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a b s t r a c t

Microgrids (MGs) are gaining popularity due to their ability to provide reliable and resilient power
supply, especially when integrated with renewable energy sources (RESs) and battery energy storage
systems (BESS). Reliability is a critical factor for MG owners and policy makers. However, existing
reliability indices such as loss of load expectation (LOLE) and expected energy not supplied (EENS)
may not offer a comprehensive understanding of MG reliability and resiliency. To address this gap, this
paper proposes three new indices for MGs to provide supplementary information on the performance
of RESs: the Microgrid Resiliency Index (MRI), the Microgrid Renewable Energy Availability Index
(MREAI), and the Microgrid Renewable Energy Energy Index (MREEI). The MRI assesses the MG’s
ability to recover from interruptions, providing insights into its resiliency. The MREAI and MREEI offer
additional information beyond LOLE and EENS, specifically highlighting the contribution of RESs to
the availability and energy losses in the MG. These indices enable a more comprehensive assessment
of MG reliability. The formulation for calculation of the indices are provided and applied to a MG
with integrated solar photovoltaic (PV), wind turbine (WT), and BESS components. To evaluate the
effectiveness of the proposed indices in providing supplementary information on resiliency and the
contribution of RESs, various scenarios are examined. These scenarios include the impact of using BESS,
changes in RES availability, and variations in RES output. The results demonstrate that the proposed
indices effectively capture the contribution of RES to MG reliability and offer valuable insights for
decision-making related to RES installation. Also, by integrating BESS, the contribution of RESs to
outage hours and lost energy is effectively decreased from 89.41% and 87.41% to 32.69% and 28.94%
respectively. Additionally, results highlight the substantial enhancement in the resiliency of the MG,
which witnessed an impressive 68.43% improvement.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Microgrids (MGs) are increasingly being adopted as a means of
roviding a reliable and sustainable power supply to customers,
articularly in remote or off-grid areas (D’Silva et al., 2020). A MG
s a small-scale electricity distribution network that can operate
ndependently as an islanded MG, or in parallel with the main
rid as a grid-connected MG (Sharmila et al., 2019). It typically
ncludes one or more distributed energy resources (DERs) such as
olar photovoltaic (PV) panels, wind turbines (WTs), and energy
torage systems (ESSs). MGs are considered an attractive solution
or enhancing energy security and reliability, reducing carbon
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emissions, and promoting local energy generation. However, be-
cause of uncertainties in output power of RESs, one of the key
challenges in MG operation and planning is ensuring reliable
and resilient power supply to customers under various operating
conditions and uncertainties (Impram et al., 2020).

One of the most promising technologies for improving the
reliability and resilience of MGs is battery energy storage systems
(BESSs) (Bahramirad et al., 2012). BESSs can provide a range of
benefits to MGs, such as load shifting, peak shaving, frequency
regulation, and voltage support (Shaker et al., 2021; Al-Mufti and
Ghani, 2020). By storing excess energy during periods of low
demand and releasing it during periods of high demand or when
DERs are not available, BESSs can help MGs maintain a stable
and reliable power supply to customers (Buchana and Ustun,
2015; IRENA, 2015). The widespread adoption of MGs has led to
a growing interest in their reliability assessment, which is crucial
for ensuring a stable and secure power supply to customers.
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Loss of load expectation (LOLE) and expected energy not sup-
plied (EENS) has been widely used as reliability indices to quan-
titatively assess the reliability of MGs. In Akhtar et al. (2021),
the impact of WT, PV, and changing the load on the reliability
of system via different intelligent strategies is investigated. Their
results show that the LOLE and EENS are changed from 0.9386
and 13.84 MWh/yr to 0.87 and 13.67 MWh/yr in cases of (30 MW
WT+30 MW BESS) and (40 MW WT+40 MW BESS) respectively.
The reliability of MG is enhanced up to 36 percent by adding
1 MWh to 5 MWh mobile BESS to the MG in Chen et al. (2016).
They just calculated EENS as reliability index which is decreased
from 31.45 kWh without BESS to 21.453 kWh with 5 MWh BESS.
The study in Adefarati et al. (2017) has investigated the effect of
combination of PV, WT, and BESS on reliability of MG. The EENS
and LOLP for six different cases include 48 kW diesel generator
(DE) and various PV, WT, and BESS capacity are calculated. As
the first case they only utilized a 48 kW DE without RESs. In
their second case a 3 kW PV, 1 kW WT, and 1 kW ESS is added
to the MG. (ESS). Their results show that LOLE and EENS are
improved significantly from case 1 to case 2 (from 0.004 and 48
kWh/yr to 0.0007 and 12 kWh/yr respectively). However, after
the case 3 (6 kW PV, 2 kW WT, and 1 kW ESS) the improvements
are not significant since the LOLE and EENS are close to zero
after case 3. In Jiang et al. (2021), the EENS for different energy
management strategies based on changes in forced outage rate
of the grid, and BBES are calculated. Their results show that after
increasing the forced outage rate of the grid (after 0.22), the EENS
is increased significantly (up to 10 times for some participants)
for all strategies. Another study has focused on MG reliability im-
provement considering the effect of BESS in Abdulgalil and Khalid
(2019). Their results show significant improvement in reliability
up to 99.61 percent. However, the authors used customer based
reliability indices such as system average interruption duration
index (SAIDI) and customer average interruption duration index
(CAIDI), to assess the reliability and improvements in interruption
hours and energy not supplied are not addressed.

