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A B S T R A C T   

The integration of battery energy storage systems (BESS) with microgrids (MG) is crucial to improve the reli-
ability and flexibility of renewable energy sources (RES) integration. However, the reliability and regulatory 
policies are critical factors that affect the optimal operation of MGs in the market. This study aims to enhance the 
reliability of MGs integrated with RES and BESS by evaluating their performance under different regulatory 
frameworks, namely feed-in tariff (FiT), net metering (NM), and energy storage incentive (ESI). Also, a dynamic 
FiT (D-FiT) framework is utilized to improve the reliability of the MG. An artificial bee colony optimization 
algorithm is utilized to optimize the size of BESS for each regulatory policy to minimize the total cost of the MG. 
Each policy is formulated based on its specific constraints in the problem. Subsequently, the reliability indices of 
Loss of Load Expectation (LOLE) and Expected Energy not Supplied (EENS) are calculated for each optimized 
solution. Moreover, we have integrated the dynamic thermal rating (DTR) system into our proposed model, 
focusing on the safe augmentation of system component ratings. The study finds that the D-FiT and standard FiT 
frameworks provide the best reliability level, whereas the reliability improvement under the ESI policy is not 
significant, as most of the MG’s demand is supplied by the main grid. Furthermore, the study shows that the 
improvements in EENS are higher than LOLE, indicating that installing BESS reduces the loss of energy rather 
than the number of interruption hours. D-FiT framework has a significant positive impact on both reliability 
indices, unlike the other frameworks that have a greater effect on EENS. Furthermore, we have noticed a sub-
stantial improvement in reliability indices when the DTR system is taken into account, as compared to the static 
thermal rating (STR) system.   

1. Introduction 

Over the past few years, there has been a significant surge in the 
integration of renewable energy sources (RES) into the power grid. This 
shift is a crucial component of efforts to reduce greenhouse gas emis-
sions, enhance energy independence, and promote sustainability. 
However, the inherently unpredictable nature of wind and solar RES has 
introduced complexities into power grid management, raising concerns 
about power quality and system stability, as demonstrated in prior 
studies [1,2]. To address these challenges effectively, the integration of 
battery energy storage systems (BESS) with microgrids (MGs) has 
emerged as a sustainable solution. One notable advantage of BESSs lies 
in their capacity to charge during periods of low-cost electricity and 

discharge during peak hours when electricity prices are typically high 
[3]. Moreover, BESSs exhibit rapid responsiveness to shifts in energy 
demand and serve as a dependable backup power source during emer-
gencies or power outages, as underscored by previous research [4,5]. 
This approach holds significant promise for bolstering the reliability of 
power supply, promoting climate change mitigation, and lead to more 
stable grid operation [6]. 

Determining the optimal size of BESS has been a primary concern in 
the design of MGs. Optimizing the size and type of BESS is essential for 
enhancing the reliability of MGs and minimizing their overall cost. 
Several research studies have explored the optimal sizing of BESS in MGs 
using various methods such as mixed integer linear and nonlinear pro-
gramming [7], dynamic programming [8], and meta-heuristic approach 
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[9]. These methods seek to balance the investment cost of BESS with the 
performance, power quality, and reliability of the MG. To address un-
certainties surrounding the optimal BESS size, probabilistic optimiza-
tion models have also been employed, as indicated in prior research [10, 
11]. 

Reliability considerations are crucial for ensuring the stability and 
reliability of MGs integrated with BESS. An undersized BESS may lead to 
compromised system stability, while an oversized BESS would increase 
investment costs without providing additional benefits [12]. In 
Ref. [13], the effect of utilizing optimal ESS capacity on different reli-
ability indices of a grid-connected MG is investigated. The reliability of 
an islanded MG considering the effect of BESS is analyzed in Ref. [14]. 
Moreover, regulatory frameworks play a significant role in determining 
the operation and revenue streams of MGs integrated with RES and 
BESS. Ignoring the impact of regulatory frameworks can lead to inac-
curate and overly optimistic results. Hence, incorporating both reli-
ability and regulatory frameworks in the BESS optimization process can 
lead to more accurate and effective results. Previous studies on deter-
mining the optimal BESS size for MGs did not consider the influence of 
regulatory frameworks on the reliability of MGs with integrated BESS. 
This study aims to fill this gap by modeling and considering the effect of 
common regulatory frameworks, such as net metering (NM), feed-in 
tariffs (FiT), and energy storage incentives (ESI), on the reliability and 
economic feasibility of MGs with integrated RES and BESS. 

