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H I G H L I G H T S

• Employs renewable energy resources (RES) to improve the reliability of power system.

• Stochastic characteristics of wind, PV and BSS are modelled using Markov technique.

• Presents a technique to reduce the annualised maintenance, emission and fuel costs.

• Proposed method can be used in the real time to improve reliability and reduce costs.
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A B S T R A C T

The reliability assessment of a power system has become a significant subject in the power sector for both utilities
and customers due to sudden increase in demand of a reliable power supply at minimal frequency and duration of
power outages. This has prompted the utilities to use the accessible renewable energy resources (RERs) as measures
to increase the reliability of a power system as well as reduction of over dependence on fossil fuels. The incorporation
of renewable energy technologies into a radial distribution system has changed the single power source to bidir-
ectional and multiple power sources. This improves the reliability of the system as well as reducing the power
outages that associated with the radial distribution networks. In this work, wind turbine generator (WTG), photo-
voltaic (PV) and battery storage system (BSS) are utilized with the aim of improving the reliability of the existing
microgrid power system and reducing the cost of energy (COE) and annualised cost of the system (ACS). The ob-
jective of the research work is accomplished by using the total outage cost (TOC), COE, ACS, annualized capital cost
(ACC), annualized maintenance cost (AMC), annualized fuel cost (AFC), annualized emission cost (AEC), annualized
replacement cost (ARC) and net present cost (NPC) of the power system. An fmincon optimization tool is utilized in
this paper to investigate the effects of RERs in a microgrid system. The stochastic characteristics of the major
components of RERs and their influences on the reliability of a power system are studied by using a Markov model.
The proposed method is applied on the modified Roy Billinton Test System (RBTS) to establish the fact that RERs can
be used to enhance the reliability and reduce the COE and ACS of the system. A comparative analysis of RERs is also
carried out by studying the effects of interest rates on the COE, NPC and ACS of a power system. The results obtained
from the research work demonstrate that the application of renewable energy distributed generation technologies has
achieved better results.

1. Introduction

The high rate of world energy consumption caused by a growing
population and global economic expansion coupled with a rapid in-
dustrialization has necessitated a massive investment in reliable power
supply. With the global power system restructuring, rapid growth in
power demand, concerns about climate change, high prices of fossil
fuels and the depletion of fossil fuels, RERs have been playing proactive
roles in a sustainable energy development due to their inexhaustible

and non-polluting characteristics [1]. These attributes have increased
the global installed capacity of renewable energy technologies. The
function of a power system is to meet the power demand of the nu-
merous customers economically and efficiently with an affirmation of
adequate level of reliability and quality [2]. To meet this objective,
several countries in the world have considered the possibility of in-
tegrating RERs into their power systems. The recent surveys conducted
by the World Energy Council (WEC) have projected that the power
output from RERs would increase from 23.7% as it is presently to about
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34% in 2030. The power demand is increasing daily on the global note
due to a rapid growth in population, industrialization and high standard
of living. Owing to this, the need for a reliable power system has always
been very important because of the role electric power plays in the
economic growth, development and social well-being of a nation. The
economic development of a nation entirely corresponds to the relia-
bility of its power system since the greater part of its financial segment
depends on this type of energy to boost their economic activities [3].

Reliability is a key performance indicator in planning, design and
operation of a power system. It can be used by the power utilities to
measure the performance of the power system at conceptual and op-
erating stages. It has been reported in different literatures that failures
in the distribution system contribute as much as 80% towards the un-
availability of power supply at the load points when compared with
other segments of electric power system [4]. This has a localized effect
and a severe economic loss on the consumers due to the sensitivity and
sophisticated characteristics of their equipment. For this reason, the
reliability of the distribution system has been considered to be a major
issue in the power sector. The analysis of customer failure surveys
conducted by the distribution network operators has demonstrated the
need to frequently perform the reliability assessment of the distribution
system. The persistent power interruptions on this section of the power
system will have socioeconomic impacts on the consumers and power
utilities such as loss of production, loss of sales, spoilage of raw mate-
rials and loss of revenues. Many customers have been subjected to poor
power supply from the distribution system in the presence of a reliable
generation and transmission system [3]. This has indicated that more
attentions should be focused on the reliability assessment of the dis-
tribution power system. Any improvement in this section of a power
system will bring about a significant reduction in the duration and
frequency of power outages at the consumer load points [4]. Moreover,
the reliability assessment is an important and effective way to furnish
the power regulatory bodies with significant information that can be
used as a benchmark in the deregulated power environment.