There are many similar researches that using the RES without
or with BESS to enhance the reliability of MG (Hirve and Desh-
mukh, 2013; Alsaidan et al., 2018; Wang et al., 2014; Aslani et al.,
2021). The LOLE and EENS are improved which means that the
expected hours of interruptions and the amount of energy lost
are decreased, however, the contribution of RES and BESS in the
reliability improvements, and the number of continue interrup-
tions as the ability of MG as recover itself is not addressed. The
traditional reliability indices may not fully capture the impact of
RESs and BESSs on MG reliability and resiliency. LOLE and EENS
do not distinguish between different sections or components of
the MG. This can make it difficult to identify the causes of outages
and prioritize investments in reliability improvement measures.

These limitations highlight the need for new reliability indices
that can effectively evaluate the impact of RESs and BESS on MG
reliability and provide more detailed and accurate information for
decision-making. In this study, we propose three new reliability
indices to provide supplementary information regarding perfor-
mance of MG: the Microgrid Resiliency Index (MRI), the Microgrid
Renewable Energy Availability Index (MREAI), and the Microgrid
Renewable Energy Energy Index (MREEI).

MRI measures a MGs ability to recover from outages and
disturbances. Unlike other reliability indices such as LOLE and
EENS, which only consider the duration and energy not supplied
during outages, MRI provides a more complete picture of a MGs
resiliency by taking into account its ability to recover from dis-
ruptions. The calculation of MRI involves defining a threshold
time for restoration and determining the time of disruptions that
exceed this threshold. For instance, if the MG experiences an

outage lasting more than one or two hours (the threshold time)
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during a 24-hour period, it is considered as not being recovered
by the MG.

The MREAI considers the availability of the RESs in the MG.
MREAI is defined as the ratio of the expected time the MG is not
available due to failures in RESs to the total expected time the MG
is not available. This index provides information on the ability
of the MG to be available for use, including the contribution of
RES and BESS. Unlike LOLE, which only considers the duration of
outages, MREAI takes into account the availability of the MG. This
index provides a more complete picture of the availability of the
MG. The MREAI represents the percentage of total probable inter-
ruptions in the Microgrid (MG) that can be attributed to failures
in its Renewable Energy Sources (RESs). A higher value of MREAI
indicates a greater contribution of RES failures to the overall MG
failures, leading to lower availability of the MG. Conversely, a
lower MREAI value implies better availability of the MG, with
fewer interruptions caused by RES failures.

The MREEI considers the expected energy supply capacity of
the MG, including RESs and BESS. MREEI is defined as the ratio
of the expected energy not supplied by the MG due to failures in
RESs to the total energy demand. This index provides information
on the ability of the MG to meet its energy demand during normal
operation and thus helps to assess the energy reliability of the
MG. Unlike EENS, which only considers the energy not supplied
during outages, MREEI takes into account the contribution of RESs
and BESS to the energy supply capacity of the MG. This index
provides a more complete picture of the energy reliability of the
MG.

The rest of the paper is organized as follows. In Section 2
the proposed indices are defined and formulated. Also, the BESS
and other constraints of the problem are mathematically modeled
in this section. Section 3 presents the simulation results and
analysis of the proposed indices considering different scenarios.
A comprehensive discussion is provided in Section 4. Finally,
Section 5 provides the conclusion of the paper and possible future
works.

2. Problem formulation

The formulation of LOLE, EENS, and new reliability metrics,
and optimal sizing of BESS are provided in this section.

2.1. Reliability indices

Regarding the BESS and other network elements a two-state
reliability model is used. For each component a failure rate, λi,
nd repair rate, µi, is considered. The availability, Ai, and unavail-

ability, Ui, of each element are calculated using Eqs. (1) and (2)
respectively.

Ai =
µi

λi + µi
(1)

Ui =
λi

λi + µi
(2)

The following parameters are defined before formulating the
reliability indices:

nf is the total number of overall system failure states in which
the load demand is bigger than total generated capacity.

nf_MG is the total number of MG system failure states in
which the failure in RES and BESS cause interruption in supplying
demand and there is no failure in the main grid.

Pi is the probability of ith possible system state which is
alculated based on the status of components in that state using
q. (3).

i =

nc∏
pcj (3)
j=1
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here, nc is the number of components in the system includ-
ng RESs, BESS, and main grid. pcj is the status probability of
component j.

To calculate the MRI, as the resiliency index of the MG, first
we define a binary variable that indicates whether state i results
in an interruption at time t as shown in Eq. (4):

α(i, t) =

{
1 if state i is failure state at time t

0

}
(4)

Also, a threshold value, th, for the maximum allowable interrup-
tion time and a set of all unaccepted interruption durations, U,
are defined using Eq. (5):

U =

{
u :

u∑
t=1

α(i, t) ≥ th

}
(5)

The Eq. (5) calculates the set of all durations, U, where the sum
of α (i,t) for time values t up to u exceeds the threshold value
th. Finally, the MRI can be calculated as the probability that the
MG does not recover within th hours, which is equal to the sum
of the probabilities of all failure states that result in unaccepted
interruption durations:

MRI = 1 − (
nf∑
i=1

∑
u∈U

pi × u) (6)

The Eq. (6) is used to calculate the MRI. The MRI is calculated
based on sums up the product of the probability of a failure state
and the unaccepted interruption duration for that state, over all
failure states and all unaccepted interruption durations.