NM is one of the common regulatory policies in which customers 
receive credit on their electricity bill for extra electricity exported to the 
grid. This policy applies to customers with RES. They can import elec-
tricity from the main grid when their own generation is less than the 
demand [15]. To implement this policy, the customer’s meter to run 
forward and backward is required. When a customer is drawing power 
from the grid, the meter spins forward, recording their energy con-
sumption. Conversely, when the customer is producing more energy 
than they are consuming and sending it back to the grid, the meter spins 
backward, recording the excess energy production. In their utility bill, 
the customers should pay for the net consumption, which is the differ-
ence between the electricity they consume and the electricity they 
export. the aim of NM framework is to lower the payback period and 
increase the economic beneficial of RES [16,17]. A comprehensive re-
view of the NM mechanism for RES can be found in Ref. [16]. FiTs are a 
policy instrument that offers financial incentives to customers which use 
RES to supply part of their demand. They receive these benefits for the 
energy they supply to the grid. The main aim of FiTs is to encourage MG 
owners to increase the use of RES by making RESs more financially 
viable [18]. Under the FiT scheme, MG owners are given a fixed pay-
ment for energy they generated using RESs for a set period of time. This 
fixed payment is typically higher than the electricity price providing a 
strong economic incentive for producers to invest and operate their fa-
cilities. This scheme is a highly effective policy because it significantly 
reduces the investment risks associated with RESs, making them more 
economically beneficial and allowing the grid to expand rapidly and 
sustainably [19,20]. More details regarding FiT background, examples 
of FiT implementation in Denmark, Germany, Cyprus and Spain, and 
different payment plans including are provided in Ref. [18]. It should be 
noted that, NM, as explained earlier, involves a billing mechanism 
where customers receive credits for excess electricity exported to the 
grid. This policy is designed to lower the payback period and enhance 
the economic benefits of RES. Conversely, FiTs provide financial in-
centives to MG owners who generate energy using RES, typically 
through fixed payments that exceed prevailing electricity prices. FiTs 
aim to reduce investment risks and promote sustainable growth in RES 
integration. Energy storage system incentives (ESIs) are provided by 
governments to encourage the uptake and utilization of energy storage 
technology. These incentives can come in the form of tax credits, grants, 
rebates, or other financial rewards. The main aim of ESIs is to reduce the 
initial cost of energy storage systems, making them more affordable for 
businesses and consumers [21]. The specific details of these incentives 

may vary depending on the country, state, or utility company offering 
them. Many countries have implemented policies to promote the growth 
and adoption of energy storage technology. More examples of ESI pol-
icies in different countries can be found in Ref. [22]. In Ref. [23] an 
incentive Strategy for forecast accuracy in a PV power plant in South 
Korea along with an ESS optimization model is presented. Authors in 
Ref. [24] proposed a energy storage management system to optimize of 
ESS capacity for residential use, integrated with PV generation. They 
economic analysis results confirm the importance of incentive house-
holders’ investment. In Ref. [25] five different policy schemes are 
investigated in a PV system integrated with BESS in Greek case. Briefly, 
the role of FiT and ESI frameworks in the operation of MGs is pivotal. 
FiTs act as a financial catalyst, encouraging MG owners to integrate RES 
by offering a fixed payment for energy generated through RES. This 
payment typically exceeds prevailing electricity prices, providing a 
strong economic incentive for investment in and operation of RES fa-
cilities. FiTs effectively reduce investment risks, enabling rapid and 
sustainable expansion of renewable energy integration into MGs, ulti-
mately enhancing their reliability and sustainability. On the other hand, 
ESIs complement these efforts by incentivizing the adoption of energy 
storage technology. Governments offer ESIs in various forms, such as tax 
credits, grants, or rebates, aiming to lower the initial cost barriers 
associated with energy storage systems. By making energy storage 
technology more affordable for businesses and consumers, ESIs promote 
its widespread use. The distinction between these policy instruments lies 
in their focus: FiTs primarily target RES integration, whereas ESIs 
concentrate on facilitating energy storage technology adoption. 

Another possible framework for trading between MGs and the main 
grid is dynamic FiT (D-FiT), where the basic trading is based on the 
standard FiT policy, but the tariff rate is not fixed and varies based on the 
grid condition. In Ref. [26], a D-FiT suitable for residential rooftop 
photovoltaic systems was proposed, which considers the time of day, 
ambient temperature, value of energy at the MG location, and available 
hosting capacity as parameters controlling the tariff rate. A time-varying 
tariff rate based on peak load, intermediate load, and off-peak load 
hours was applied in this study. Choosing the tariff rate based on the 
time of day is advantageous because the main benefit of battery energy 
storage systems (BESS) is to charge during off-peak hours and discharge 
during peak hours. 

In this study, the optimal size of a BESS for minimum total cost of MG 
is determined using a Artificial Bee Colony (ABC) algorithm [27]. The 
optimization problem is modeled based on the constraints of different 
frameworks. ABC is a population-based meta-heuristic algorithm that is 
highly efficient in solving non-linear optimization problems [28,29]. 
The reason for selecting ABC is that it exhibits a more aggressive search 
behavior and keeps a diverse set of solutions, which mitigates the risk of 
premature convergence and it is robust to noise and can handle noisy or 
incomplete data effectively. Also, ABC is a relatively simple algorithm to 
implement since it requires a few parameters to be set. 

This study addresses a critical gap in the existing literature by 
simultaneously examining two key facets of MGs: the optimization of 
BESS and the influence of regulatory frameworks on MG performance, 
particularly in terms of reliability metrics such as LOLE and EENS. While 
previous research has delved into BESS sizing and regulatory policies in 
isolation, our work uniquely combines these elements into a compre-
hensive analysis. We extend the existing body of knowledge by 
comprehensively assessing the impact of different regulatory frame-
works, including the dynamic Feed-in Tariff (D-FiT), on MG reliability. 
By doing so, we offer a holistic perspective on how to design and operate 
reliable MGs with integrated renewable energy sources and BESS while 
considering varying regulatory structures. This integrated approach 
recognizes the real-world challenges and variations that regulatory 
frameworks introduce, contributing to more accurate and effective re-
sults in the planning and implementation of resilient microgrid systems. 

