DMU k
∅ payoff matrix
δij the effect of the combination of components i and j

Abbreviations

ANEEL Brazilian Electricity Regulatory Agency
BCC Banker, Charnes e Cooper
CAPEX Capital Expenditure (Investments)
CCR Charnes, Cooper e Rhodes
DEA Data Envelopment Analysis
DMU Decision Making Unit
DOE Design of Experiments
EPE Brazilian Energy Planning Company
EPG Global Percentage Error
GRG Generalized Reduced Gradient
LCE Equivalent Carbon Dioxide Life Cycle Emissions
LCOE Levelized Cost of Electricity
MCS Monte Carlo Simulation
MDOE Mixture Design of Experiments
MME Ministry of Mines and Energy
MNBI Modified Normal Boundary Intersection
NBI Normal Boundary Intersection
OPEX Operational Expenditure
PV Photovoltaic
RES Renewable Energy Source
SPEA The Strength Pareto Evolutionary Algorithm
TOPSIS Technique for Order Performance by Similarity to Ideal

Solution
TOTEX Total Expenditure
VRS Variable Returns of Scale
WACC Weighted Average Cost of Capital
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