The MRI will represent the capability of the MG to recover
from disruptions and resist failure effectively. A higher value of
the revised MRI will indicate a MG that demonstrates better re-
siliency by recovering quickly from interruptions and minimizing
the impact of failures on overall performance.

The MREAI index is defined as the ratio of the expected time
the MG is not available due to failures in RESs to the total
expected time the MG is not available during the evaluation pe-
riod. The expected time in which MG failures cause interruptions
and total expected failures time are calculated using Eq. (7) and
Eq. (8):

LOMP(Li) =

nf _MG∑
i=1

pi (7)

LOLP(Li) =

nF∑
i=1

pi (8)

where LOMP(Li) is the loss of MG probability. Then MREAI can be
calculated using Eq. (9):

MREAI =

∑NT
t=1 LOMP(Lt )∑NT
t=1 LOLP(Lt )

(9)

where ‘‘NT’’ refers to the number of times that system failures
or interruptions are observed in the MG during the entire study
period.

The MREEI represents the ratio of the expected energy not
supplied by the MG due to failures in RESs to the total energy
demand which is formulated in Eq. (10):

MREEI =

∑NT
t=1 LOMP(Lt ) × LCt∑NT
t=1 LOLP(Lt ) × LCt

(10)

here LC is the load curtailment value in each time.
i

2253
In addition, the two well known LOLE and EENS reliability
indices are calculated based on Eq. (11)-(12):

LOLE =

T∑
i=1

LOLP(Li) (11)

ENS =

T∑
i=1

LOLP(Li) × LCi (12)

LOLE is equal to the sum of the loss of load probability,
OLP(Li), of each load in duration time (T ). Also, EENS is calculated
ased on LOLP(Li) and the amount of demand not supplied in each
oad LCi.

.2. BESS modeling

To model the BESS, the energy stored at time t, power and
fficiencies of charging and discharging are considered as is
ormulated in Eq. (13) (Wongdet et al., 2023; Chen et al., 2012).

ESS,T = EESS,T−1 + (Pc
ESSηc −

Pd
ESS

ηd
) × ∆t ∀t ∈ NT (13)

here, EESS,t is the energy stored in the battery. Pc
ESS and Pd

ESS
epresent the charging and discharging power of the battery
espectively. Also, the efficiency of charging and discharging of
ESS are shown by ηc and ηd respectively.
In addition, the state of charge (SoC) of the battery energy

torage system (BESS) plays a crucial role in its performance. The
oC represents the amount of charge stored in the battery at a
pecific time. It is a key parameter that significantly influences the
erformance of the BESS. Equations (14) and (15) are employed
o model the SoC factor:

oCmin ≤ SoC(t) ≤ SoCmax (14)

oC(t) = SoC(t − 1) +

{
DCb(t) P(t) > 0

CCb(t) P(t) > 0

}
(15)

here, the SoC(t) represents the current charge level of the
attery, SoCmax represents the maximum rate at which the battery
an be charged, and SoCmin represents the minimum rate at which
he battery can be charged. DCb represents the amount of energy
onsumed by the battery during discharge, and CCb represents
he amount of energy consumed by the battery during charging.
he variable represents the output power of the battery energy
torage system at a given time, denoted by P(t).
Furthermore, it is important to note that the energy stored

n the battery is always positive. However, the power of the
attery energy storage system (BESS) is considered negative when
t is charging, indicating the flow of energy into the battery, and
ositive when it is discharging, indicating the release of stored
nergy from the battery. Equations (16) and (17) establish the
imitations on the power and energy of the BESS, as they are
ound by their rated values. These equations ensure that the
ower and energy flow within the predefined limits of the BESS’s
apacity.

− PR
ESS ≤ PESS,t ≤ PR

ESS ∀t ∈ NT (16)

≤ EESS,t ≤ ER
ESS ∀t ∈ NT (17)

Also, the main constraints of the problem are the load balance
nd limitations in imported power from the main grid. The load
alance ensure that the load demand at each time is equal to
he total generated power including output power of RESs, BESS
utput, and imported power from the grid. These constraints are
ormulated by Eq. (18) and Eq. (19).
NI∑

RESi,t + PESS,t + PGrid,t = Loadt ∀t ∈ NT (18)

i=1
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Fig. 1. Load profile of the MG and the output power of WT and PV.
Table 1
Reliability data of network elements [17].
Network Elements Grid PV WT DE BESS

Failure Rate (Failure/year) 0.25 0.5 0.769 1.168 0.172
Repair Time (h) 48 40 279 100 7.8

PGrid,t ≤ Pmax
exchanged ∀t ∈ NT (19)

3. Case study and results

In this section, the information of MG under study, renewable
energies, BESS, and their reliability data are provided. Also, the
LOLE, EENS and other proposed indices are calculated for different
cases to evaluate their effectiveness in providing supplementary
information regarding the MG reliability and resiliency. Fig. 1
shows the load profile of MG during the 24 h a day, and output
power distribution of PV and WT installed as renewable energies
which are provided from Nguyen-Duc et al. (2022). Also, the
reliability data include failure rate and repair time of network
elements are given in Table 1.

In this study, we have considered different scenarios and
conducted several cases within each scenario to analyze the per-
formance of the MG. The scenarios explored are as follows:

First Scenario: Various sizes of BESS are added to the PV and
WT systems during peak hours.