Moreover, many previous studies discussed in this context primarily 
relied on the conventional static thermal rating (STR) system, which 

M. Gholami et al.                                                                                                                                                                                                                               



Energy Strategy Reviews 51 (2024) 101255

3

assumes fixed component ratings. However, for a more accurate analysis 
of system reliability, adopting the dynamic thermal rating (DTR) system 
is advantageous. The integration of renewable RES into the grid can be 
limited by the capacity of the network, impacting its overall reliability 
[30,31]. The DTR system has gained prominence for enhancing trans-
mission system capacity by dynamically assessing thermal limits based 
on environmental conditions, with recent advancements in sensor 
technology supporting its implementation [32]. An optimization-based 
framework for generation unit commitment and network switching, 
utilizing the DTR system and network topology optimization, is pre-
sented in Ref. [33]. The results demonstrate the effectiveness of both 
DTR and topology optimization in improving reliability. Furthermore, 

[34], focuses on mitigating network uncertainties through the design of 
an active distribution system model that combines DTR with AC/DC 
elements. The case study highlights the potential of this hybrid system to 
increase transmission capacity and address node overvoltage concerns. 
In this study, we also explore the impact of the DTR system on the 
reliability of MGs. 

The rest of the paper is organized as follows: Section 2 explains the 
approach of the study and presents the mathematical formulation of the 
optimization problem, which includes the main objective of optimiza-
tion problem, BESS modeling and problem constraints, modeling of 
regulatory frameworks, and reliability assessment formulations. 
Furthermore, the section explains and formulates the ABC algorithm. In 

Next Iter
Next

Framework

Stop Criteria Satisfied?

Evaluate the fitness of the new 
solutions and replace them

Move the scout Bee Phase

Move the onlooker Bee Phase

Select the best answer

Initiallization of ABC Parameter, 
Create randomly first group of ideas

Start

Read input Data

Select the framework 
(FiT,NM,ESI)

Update the Problem formulation based on 
selected framework constraint

Move the employed Bee Phase

No

Yes

All frameworks are selected?

End

Yes

No

Calculate LOLE and EENS

Fig. 1. Flowchart of the proposed approach.  
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Section 3, the case study details and the results of the effect of applying 
various regulatory frameworks on reliability indices are presented. 
Section 4 discusses the results obtained from the simulation, and Section 
5 concludes the paper by summarizing the key findings and suggesting 
future research areas. 

2. Proposed approach and mathematical model 

In this section, we outline the approach and mathematical optimi-
zation formula employed in the study, and a flowchart depicting the 
method is provided in Fig. 1. As illustrated in the flowchart, the first step 
involves selecting a policy and updating the problem formulation based 
on the chosen framework. Subsequently, the optimal BESS size is 
determined to minimize the total cost, followed by the calculation of 
reliability indices for each case and policy. To accommodate different 
constraints, frameworks, and BESS configurations, they are formulated 
accordingly. The optimization problem is solved using the ABC algo-
rithm, which is explained in detail in this section. Specifically, we 
elaborate on the objective function, the optimized BESS size, BESS and 
framework modeling, reliability assessment formulas, and the utiliza-
tion of the ABC algorithm. 

2.1. Reliability indices assessment 

The BESS, renewable generations, and transmission system are 
modeled using a two-state reliability model. The availability and un-
availability of the components are calculated based on their respective 
failure rate, λi, and repair rate, μi, formulated in Eq. (1) and Eq. (2) 
respectively. 

Ai =
μi

λi + μi
(1)  

Ui =
λi

λi + μi
(2)  

where Ai and Ui represents the availability and unavailability of element 
i. Also, the unavailability, Asys, and availability, Usys, of the whole system 
consists of nc component are calculated based on Eq. (3) and Eq. (4) 
respectively. 

Usys =
∏nc

i=1
Ui (3)  

Asys= 1− Usys (4) 

The reliability of the system is evaluated using two key indices, 
namely the loss of load expectation (LOLE) and expected energy not 
supplied (EENS) calculated using Eqs. (5)–(8) as follows: 

LOLP(Li)=
∑nf

i=1
pi (5)  

Pi =
∏nc

j=1
pcj (6)  

where, nf represents the number of system failure states in which the 
total generation capacity is insufficient to meet the load demand, while 
pi denotes the probability of the ith system state. The probability of 
component j, represented by pcj, is calculated as the availability or un-
availability of the component when its status is ON or OFF, respectively. 
LOLE, expressed in hours, is calculated as the sum of the loss of load 
probability for each load over the duration time (T). 

EENS, expressed in kWh over a given time duration, is calculated 
using the amount of demand that was not supplied in each load, denoted 
by ri. 

LOLE=
∑T

i=1
LOLP(Li) (7)  

EENS=
∑T

i=1
LOLP(Li) × ri (8)  

2.2. Optimal size of BESS 

The objective of the optimization problem is finding the optimal size 
of BESS and to minimize the total cost of the MG, as defined by Eq. (9). 

min TC=CR+ CBESS + Cexchanged + CRI − CRE (9)  

where, TC represents the total cost of the MG, which is a function of the 
costs associated with renewable energy CR, the battery energy storage 
system CBESS, and the energy exchanged with the main grid Cexchanged. 
Additionally, CRE and CRI represent the revenue received from 
exporting energy to the grid and importing energy from the main grid, 
respectively. The formulation of CBESS and Cexchanged are presented in Eq. 
(10) [13] and Eq. (11) respectively. 

