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The development of energy technologies with high efficiency,
reliability and free from environmental contaminants is of great
importance for sustainable development. The main goal of this
research was the multi-objective techno-economic-environmental
optimization of hybrid renewable energy systems providing electrical
and thermal loads for a large energy-consuming complex. The
objective functions are the loss of power supply probability (technical
index), net present cost (economic index) and life cycle emissions
(environmental index), and hybrid energy system (HES) includes
photovoltaic, wind turbine, grid electricity, fuel cell, electrolyzer,
hydrogen tank, battery and inverter whose capacities are the design
variables. To carry out the research, different configurations of the
HES were modelled and simulated in HOMER software, and then by
developing a program in MATLAB software, non-dominated designs
were found among the simulated configurations. The final system was
then found among the set of multi-objective optimal designs with the
help of the TOPSIS multi-criteria decision-making method combined
with the entropy weight method. A total of 700 optimal multi-
objective systems including 592 on-grid and 108 off-grid systems
were found with 45 different configurations. The set of Pareto designs
included a wide range of techno-economic and environmental
indicators, so the range (average) of the net present cost, loss of power
supply probability and life-cycle emissions were 17.2-43.8 (27.5) M$,
0-10 (44)% and 196.6-358.6 (272.2) kton, respectively. It was
observed that the selected HES with a technical efficiency equal to that
of the conventional energy system had 13.8% less life-cycle emissions
for an increase in net present cost of 22.3%.
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EXTENDED ABSTRACT

Introduction

The harmful environmental effects of excessive consumption of fossil fuels such as air
pollution and global warming are not hidden from anyone. Due to this issue, the use of clean
energies such as solar, wind, geothermal and hydropower for energy supply has been the
focus of many researchers in recent years. The main drawback of renewable technologies is
their excessive dependence on environmental conditions. A suitable approach to overcome
this issue is combining these resources with conventional fossil fuels. In this way, the
advantages of one of these energy sources can be used to balance the weaknesses of others.

A great deal of research has been conducted on hybrid energy systems (HESs), and the
general results indicate that the use of this technology leads to the improvement of the
overall efficiency of the system. Determining the capacity and optimal configuration of
technologies in such a way that the microgrid can provide the electrical and thermal loads
continuously at the lowest cost in line with sustainable development is the main challenge
of designing HESs. In previous research, the optimization of distributed energy systems was
often single-objective (economic optimization) and in cases where multi-objective analysis
was performed, different and complex configurations of the system were not considered, or
the selection of objective functions was such that only techno-economic or economic-
environmental optimizations were included.

In this regard, the aim of this research was the multi-objective optimization of techno-
economic-environmental aspects of a HES consisting of photovoltaic, wind turbine, fuel cell
(with electrolyzer and hydrogen tank), battery, inverter and grid electricity. Another
important innovation of this research was to perform a life cycle assessment for evaluating
the environmental consequences of installing a hybrid renewable energy system, while
previous research has mainly considered the direct emission of carbon dioxide as an
environmental index in their multi-objective optimization study. In addition, the application
of multi-criteria decision-making methods to find the final design of the micro-grid among
the non-dominant solutions has rarely been investigated in previous articles.

Methodology

Multi-objective optimization is carried out using three objective functions, namely loss
of power supply probability (LPSPS), net present cost (NPC) and life cycle emission (LCE),
which respectively represent important techno-economic and environmental indicators of
a hybrid energy system. The energy units of the system include photovoltaic (PV), wind
turbine (WT), fuel cell (FC), electrolyzer, hydrogen tank (Htank), battery, inverter, boiler and
grid electricity. To achieve the goals of the research, the various configurations of the
mentioned components were modeled and simulated in the HOMER software, and by
developing the multi-objective optimization algorithm in the MATLAB software, the set of
optimal multi-objective solutions was determined from the simulated energy systems.
Finally, the final design was found among the non-dominated solutions using a multi-criteria
decision-making method (TOPSIS).
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Results and discussion

Statistical parameters of techno-economic and environmental indicators of optimal
multi-objective HSEs are presented in Table 1. The difference between the minimum and
maximum net present cost in the Pareto solutions is a significant amount of $26.5 million,
which indicates the importance of proposed methods to select the final system for on-site
installation among the non-dominated solutions.

Table 1. Statistical parameters for the objective functions in the Pareto set.

Objective function Mean STD Min Max Range
Net present cost (M$) 27.5 7.5 17.2 43.8 26.5
Loss of power supply probability (%) 44 32 0 10 10
Life cycle emission 2722 437 1966 3586 162.0

The Pareto surface of multi-objective optimal designs is illustrated in Figure 1. As shown,
five configurations with the maximum number of members in the Pareto set are specifically
identified in this graph. Itis clear from this graph that by reducing the NPC of the design, the
optimal solutions tend towards higher LPSP and LCE regions. The lower cost and higher
emissions of the grid-connected designs relative to off-grid configurations for a given
technical efficiency are evident. Moreover, off-grid scenarios at the Pareto set do not offer a
safe technical efficiency, so their average LPSP is over 5%.

Conclusion
A summary of the research results is presented below:

—  Approximately 85% of optimal multi-objective designs were grid-connected.

—  The average capacity of PV, WT, maximum available grid power, FC, electrolyzer,
Htank, battery and inverter at the Pareto surface were 5961.2 kW, 209.3 kW, 1486.9
kW (35.5%), 285.0 kW, 424.3 kW, 259.6 kg, 111719 kWh and 1786.8 kW,
respectively.

—  The range (average) of the NPC, LPSP and LCE of multi-objective optimal solutions
were 17.2-43.8 (27.5) M$, 0-10 (4.4)% and 196.6-358.6 (272.2) kton, respectively.

—  The selected final design comprised 6666.7 kW PV, 80% grid power and 4190.7
kW inverter with NPC, LPSP and LCE of 21.3 M$, 0% and 292.5 kton, respectively.

—  The selected optimal techno-economic and environmental design had 49.5 kton
(13.8%) less LCE than the conventional energy system.
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Figure 1. The Pareto surface of technical (LPSP), economic (NPC) and environmental (LCE) objectives
obtained from multi-objective optimization.
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