Second Scenario: The output power of the PV system is varied,
with increases and decreases of 10%, 30%, and 50% from its
nominal value.

Third Scenario: The output power of the WT system is varied,
with increases and decreases of 10%, 30%, and 50% from its
nominal value.

Fourth Scenario: The availability of the WT system is modified
by 10%, 30%, and 50%.

Fifth Scenario: The availability of the WT system integrated
with a BESS is modified by 10%, 30%, and 50%. For each of
these scenarios, the reliability indices are calculated to assess the
performance of the MG and effectiveness of proposed indices.
The results of these calculations are presented in Table 2 to
Table 6, providing an overview of the performance of the MG
under different scenarios and their corresponding indices.

Table 2 demonstrates the significant impact of installing a
BESS on the reliability and resiliency of the MG. Without the BESS,
the LOLE is 0.2721, indicating the expected interruption hours,
and the EENS is 20.6505 kWh/day. However, with the addition
of a 100 kW BESS, the LOLE decreases to 0.0488 and the EENS
decreases to 2.6554 kWh/day. Furthermore, the MREAI and MREEI
show notable improvements in performance of RES-BESS in MG.
Without the BESS, the MREAI is 89.41% and the MREEI is 87.41%,

indicating that more than 89% of the interruption hours and
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energy loss are attributed to failures in RESs. However, with the
installation of the BESS, the MREAI decreases to 45.17% and the
MREEI decreases to 40.51%. This indicates that the contribution of
RESs to interruption hours and energy loss during outages is less
than 50%. Additionally, the resiliency of the MG is significantly
enhanced by the BESS. The capability of MG to recover itself for
interruptions lasting continuously for more than one and two
hours increases from 0.7792 and 0.8066 to 0.9791 and 0.9805,
respectively. This improvement highlights the MG’s ability to
recover itself after disruptions, showcasing the positive impact of
the BESS installation on resiliency.

The results presented in Tables 3 and 4 indicate that increasing
the output power of the PV and WT sources does not lead to a
significant improvement in the resiliency, reliability, and contri-
bution of RESs in the MG. The LOLE and EENS values show a slight
decrease when the PV output power is increased by 30% (from
0.2721 to 0.2245 for LOLE and from 20.6505 kWh/day to 15.1368
kWh/day for EENS). Similarly, in the case of a 30% increase in
WT output power, the LOLE decreases to 0.2677 and the EENS
decreases to 20.0312 kWh/day. The MREAI and MREEI indices re-
veal that more than 80% of interruptions and energy not supplied
are still attributable to failures in RESs, with values of 87.16% and
83.40% respectively. Although there is a slight improvement in
the resiliency of the MG (as indicated by the increase in capability
of MG to recover itself for interruptions lasting more than one
hour from 0.7792 to 0.8282 in the case of PV output increase),
the overall impact on resiliency and reliability is not substantial.

Table 5 presents the reliability indices for the improvement
in the availability of the WT source. Additionally, Table 6 shows
the results when the availability of the WT source is enhanced
and a BESS is employed. The findings demonstrate that increasing
the availability of the WT source, along with the use of a BESS,
can lead to significant improvements in the reliability indices.
The LOLE and EENS values are reduced to 0.0367 and 2.0421
kWh/day, respectively, indicating a substantial decrease in the
expected interruption hours and energy not supplied. Moreover,
the contribution of RESs in these outages is also significantly
reduced, with the MREAI and MREEI values decreasing by up
to 32.69% and 28.94% respectively. These results highlight the
positive impact of improving the availability of the WT source and
integrating a BESS in enhancing the reliability of the MG. In the
subsequent section, we further discuss the obtained results and
explore into the significance of the findings.

Furthermore, the paper includes a sensitivity analysis of the
proposed indices to changes in load demand, BESS capacity, and
RES availability. Figs. 2 to 4 present the results of this analysis.
The findings in Fig. 2 indicate that increasing the load demand
leads to a significant impact on the reliability of the MG and
the contribution of RES failures to interruptions. However, the
resiliency index (MRI) remains relatively stable to a 20% increase
in load, indicating the MG’s ability to recover from these changes.
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Table 2
Reliability indices for the first scenario – RES integrated with BESS.
BESS SIZE (kW) LOLE EENS MREAI % MREEI % MRI (Th=1h) MRI (Th=2h)

Without BESS 0.2721 20.6505 89.41 87.41 0.7792 0.8066
10 0.2200 14.2527 86.90 82.62 0.8304 0.8543
20 0.2200 12.4576 86.90 81.10 0.8304 0.8543
40 0.1961 8.6251 85.30 75.56 0.8544 0.8783
60 0.0755 4.2530 63.61 56.06 0.9763 0.9777
80 0.0503 2.8513 47.97 41.70 0.9777 0.9792
100 0.0488 2.6554 45.17 40.51 0.9791 0.9805
Table 3
Reliability indices for the second scenario – Changes in PV power output.
Changes LOLE EENS MREAI % MREEI % MRI (Th=1h) MRI (Th=2h)