CBESS =PCBESS × P ratedBESS + ECBESS × E ratedBESS (10)  

Cexchanged =
∑NT

t=1
ρi,t × EPt (11) 

In Eq. (10), the power and energy costs of the BESS are denoted by 
PCBESS and ECBESS, respectively. Additionally, P ratedBESS and E ratedBESS 

represent the rated power and energy of the BESS. In Eq. (11), EPt 

represents the power exchanged with the main grid at time t, and ρi,t is 
the price of per KWh energy exchanged with the main grid at time t of 
the day. We denote the energy exported and imported in time period t as 
Eexp ort,t and Eimport,t , respectively. 

The revenues from exchanged power with the main grid, CRE and 
CRI, in time period t are calculated using Eq. (12) and Eq. (13), 
respectively, where Rexp ort and Rimport represent the export and import 
tariff rates. 

CRE=
∑NT

t=1
Eexp ort,t × Rexp ort (12)  

CRI=
∑NT

t=1
Eimport,t × Rimport (13) 

The BESS is modeled based on its constraints. The energy stored in 
the BESS at time t is calculated using Eq. (14), where the charging and 
discharging power of the BESS are represented by Pc

BESS and Pd
BESS, 

respectively. 

EBESS,T =EBESS,T − 1 +

(

Pc
BESS × ηc −

Pd
BESS

ηd

)

×Δt⤢∀t ∈ NT (14)  

where, the efficiency of charging and discharging of the BESS is denoted 
by ηc and ηd, respectively. The maximum and minimum rated values of 
the BESS are presented in Eq. (15) and Eq. (16) as constraints, 
respectively. 

− PR
BESS ≤PBESS,t ≤ PR

BESS⤢∀t ∈ NT (15)  

0 ≤ EBESS,t ≤ER
BESS⤢∀t ∈ NT (16) 

Finally, Eq. (17) expresses the constraint on the power exchanged 
between the main grid and the MG, which is limited by the maximum 
capacity of the transmission lines that connect them (Pmax

exchanged). 

0 ≤ Pt ≤Pmax
exchanged⤢∀t ∈ NT (17)  
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PMax
exchanged =

{
plDTRMax

plSTRMax
(18)  

where, the maximum possible exchanged power is represented by Pmax
t . 

Moreover, the optimal DC load flow formula (Eq. (18)) considers the 
maximum transmission capacity, which is defined by either the rating 
established by the DTR system or the STR system. 

2.3. Modeling of regulatory frameworks 

The regulatory frameworks are modeled using their associated con-
straints applied to the problem. For the NM policy, the revenue from 
exporting is calculated based on the net energy exported to the grid (Eq. 
(19)). Similarly, the revenue from importing is determined based on the 
net energy imported from the grid (Eq. (20)). The net energy exported or 
imported is calculated as the difference between the total energy 
exported to the grid and the total energy imported from the grid (Eq. 
(21) and (22)). 

The constraints of regulatory frameworks are incorporated into the 
problem formulation. For the NM policy, the revenue from exporting 
and importing energy are determined by Eq. (19) and Eq. (20) respec-
tively. The net energy exported, N Eexp ort,t , or imported, N Eimport,t , are 
the difference between the total energy exported to the grid, and the 
total energy imported from the grid, which are given by Eq. (21) and Eq. 
(22) respectively. 

CRENet− metering =
∑NT

t=1
N Eexp ort,t × Rexp ort (19)  

CRINet− metering =
∑NT

t=1
N Eimport,t × Rimport (20)  

N Eimport =
∑NT

t=1
Eimport,t − Eexp ort,t (21)  

N Eexp ort,t =
∑NT

t=1
Eexp ort,t − Eimport,t (22)  

In the case of the FiT framework, the main grid purchases the electricity 
generated by the MG at a predetermined fixed rate, which is usually 
higher than the retail rate of electricity. The revenue from exporting 
energy under the FiT framework is calculated by updating the parameter 
FiTrate in Eq. (23) as the fixed rate. 

CREFiT =
∑NT

t=1
Eexp ort,t × Rexp ort × FiTrate (23)  

In D-FiT framework, the revenue from exporting energy is calculated by 
the same formula; however, the tariff rate is vary based on the hours of a 
day (Eq. (24)). 

FiTrate =

⎧
⎨

⎩

FiT Peakrate⤢∀t ∈ Peak hours
FiT intermediaterate⤢∀t ∈ intermediate hours
FiT off peakrate⤢∀t ∈ intoff peak hours

⎫
⎬

⎭
(24)  

In the case of an ESI based policy, the constraints may be similar to those 
of other frameworks, as the main difference lies in the revenue calcu-
lation. The incentive rate can be considered as either a discount in the 
unit price of imported electricity from the main grid, as shown in Eq. 
(25), or as a fixed amount per unit of BESS capacity installed, as shown 
in Eq. (26). 

CRINet− metering =
∑NT

t=1
N Eimport,t × Rimport × ESIdiscount− rate (25)  

CBESS− ESI =PCBESS × P ratedBESS × ESIFixed rate + ECBESS × E ratedBESS
(26)  

where, The variable ESIdiscount− rate represents the discount applied to the 
unit price of electricity imported from the main grid under the ESI 
framework, while ESIFixed rate represents the fixed amount of BESS ca-
pacity installed as part of the revenue calculation under the same 
framework. 