The traditional distribution system is radial in nature and it has only
one power source. Any power failure or a short-circuit fault on the net-
work can cause a severe power interrupt that will affect the entire system.
This leads to power outages at the load points since there is no alternative
path to supply consumers [3]. Owing to the serial configuration of a radial
distribution system, the faults must be cleared as a prerequisite to restore
electric power supply back into the system. The optimal operation of a
radial distribution system depends on the maximum power demand, total
length of the system and voltage regulation. The reliability of a radial
distribution system is very low since any fault at the main feeders will
cause service interruptions for all the consumers that are connected to the
lateral feeders [4]. The consumers at the end of the distribution system
would also be subjected to persistent voltage fluctuation when the loads
on the system change. The reliability of the power system has witnessed
some benefits due to adoption of microgrid system that allows multiple
power sources and communication facilities. The renewable energy dis-
tributed generation units are located close to the load points for reduction
of the COE, NPC and ACS and provide uninterrupted power supply in a
microgrid system configuration. This will invariably improve the relia-
bility of a microgrid system and protect a number of consumers from
unexpected power outages.

The high cost of the transmission and distribution (T&D) systems,
coupled with the high power demand without a corresponding increase in
generation capacity has increased the application of RERs in the remote
areas. The RERs are considered to be the most cost effective power solutions
to meet the load requirements of the rural dwellers owing to the complex
characteristics of the terrains and the extensive costs required to extend the
T&D lines to such locations [5]. About 17% of the global population have
been reported by different international organizations to be living without
electricity supply [6]. The 22% of the people without electricity are living in
the rural areas of the developing countries where the national grid con-
nection is problematic due to some constraints and remoteness of a number

of communities from the transmission lines [6]. In such locations, RERs are
incorporated into a power system in order to meet the load requirements of
the consumers at the load points. This will not only increase the reserve
margin of the power system but also enhance the reliability and reduce the
operating costs that associated with the system. One of the key strategies to
meet the global energy sustainability is to promote the utilization of a mi-
crogrid system that consists of the diesel generator, WTG, PV and BSS. This
will reduce over dependence on fossil fuel by using the available solar and
wind resources for power generation applications.

The penetration of the RERs into a power system has gotten extensive
worldwide considerable attention because of its significant impacts such as
the improved reliability of a power system and reduction of fuel cost,
operation and maintenance (O&M) cost and emission cost [7]. These
unique characteristics have facilitated many power utilities in the world to
encourage utilization of RERs as measures to increase global electric
power generation. The sudden increase in the power demand and the
public concerns over the environmental impacts of utilizing fossil fuels for
power generation have created global awareness for exploitation of RERs.
Solar and wind are one of the potential renewable energy sources that
have recently received global attention because of their economic and
technical benefits [8]. The potential alternative for climate change miti-
gation and greenhouse gas emission (GHG) reduction have motivated the
distribution network operators to harness the solar and wind sources for
power generation application. The issue brought about by the stochastic
characteristics of solar and wind systems can be reduced to a specific
degree with the incorporation of various power sources in a power system
[9]. The strength of one resource can be used by the power utilities to
overcome the weakness of other renewable energy sources. The effects of
the intermittent natures of the local RERs on a microgrid power system
can also be smoothed out with the application of the BSS. The energy
stored in the battery system can be utilized during the deficit power supply
or peak period.

Several methodologies have been proposed to study the effects of
RERs and BSS on the reliability and economic analysis of a power
system. Thapa et al. [10] have proposed a time dependence model and
BSS to minimize the uncertainty that is related to the wind system.
However, the proposed technique failed to capture the impacts of PV
modules on the reliability of a power system. Hussain et al. [11] have
presented an iterative filter selection method to evaluate the benefits of
utilizing an array of PV modules, WTG and BSS in a hybrid power
system. This is achieved by considering a situation where some con-
straints are enforced on a hybrid system for improvement of reliability
and minimization of total project cost and unutilized surplus power.
Khaledian et al. [12] have exploited particle swarm optimization (PSO)
algorithm to minimize the operating cost and emission cost of a mi-
crogrid power system. The impact of RERs is also investigated on the
frequency deviation of a power system. Khare et al. [13] have de-
termined the optimum operation of a PV-wind-battery-diesel hybrid
system with the application of the Hybrid Optimisation Model of
Electric Renewable (HOMER) software. The cost of the hybrid power
system is minimized by using different variables and constraints. Go-
vardhan et al. [14] have also presented a unit commitment technique to
obtain the suitable on/off decision among the numerous generating
units to accomplish minimum generation cost while meeting the power
demand requirements of the consumers, power reserve merging and
other essential requirements over a planned time horizon. While Iqbal
et al. [15] have performed techno-economic evaluation of a PV, battery
and diesel generator hybrid power system by using HOMER software.
The results obtained from the study showed that the diesel generator
could be replaced by the proposed renewable energy sources.

Gonzalez et al. [16] have performed the optimal sizing of a grid-
connected hybrid system that consists of the PV and wind systems for
minimization of the life cycle cost (LCC) of the system. The sensitivity
analysis of the system is also carried out by studying the input variables
that can affect the PV and wind configurations. Ayodele et al. [17] have
carried out feasibility study of a stand-alone hybrid energy system for
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