−30% 0.2959 23.5679 90.26 88.59 0.7567 0.8066
−20% 0.2959 23.0718 90.26 88.48 0.7567 0.8066
−10% 0.2959 22.5758 90.26 88.35 0.7567 0.8066
0 0.2721 20.6505 89.41 87.41 0.7792 0.8066
10% 0.2721 20.1783 89.41 87.26 0.7805 0.8066
20% 0.2721 19.7060 89.41 87.10 0.7805 0.8066
30% 0.2245 15.1368 87.16 83.40 0.8282 0.8543
Table 4
Reliability indices for the third scenario – Changes in WT power output.
Changes LOLE EENS MREAI % MREEI % MRI (Th=1h) MRI (Th=2h)

−30% 5.1495 106.3853 99.41 97.04 −3.1221 −2.1234
−20% 4.1734 68.1228 99.31 95.65 −2.146 −1.1473
−10% 1.2513 27.3235 97.70 89.82 0.7739 0.8
0 0.2721 20.6505 89.41 87.41 0.7792 0.8066
10% 0.2721 20.4411 89.41 88.16 0.7805 0.8066
20% 0.2677 20.2117 89.23 88.92 0.7828 0.8066
30% 0.2677 20.0312 89.23 89.72 0.7828 0.8066
Table 5
Reliability indices for the forth scenario – Changes in WT availability.
Changes LOLE EENS MREAI % MREEI % MRI (Th=1h) MRI (Th=2h)

−50% 0.3915 29.6593 92.63 91.15 0.6849 0.7229
−30% 0.3438 26.0558 91.61 89.97 0.7232 0.7564
−10% 0.2960 22.4523 90.26 88.40 0.7614 0.7899
0 0.2721 20.6505 89.41 87.41 0.7792 0.8066
10% 0.2482 18.8488 88.39 86.23 0.7997 0.8234
30% 0.2005 15.2452 85.64 83.04 0.8379 0.8568
50% 0.1527 11.6417 81.15 77.86 0.8761 0.8903
Table 6
Reliability indices for the fifth scenario – Changes in WT availability integrated with BESS.
Changes LOLE EENS MREAI % MREEI % MRI (Th=1h) MRI (Th=2h)

−50% 0.0609 3.2686 59.11 54.24 0.9789 0.9803
−30% 0.0561 3.0233 55.65 50.82 0.979 0.9804
−10% 0.0513 2.7780 51.54 46.80 0.9791 0.9805
0 0.0488 2.6554 49.17 44.51 0.9791 0.9805
10% 0.0464 2.5327 46.56 42.00 0.9791 0.9805
30% 0.0416 2.2874 40.44 36.17 0.9792 0.9806
50% 0.0367 2.0421 32.69 28.94 0.9793 0.9807
In Fig. 3, it is observed that improving the availability of RES,
reflected by a decrease in forced outage rate, results in a linear
improvement in all reliability and resiliency indices. As depicted
in Fig. 3, increasing the availability of RESs results in a reduction
in the contribution of RES failures to the total interruptions in
the MG. This observation indicates that a significant proportion
of the failures are attributed to issues with main grid sources
rather than the RESs. As a result, the availability of the MG is
enhanced, as fewer interruptions are caused by RES failures. This
demonstrates the crucial role played by the improvement in RES
availability in bolstering the overall reliability and resiliency of
the MG. MREAI and MREEI decrease to below 30% when RES avail-
ability improves by up to 50%. Furthermore, Fig. 4 demonstrates
the substantial influence of BESS capacity on all indices, with a

more pronounced effect on energy-related indices (EENS/MREEI)

2255
compared to interruption-related indices (LOLE/MREAI). Notably,
the resiliency of the MG, as indicated by the MRI index, improves
from 0.1934 to 0.1457 with the installation of a 10 kW BESS.
However, after reaching a BESS capacity of 55 kW, the MRI index
stabilizes at 0.9777, suggesting an acceptable level of resiliency
that is not significantly affected by further increases in BESS
capacity.

4. Discussion

The calculated reliability indices in this study serve as cru-
cial quantitative measures for assessing the reliability and re-
siliency of MG, making them invaluable for decision-makers and
MG owners. In recognition of the importance of these factors,
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Fig. 2. Sensitivity of indices to changes in load demand.
ew indices have been proposed to provide additional informa-
ion regarding the reliability and resiliency of MG beyond the
ell-established LOLE and EENS indices. By utilizing the pro-
osed indices, a deeper comprehension of the performance of
G sources can be attained, particularly in grid-connected MGs
here a significant portion of the demand is still met by the
ain grid. The proposed indices enhance the understanding of
G reliability and resiliency, going beyond what is offered by