2.4. Artificial bee colony algorithm 

The ABC algorithm is a swarm-based optimization algorithm 
inspired by the foraging behavior of honey bees. The algorithm consists 
of three types of bees: employed bees, onlooker bees, and scout bees. 
Employed bees explore the search space by exploiting the best food 
sources they have found, while onlooker bees choose the best food 
sources to exploit based on the information shared by the employed 
bees. Scout bees are responsible for exploring new food sources by 
randomly searching the search space [28]. The ABC algorithm itera-
tively improves the population of solutions by generating new solutions 
based on the employed and onlooker bees, and by replacing inferior 
solutions with new solutions generated by the scout bees. The algorithm 
maintains a set of candidate solutions, called food sources, and assigns a 
fitness value to each solution based on its quality. The fitness value is 
determined by the objective function that needs to be optimized. The 
process of finding the best solution by ABC can be described by the 
following steps:  

- Set the input parameters (including population size NP, the number 
of iterations Iter_max, and the limit L to abandon a food source).  

- Randomly generate an initial population of solutions (food sources).  
- Move the employed Bee Phase:  
• For each employed bee xi, generate a new solution vi by exploiting 

the position of a randomly selected employed bee xj using Eq. (27). 

vi = xi + rand ×
(
xi − xj

)
(27)    

• Evaluate the fitness of the new solution.  
• If the fitness of vi is better than the fitness of the current solution xi, 

replace xi with vi.  

- Move the onlooker Bee Phase [27]:  

• Calculate the probabilities of the food sources based on their fitness 
values using Eq. (28) and (29). 

fiti =

⎧
⎪⎨

⎪⎩

1
1 + fi

⤢∀fi> 0

1 + abs(fi)⤢∀fi< 0

⎫
⎪⎬

⎪⎭
(28)  

pi =
fiti

∑N

j=1
fitj

(29)  

where fi represents the objection function related to the food source, and 
fiti is the fitness value.  

• Generate a new solution vi by exploiting the position of the selected 
food source j  

• Evaluate the fitness of the new solution vi.  
• If the fitness of vi is better than the fitness of the current solution xi, 

replace xi with vi.  

- Move the scout Bee Phase: 
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• For each food source i that has been abandoned L times, generate a 
new solution vi by randomly searching the search space.  

• Evaluate the fitness of the new solution vi  
• Replace the food source i with vi if the fitness of vi is better than the 

fitness of i  
- Termination: 

If the termination criterion is met (e.g., the maximum number of 
iterations is reached), return the best solution found so far, otherwise, go 
to the Employed Bee Phase. 

In the utilization of the ABC algorithm for optimizing the BESS size 
while taking into account the regulatory frameworks, the process un-
folds as follows: After inputting the relevant data and selecting each 
policy (e.g., NM, FiT, or ESI), the ABC algorithm is set in motion. In this 
context, each conceivable solution to the problem, encompassing the 
rated power of the BESS, assumes the role of an ’artificial bee’ within the 
ABC algorithm. Over a series of iterations, as outlined earlier, the ABC 
algorithm actively seeks the optimal BESS size that minimizes the total 
cost of the MG. Subsequently, the best solution discovered during this 
optimization process is used to calculate reliability indices, specifically 
tailored to the selected regulatory framework. This approach allows us 
to determine the reliability performance of the MG under each policy. 

3. Case study and results 

The selected MG [35], consists of photovoltaic (PV) and wind turbine 
(WT). We reasonably excluded the diesel generator and micro turbine 
installed in the case study since the aim of the study is to investigate the 
effect of utilizing BESS on reliability under different frameworks. Fig. 2 
shows the load demand profile, as well as the power outputs of PV, WT, 
and imported power from the grid over 24 h, in the absence of BESS. 

Table 1 presents a comprehensive overview of the input data 
employed in our study. This includes electricity pricing data for power 
generated by the PV and WT systems, as well as electricity prices for grid 
imports, delineated across various time periods throughout the day. 
Technical specifications for the BESS are also detailed in this table. 
Additionally, the parameters utilized in the ABC algorithm are specified. 

The colony size is set at 50, with optimization conducted over 1000 it-
erations. The input parameters, denoted as L (limit of abandoning a food 
source) and r (exploration rate), are assigned values of 25 and 0.1, 
respectively. Moreover, Table 2 furnishes data concerning failure rates 
and repair rates associated with renewable energy sources, BESS, and 
the primary grid. These rates play a critical role in the calculation of 
component availability and unavailability within the study. 

In the context of the DTR system’s reliability, it’s important to note 
that this system includes both sensors and communication-related 
equipment. Within our model, we consider the communication devices 
to be completely dependable. However, we treat the sensors as a unified 
entity and employ a two-state reliability model for them. Specifically, 
we assume that these sensors experience a failure rate of 3/year and a 
repair rate of 364/year. Table 3 offers a comprehensive analysis of how 
different regulatory frameworks influence key aspects of the MG per-
formance. It presents data on the total cost of the MG, energy supplied by 
BESS, and energy imports and exports from the main grid. The regula-
tory frameworks under comparison encompass NM, FiT with fixed rates 
set at 1.25 and 1.75, (D-FiT featuring varying tariff rates (1.75 for in-
termediate, 2 for peak, and 1.5 for off-peak hours), and ESI with 
intensive rates of 20 % and 10 %. 