raditional indices, from different points of view: First, regarding
he resiliency assessment, while traditional indices might suggest
n improvement in resiliency with an increase in REs, the MRI, as
proposed index, goes beyond just the occurrence of outages and
heir duration. It considers the MG’s ability to recover from dis-
uptions, thereby providing a more insightful assessment of the
G’s overall resiliency. Also, the proposed indices are designed to
id MG owners and policymakers in making informed decisions
elated to RES integration and BESS implementation. They offer
more nuanced view of MG performance, enabling stakeholders
o identify areas for improvement and optimize system design
ased on the specific goals and requirements of their MG. In
ddition, in term of contribution of RESs and BESS, the MREAI
nd MREEI provide valuable insights into the contribution of
2256
Renewable Energy Sources (RESs) and Battery Energy Storage
Systems (BESS) to the overall MG performance. They highlight
how the integration of RESs and BESS positively influences the
availability of the MG for use and its ability to meet energy
demand during normal operation. These aspects are not fully cap-
tured by traditional indices, making the proposed indices valuable
tools in understanding the effectiveness of RES integration. For
example, the results of Table 2 demonstrated that by adding 100
kWh BESS, the MREAI decreases from 89.41% to 45.17%, indicating
that the contribution of RESs to interruption hours is reduced
to less than 50%. Similarly, the MREEI decreases from 87.41%
to 40.51%, demonstrating the reduced contribution of RESs to
energy loss during outages. Moreover, Unlike traditional indices
such as EENS and MRI, which focus on specific aspects of MG
reliability (e.g., energy not supplied during outages or recovery
time after disruptions), the proposed indices (MRI, MREAI, and
MREEI) take into account multiple factors, including RES avail-
ability, energy supply capacity, and recovery from interruptions.
By considering these diverse aspects, the proposed indices offer
a more holistic and accurate evaluation of MG reliability and
resiliency. Examining the basic status of the MG without the
presence of BESS, it is observed that 54.28% of the load demand is
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Fig. 3. Sensitivity of indices to RES availability improvement %.
ulfilled by the main grid. However, when evaluating the MREAI
nd the MREEI, it becomes evident that a substantial portion of
nterruption hours and energy not supplied, namely 89.41% and
7.41%, respectively, are attributed to failures in the RESs. These
indings reveal the critical role played by PV and WT failures in
G performance and emphasize the need for further analysis and
itigation strategies to enhance the reliability and resiliency of

hese renewable energy sources within the MG context.
Also, the logic relation of BESS and the proposed indices are

xplained as follows: Regarding the MRI, The BESS plays a sig-
ificant role in enhancing the resiliency of the MG by providing
nergy support during outages and disturbances. When the MG
xperiences an interruption, such as a prolonged outage lasting
ore than the defined threshold time, the BESS acts as an en-
rgy source to support the MG’s critical loads. By supplying the
tored energy during these disruptions, the BESS helps the MG
ecover from outages more effectively. Consequently, the BESS
ontributes to reducing the duration and frequency of disruptions
hat exceed the threshold time, leading to an improved MRI. Also,
he integration of BESS with renewable energy sources (RESs)
n the MG enhances its availability. During periods when RESs
xperience failures or reduced output due to weather conditions,
2257
the BESS can step in to supply energy, ensuring continuous power
availability. As a result, the MREAI, which assesses the availability
of the MG, benefits from the presence of BESS by reducing the
expected time the MG is not available due to RES failures. The
BESS helps maintain a higher level of energy availability, con-
tributing to an improved MREAI, which provides insights into the
contribution of RESs and BESS to the overall MG availability. In
addition, regarding MREEI, by storing excess energy generated by
RESs during periods of low demand and releasing it during peak
demand, the BESS helps meet the MG’s energy demand during
normal operation. This reduces the expected energy not supplied
by the MG due to RES failures, which in turn leads to an improved
MREEI.

In addition, results suggest that solely increasing the output
power of PV and WT sources may not be an effective strategy
for enhancing the resiliency and reliability of the MG or reducing
the dependency on RESs. In comparison to increasing the output
of RESs, the utilization of BESS emerges as a superior approach
for enhancing the reliability, performance, and resiliency of RESs
within the MG. The installation of a BESS yields a remarkable re-
duction in the contribution of RESs to power outages, diminishing
it from over 80% to less than 50%. This signifies the effectiveness
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Fig. 4. Sensitivity of indices to changes in installed BESS capacity (kW).
f BESS in mitigating the impact of RES failures and highlights its
ivotal role in improving the overall reliability and resiliency of
he MG.

Moreover, it is noteworthy that the WT exhibits the highest
ailure rate among all the components in the system, making it
critical factor in terms of reliability and the MREAI and MREEI

ndices. Remarkable performance improvements were observed
hen 50% enhancements were made to the availability of the
T, integrated with a 100 kW BESS. In this configuration, the

OLE and EENS were significantly reduced by 86.51% and 90.11%,
espectively, compared to cases without a BESS and the basic WT
vailability value. Furthermore, the contribution of RESs to outage
ours and lost energy was effectively decreased to 32.69% and
8.94%. These results highlight the substantial enhancement in
he resiliency of the MG, which witnessed an impressive 68.43%
mprovement. By effectively managing the WT availability and
tilizing energy storage, the MG can experience fewer interrup-
ions and a reduced reliance on RESs for maintaining a reliable
ower supply.
Overall, the comparative analysis of the proposed indices with

xisting indices in the literature demonstrates the added value
nd usefulness of the proposed indices for reliability assessment
2258
of a MG. By providing supplementary information, the proposed
indices offer a more comprehensive understanding of the per-
formance and resiliency of the MG system. The results highlight
the effectiveness of the proposed indices in capturing the contri-
bution of RESs, BESS, and the ability of the MG to recover from
interruptions. Through the application of these indices, valuable
insights are gained for decision-making and operation of MGs.