The MG without BESS has a total cost of $ 683.90 with 1866 and 125 
KWh imported and exported energy respectively. In this study, we 
initially assumed a rated power of 200 kW for the BESS, denoted as 
PR

BESS. The results of Table 3 show that the D-FiT regulatory framework 
has the lowest total cost of $ 387.08 with an optimal BESS size of 150 kW 
and BESS energy of 2250 kWh. The second lowest total cost is achieved 
by applying FiT framework with fixed rate of 1.75. Under NM, the total 
cost is reduced to 602.90 USD, with 1350 kWh of BESS energy. The ESI 
regulatory framework can be more effective in reducing the total cost of 
the MG compared to the NM framework. For ESI with an intensive rate 
of 20 %, the total cost decreases to 555.37 USD, with a smaller BESS size 
of 135 kW, with 405 kWh of BESS energy, which is the minimum energy 
supplied by BESS among all frameworks. 

The analysis revealed that the optimal BESS size varies significantly 
across different regulatory frameworks. As illustrated in the results, this 
optimal size can differ considerably, demonstrating the dynamic nature 

Fig. 2. Load demand, WT,PV, and imported energy from grid without BESS for a MG in 24 h [29].  
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of BESS requirements under varying conditions. Notably, the D-FiT 
framework consistently resulted in the selection of the highest capacity 
BESS among all regulatory structures. Also, the lowest and highest 

energy imported from and exported to the grid is achieved in D-FiT 
policy. In addition, the highest imported energy is in case of ESI with an 
intensive rate of 20 %. 

Figs. 3–8 provide an insightful visual representation of the power 
distribution within the MG, encompassing various elements such as the 
load profile, renewable energy outputs, energy imports from the grid, 
energy exports to the grid, and the operation of the BESS. As depicted in 
Fig. 2, in the absence of BESS, the MG primarily relies on grid-imported 
energy to meet its demand during off-peak hours. Fig. 3 delves into the 
power distribution within the NM framework, where the BESS comes 
into play during peak hours to support the MG’s operation. Figs. 4 and 5 
provide a detailed overview of the power distribution under the FiT 
framework, with fixed rates of 1.25 and 1.75, respectively. These figures 
shed light on how these FiT policies influence the MG’s power dynamics. 
Moving forward, Figs. 6 and 7 present the power distribution within the 
ESI framework, with intensive rates of 10 % and 20 %, respectively. 
Notably, both scenarios within the ESI framework highlight increased 
energy imports from the grid, distinguishing them from other frame-
works. Finally, Fig. 8 showcases the results associated with the D-FiT 
framework. These figures underscore the significant impact of both D- 
FiT and the standard FiT framework, particularly the one with a fixed 
rate of 1.75, on the utilization of BESS and the export of surplus energy 
to the grid. These visual representations offer valuable insights into how 
various regulatory policies shape the energy flow and utilization within 
the MG. 

Furthermore, the results of the economic analysis by comparison 
between the total costs, cost of BESS, cost of imported energy from the 
grid, and exported energy to the grid under different regulatory 
frameworks is shown by a bar chart in Fig. 8. It can be observed that the 
use of the all policies results in a significant reduction in the total cost of 
the MG, while the D-FiT policy results in the lowest total cost, where the 
highest cost of investment for BESS is needed. The ESI policies result in a 
relatively small amount of BESS investment and earning from exporting 

Table 1 
Input Data: Electricity prices and BESS technical data [35,36].  

RES – Main grid 

Parameter cost of energy-PV 
($/kWh) 

cost of energy-WT 
($/kWh) 

cost of exchanged energy-peak 
demand ($/kWh) 

cost of exchanged energy-intermediate 
demand ($/kWh) 

cost of exchanged energy-off-peak 
demand ($/kWh) 

0.048 0.033 0.43 0.3 0.12 
BESS 
Parameter Technology Max. Power rate power cost ($/KW) Cost of electricity ($/KWh) Efficiency (%) 

Lead-acid 150 300 0.37 80–90  

Table 2 
Failure rate and repair rate for system components [37].  

System Component Main grid PV WT BESS 

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

Table 3 
Total cost of MG for different regulatory frameworks - BESS, imported and 
exported energy.  

Regulatory 
Framework 

Total 
Cost 
(USD) 

Optimal 
BESS 
(kW) 

BESS 
Energy 
(kWh) 

Imported 
Energy 
(KWh) 

Exported 
Energy 
(KWh) 

MG – Without 
BESS 

683.90 0 0 1866 125 

Net Metering 602.90 150 1350 821 430 
Feed in Tariff 

(Fixed rate 
= 1.25) 

585.22 135 1215 856 330 

Feed in Tariff 
(Fixed rate 
= 1.75) 

421.37 150 2100 624 983 

Energy Storage 
Intensive 
(Intensive 
rate = 10 %) 

594.4 130 1170 881 310 

Energy Storage 
Intensive 
(Intensive 
rate = 20 %) 

555.37 135 405 1644 308 

Dynamic-FiT 387.08 150 2250 544 1053  

Fig. 3. Power distribution – NM Framework.  
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energy to the grid, while leading to the highest cost of energy imported 
from the grid. 

Table 4 provides valuable insights into the reliability indices of the 
MG operating under diverse regulatory frameworks, showcasing key 
metrics such as LOLE and EENS. Overall, the integration of BESS into the 
MG demonstrates a positive impact on the reliability indices. Among the 
various regulatory frameworks, the ESI policy, characterized by a higher 
discount rate, exhibits the least improvement in terms of reliability 
indices. Conversely, the D-FiT policy stands out as the framework with 
the most significant enhancements, boasting a remarkable 27.76 % 
reduction in LOLE and a substantial 45.03 % reduction in EENS. Addi-
tionally, when compared to the MG without BESS, the NM policy dem-
onstrates a modest but notable improvement in both LOLE (3.8 %) and 
EENS (23.74 %). Notably, the ESI policy, characterized by its higher 
discount rate, presents the least significant improvements in terms of 
reliability indices. 