5. Conclusion

In conclusion, this paper addresses the importance of reliabil-
ity and resiliency assessment in MG systems and proposes three
new indices to provide supplementary information for a more
comprehensive evaluation. The proposed indices, including the
MRI, MREAI, and MREEI, offer valuable insights into the perfor-
mance, contribution of RESs, and recovery capabilities of the MG.
Through a series of case studies, the effectiveness of the proposed
indices is demonstrated. The results highlight the significant im-
pact of BESS on MG reliability and resiliency, with reductions
observed in both the expected interruption hours and energy
not supplied. The introduction of BESS resulted in a decrease in
the contribution of RESs to power outages, indicating improved
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ystem reliability. Furthermore, variations in the output power of
V and WT sources were investigated, revealing that changes in
heir output had minimal effects on overall MG reliability and re-
iliency. However, the availability of the WT had a influence, with
mproved availability leading to more improvements in LOLE,
ENS, and the contribution of RESs to power outages. The best
eliability and resiliency of the MG performance was achieved in
ase of utilizing BESS as well as enhancing the availability of WT.
he proposed indices provide decision-makers and MG owners
ith valuable information for optimizing system performance
nd making informed choices regarding the integration of RESs
nd BESS. By considering these indices, a more comprehensive
ssessment of MG reliability and resiliency is achieved, enhancing
he overall operation and management of MGs. For future work,
urther research can be conducted to explore additional factors
hat may impact MG reliability and resiliency. This could include
tudying the effects of different control strategies for BESS and
ESs, investigating the optimal sizing and placement of BESS
ithin the MG, and exploring the integration of other renewable
nergy sources and emerging technologies. Additionally, consid-
ring the dynamic nature of MGs, future work can focus on
eveloping real-time monitoring and control systems that utilize
he proposed indices to enhance the operational decision-making
rocess.

RediT authorship contribution statement

Mohammadreza Gholami: Idea generation or conceptualiza-
ion, Methodology, First draft preparation, Data curation. S.M.
uyeen: Idea generation or conceptualization, First draft prepa-

ation, Data curation. Soad Abokhamis Mousavi: Idea generation
r conceptualization, Part writing, Providing feedback, Review,
diting, Supervision.

eclaration of competing interest

The authors declare the following financial interests/personal
elationships which may be considered as potential competing in-
erests: Prof. S M Muyeen reports financial support was provided
y Open Access funding provided by the Qatar National Library.

ata availability

Data will be made available on request.

cknowledgment

Open Access funding provided by the Qatar National Library.

eferences

bdulgalil, M.A., Khalid, M., 2019. Enhancing the reliability of a microgrid
through optimal size of battery ESS. IET Gener. Transm. Distrib. 13 (9),
1499–1508. http://dx.doi.org/10.1049/iet-gtd.2018.5335.
2259
Adefarati, T., Bansal, R.C., Justo, J.J., 2017. Reliability and economic evaluation of
a microgrid power system. Energy Procedia 142, 43–48. http://dx.doi.org/10.
1016/j.egypro.2017.12.008.

Akhtar, I., Kirmani, S., Jameel, M., 2021. Reliability assessment of power system
considering the impact of renewable energy sources integration into grid
with advanced intelligent strategies. IEEE Access 9, 32485–32497. http:
//dx.doi.org/10.1109/ACCESS.2021.3060892.

Al-Mufti, M.G., Ghani, R.A., 2020. Control of battery energy storage system for
peak shaving using enhanced time of use scheme. In: PECon 2020-2020 IEEE
Int. Conf. Power Energy. pp. 224–228. http://dx.doi.org/10.1109/PECon48942.
2020.9314416.

Alsaidan, I., Khodaei, A., Gao, W., 2018. A comprehensive battery energy storage
optimal sizing model for microgrid applications. IEEE Trans. Power Syst. 33
(4), 3968–3980. http://dx.doi.org/10.1109/TPWRS.2017.2769639.

Aslani, M., Hashemi-Dezaki, H., Ketabi, A., 2021. Reliability evaluation of smart
microgrids considering cyber failures and disturbances under various cyber
network topologies and distributed generation’s scenarios. Sustain. 13 (10),
http://dx.doi.org/10.3390/su13105695.

Bahramirad, S., Reder, W., Khodaei, A., 2012. Reliability-constrained optimal
sizing of energy storage system in a microgrid. IEEE Trans. Smart Grid 3
(4), 2056–2062. http://dx.doi.org/10.1109/TSG.2012.2217991.

Buchana, P., Ustun, T.S., 2015. The role of microgrids & renewable energy in
addressing Sub-Saharan Africa’s current and future energy needs. In: 2015
6th Int. Renew. Energy Congr., Vol. 2015. IREC, http://dx.doi.org/10.1109/
IREC.2015.7110977.

Chen, S.X., Gooi, H.B., Wang, M.Q., 2012. Sizing of energy storage for microgrids.
IEEE Trans. Smart Grid 3 (1), 142–151. http://dx.doi.org/10.1109/TSG.2011.
2160745.

Chen, Y., Zheng, Y., Luo, F., Wen, J., Xu, Z., 2016. Reliability evaluation of
distribution systems with mobile energy storage systems. IET Renew. Power
Gener. 10 (10), 1562–1569. http://dx.doi.org/10.1049/iet-rpg.2015.0608.

D’Silva, S., Shadmand, M., Bayhan, S., Abu-Rub, H., 2020. Towards grid of
microgrids: Seamless transition between grid-connected and islanded modes
of operation. IEEE Open J. Ind. Electron. Soc. 1 (1), 66–81. http://dx.doi.org/
10.1109/OJIES.2020.2988618.

Hirve, S.S., Deshmukh, S.R., 2013. Evaluation of reliability indices and cost worth
analysis for generating power plants, 2 (12). pp. 151–156.