Moreover, the effect of BESS failure rate on the LOLE and EENS of the 
MG under different regulatory frameworks are given in Table 5. The 
failure rates of BESS are improved by 1,5, and 10% respectively for a 

sensitivity analyzes of reliability indices in BESS availability. 
The results of Table 5 show that failure rate of BESS has a remarkable 

effect on reliability indices of MG. Obviously, indices are enhanced 
considering lower failure rates of BESS in all cases, however, the 
improvement is more significant in case of applying D-FiT and standatd 
FiT (with fixed rate 1.75)policy. LOLE and EENS can be decreased to 
0.4095 and 18.59, by 10% lower failure rate of BESS in D-FiT frame-
work, respectively. Also, the results reveal that reliability enhancement 
is more significant in case of NM framework compared to ESI policy. 

Furthermore, Table 6 demonstrates the impact of incorporating the 
DTR system on reliability indices across various regulatory frameworks. 
The most substantial effect of utilizing the DTR system is observed in the 
MG-Without BESS case, with a significant improvement in both LOLE 
(27.2 %) and EENS (31.4 %). Among the regulatory frameworks, the ESI 
framework with a discount rate of 20 % exhibits the most pronounced 
enhancement in reliability, recording a 14.83 % reduction in LOLE and a 
15.26 % decrease in EENS. In contrast, the D-FTI framework shows the 
least impact, with a 9.74 % reduction in LOLE and a 10.05 % decrease in 
EENS. 

Fig. 4. Power distribution – FiT Framework – FiT rate: 1.25.  

Fig. 5. Power distribution – FiT Framework – FiT rate: 1.75.  
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4. Discussion 

In this section, we explore the impact of various regulatory frame-
works on the reliability indices of a MG. This study focuses on evaluating 
the effectiveness of different frameworks, such as NM, FiT, ESI, nd D-FiT, 
in enhancing MG reliability while integrating BESS. We also explore the 
nuanced effects of BESS failure rates on reliability. This discussion sheds 
light on the crucial factors influencing MG performance and offers in-
sights into the choice of regulatory frameworks for optimal reliability 
outcomes. Also, ABC algorithm is utilized to find the optimal size of 
BESS in this study. Various aspects of analyzing the achieved results are 
discussed as follows: 

- Overall, the calculated reliability indices demonstrate that the reli-
ability of the MG falls below acceptable levels. This emphasizes the 
need for enhancements in MG reliability, especially given the 
growing emphasis on reliability in addition to cost-efficiency. While 
our study intentionally excluded the use of a diesel generator or 
microturbine, which are commonly employed for backup power 
generation, the achieved values for LOLE and EENS indicate that 

even with renewable energies and BESS, the MG’s reliability remains 
a challenge. In light of these results, it is worth considering the in-
clusion of a diesel generator or microturbine to bolster MG 
reliability. 

- Generally, regulatory frameworks have significant impact on reli-
ability of a MG. The most improvements in reliability of a MG (up to 
27.76 % and 45.03 % for LOLE and EENS respectively) can be ach-
ieved by applying the D-FiT framework. Also, with decreasing the 
failure rates of BESS by 10 %, or installing the BESS types with lower 
failure rate, the LOLE and EENS can be decreased up to 40.95 % and 
50.42 % respectively. The reason is that the BESS is used to supply 
the demand in more hours of a day compared to other frameworks.  

- A comparison between NM and ESI frameworks shows that NM is 
more effective framework than ESI policy. Although the total cost of 
MG is lower in ESI, but the NM has a better impact on reliability 
indices. Utilizing NM framework leads to improve LOLE and EENS by 
3.8 % and 23.74 %, while, the reliability enhancement is not 
remarkable in case of ESI framework (up to 1.33 % and 15.62 % for 
LOLE and EENS respectively). The reason is that due to intensive 
rated in ESI, MG owners will tend to import energy from the main 

Fig. 6. Power distribution – ESI Framework – ESI Discount rate: 10 %.  

Fig. 7. Power distribution – ESI Framework – ESI Discount rate: 20 %.  
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grid rather than invest on utilizing BESS, while the main goal of these 
frameworks is to encourage MG owners to use BESS.  

- Both LOLE and EENS are important factors for customers in a MG, 
especially for residential MGs. LOLE represent the hours of in-
terruptions and EENS indicates the amount of energy not supplied. 
The results of this study reveal that the frameworks improve the 
EENS more than LOLE. The D-FiT and standard FiT frameworks have 
supreme over the other two frameworks from this point of view that 
enhance both indices. Also, proposing a framework which is able to 
decrease the interruption hours along with decreasing the amount of 
lost energy and total cost is necessary.  

- In this study, we calculated the optimized values for the BESS rating, 
including its kWh rating, for each of the different regulatory frame-
works, as presented in the Results section. Specifically, the optimal 
BESS size and energy capacity for the D-FiT, FiT, NM, and ESI reg-
ulatory frameworks were determined. As mentioned in the Results 
section, the optimal BESS size and energy capacity vary based on the 
specific framework, ranging from 135 kW with 405 kWh for ESI to 
150 kW with 2250 kWh for D-FiT.  