Impram, S., Varbak Nese, S., Oral, B., 2020. Challenges of renewable energy
penetration on power system flexibility: A survey. Energy Strateg. Rev. 31
(August), 100539. http://dx.doi.org/10.1016/j.esr.2020.100539.

IRENA, 2015. From baseload to peak : Renewables provide a reliable solu-
tion. p. 16, [Online]. Available: http://www.irena.org/DocumentDownloads/
Publications/IRENA_Baseload_to_Peak_2015.pdf.

Jiang, J., Peyghami, S., Coates, C., Blaabjerg, F., 2021. A comprehensive study
on reliability performance of photovoltaic-battery-based microgrids under
different energy management strategies. J. Energy Storage 43 (September),
103051. http://dx.doi.org/10.1016/j.est.2021.103051.

Nguyen-Duc, T., Hoang-Tuan, L., Ta-Xuan, H., Do-Van, L., Takano, H., 2022. A
mixed-integer programming approach for unit commitment in micro-grid
with incentive-based demand response and battery energy storage system.
Energies 15 (19), http://dx.doi.org/10.3390/en15197192.

Shaker, Y.O., Yousri, D., Osama, A., Al-Gindy, A., Tag-Eldin, E., Allam, D.,
2021. Optimal charging/discharging decision of energy storage community
in grid-connected microgrid using multi-objective Hunger Game Search
Optimizer. IEEE Access 9, 120774–120794. http://dx.doi.org/10.1109/ACCESS.
2021.3101839.

Sharmila, N., Nataraj, K.R., Rekha, K., 2019. An overview on design and control
schemes of microgrid. In: 2019 Glob. Conf. Adv. Technol., Vol. 2019. GCAT,
pp. 20–23. http://dx.doi.org/10.1109/GCAT47503.2019.8978407.

Wang, C., Jiao, B., Guo, L., Yuan, K., Sun, B., 2014. Optimal planning of stand-alone
microgrids incorporating reliability. J. Mod. Power Syst. Clean Energy 2 (3),
195–205. http://dx.doi.org/10.1007/s40565-014-0068-9.

Wongdet, P., Boonraksa, T., Boonraksa, P., Pinthurat, W., Marungsri, B.,
Hredzak, B., 2023. Optimal capacity and cost analysis of battery energy stor-
age system in standalone microgrid considering battery lifetime. Batteries 9
(2), 1–16. http://dx.doi.org/10.3390/batteries9020076.

http://dx.doi.org/10.1049/iet-gtd.2018.5335
http://dx.doi.org/10.1016/j.egypro.2017.12.008
http://dx.doi.org/10.1016/j.egypro.2017.12.008
http://dx.doi.org/10.1016/j.egypro.2017.12.008
http://dx.doi.org/10.1109/ACCESS.2021.3060892
http://dx.doi.org/10.1109/ACCESS.2021.3060892
http://dx.doi.org/10.1109/ACCESS.2021.3060892
http://dx.doi.org/10.1109/PECon48942.2020.9314416
http://dx.doi.org/10.1109/PECon48942.2020.9314416
http://dx.doi.org/10.1109/PECon48942.2020.9314416
http://dx.doi.org/10.1109/TPWRS.2017.2769639
http://dx.doi.org/10.3390/su13105695
http://dx.doi.org/10.1109/TSG.2012.2217991
http://dx.doi.org/10.1109/IREC.2015.7110977
http://dx.doi.org/10.1109/IREC.2015.7110977
http://dx.doi.org/10.1109/IREC.2015.7110977
http://dx.doi.org/10.1109/TSG.2011.2160745
http://dx.doi.org/10.1109/TSG.2011.2160745
http://dx.doi.org/10.1109/TSG.2011.2160745
http://dx.doi.org/10.1049/iet-rpg.2015.0608
http://dx.doi.org/10.1109/OJIES.2020.2988618
http://dx.doi.org/10.1109/OJIES.2020.2988618
http://dx.doi.org/10.1109/OJIES.2020.2988618
http://refhub.elsevier.com/S2352-4847(23)01276-3/sb12
http://refhub.elsevier.com/S2352-4847(23)01276-3/sb12
http://refhub.elsevier.com/S2352-4847(23)01276-3/sb12
http://dx.doi.org/10.1016/j.esr.2020.100539
http://www.irena.org/DocumentDownloads/Publications/IRENA_Baseload_to_Peak_2015.pdf
http://www.irena.org/DocumentDownloads/Publications/IRENA_Baseload_to_Peak_2015.pdf
http://www.irena.org/DocumentDownloads/Publications/IRENA_Baseload_to_Peak_2015.pdf
http://dx.doi.org/10.1016/j.est.2021.103051
http://dx.doi.org/10.3390/en15197192
http://dx.doi.org/10.1109/ACCESS.2021.3101839
http://dx.doi.org/10.1109/ACCESS.2021.3101839
http://dx.doi.org/10.1109/ACCESS.2021.3101839
http://dx.doi.org/10.1109/GCAT47503.2019.8978407
http://dx.doi.org/10.1007/s40565-014-0068-9
http://dx.doi.org/10.3390/batteries9020076

	Development of new reliability metrics for microgrids: Integrating renewable energy sources and battery energy storage system
	Introduction
	Problem Formulation
	Reliability Indices
	BESS Modeling

	Case Study and Results
	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