- The DTR system has been utilized into the analysis of MG reliability 
under various regulatory frameworks. The results displayed in 
Table VI illustrate the significant improvements in reliability indices 
achieved through the integration of the DTR system. Notably, the 
most substantial impact is observed in the MG-Without BESS sce-
nario, with a remarkable 27.2 % reduction in LOLE and a 31.4 % 
decrease in EENS. This outcome underscores the critical role of the 
DTR system in enhancing the reliability of MGs that lack BESS. 
Furthermore, a discernible pattern emerges when we consider the 
relationship between the percentage of improvement induced by the 

Fig. 8. Power distribution – Dynamic FiT Framework.  

Table 4 
Reliability indices of MG under different frameworks.  

Regulatory Framework LOLE Changes 
% 

EENS Changes 
% 

MG – Without BESS 0.6284 … 37.5135 … 
Net Metering 0.6045 3.80 28.6045 23.74 
Feed in Tariff (rated = 1.25) 0.6200 1.33 31.1196 17.04 
Feed in Tariff (rated = 1.75) 0.4790 23.7747 21.9114 41.5906 
Energy Storage Intensive 

(Discount = 10 %) 
0.6200 1.33 31.6502 15.62 

Energy Storage Intensive 
(Discount = 20 %) 

0.6204 1.27 32.6517 12.96 

Dynamic Feed in Tariff 0.4539 27.7689 20.6190 45.0358  

Table 5 
Effect of BESS failure rate improvement on reliability indices of MG under 
different frameworks.  

Regulatory 
Framework 

BESS Failure 
Rate 
Improvement 

LOLE Changes 
% 

EENS Changes 
% 

Net Metering No 
Improvement 

0.6045 3.80 28.6045 23.7488 

1 % 0.5986 4.9783 28.3248 24.4944 
5 % 0.5749 8.9375 27.2048 27.4800 
10 % 0.5453 13.8824 25.8020 31.2194 

Feed in Tariff 
(rated =
1.75) 

No 
Improvement 

0.4790 23.7747 21.9114 41.5906 

1 % 0.4743 24.5226 21.6971 42.1619 
5 % 0.4556 27.4984 20.8390 44.4493 
10 % 0.4321 31.2381 19.76 47.3256 

Energy 
Storage 
Intensive 
(Discount =
20 %) 

No 
Improvement 

0.6204 1.27 32.6517 12.96 

1 % 0.6144 2.2786 32.3322 16.0252 
5 % 0.5901 6.2337 31.0532 19.9810 
10 % 0.5598 11.1654 29.4512 24.9358 

Dynamic Feed 
in Tariff 

No 
Improvement 

0.4539 27.7689 20.6190 45.0358 

1 % 0.4495 28.4691 20.4174 45.5732 
5 % 0.4317 31.3017 19.6099 47.7258 
10 % 0.4095 34.8345 18.5984 50.4221  

Table 6 
Reliability indices for different frameworks considering the effect of DTR 
system.  

Regulatory Framework LOLE Changes 
% 

EENS Changes 
% 

MG – Without BESS 0.6284 27.2 37.5135 31.4 
Net Metering 0.6045 11.94 28.6045 12.06 
Feed in Tariff (rated = 1.75) 0.4790 13.78 21.9114 14.42 
Energy Storage Intensive 

(Discount = 20 %) 
0.6204 14.83 32.6517 15.26 

Dynamic Feed in Tariff 0.4539 9.74 20.6190 10.05  
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DTR system and the amount of imported energy in different regu-
latory frameworks. Specifically, in cases where a substantial amount 
of energy is imported from the main grid, such as in the MG-Without 
BESS scenario, the DTR system exhibits its most pronounced effects. 
Conversely, the D-FTI framework, characterized by the least im-
ported energy from the main grid, demonstrates the smallest im-
provements. This correlation highlights the significance of the DTR 
system in bolstering the reliability of MGs, particularly those heavily 
reliant on energy imports from the grid.  

- While our study primarily focuses on MG reliability and the impact of 
regulatory frameworks, it is essential to acknowledge the growing 
importance of addressing stability issues, especially as MGs integrate 
a higher share of RES and power electronics. Several studies, such as 
[38–40], have delved into the challenges posed by harmonic and 
voltage problems in MGs. These issues can be mitigated through 
innovative deployment of power converters and inverters. For future 
research, it is advisable to extend our analysis to consider the impact 
of these stability concerns and propose strategies for addressing them 
within the context of MG operation.  

- As the limitation of this study, it should be notice that the results can 
be vary for a MGs in different geographic region, load profile pattern, 
and cost variables. The achieved total cost of MG is highly depended 
on the electricity prices in hours of a day and type and price of uti-
lized BESS. Also, more accurate failure and repair rates of all com-
ponents lead to more accurate evaluation of reliability of MG. 
Another limitation of our study against scenarios of investigating the 
effect of high RES penetration on stability and harmonic problems is 
lack of involving intricate power electronics configurations and 
innovative power-sharing strategies. 

5. Conclusion 

This study conducted a comprehensive evaluation of the influence of 
standard regulatory frameworks, including FiT, NM, and ESI, as well as 
the proposed D-FiT framework, on the reliability of MG integrated with 
BESS. The research process involved determining the optimal BESS size 
to minimize the total cost, followed by the calculation of reliability 
indices for each regulatory framework. To accommodate diverse con-
straints, the formulations for the frameworks and BESS were tailored 
accordingly. The optimization task was tackled using an ABC optimi-
zation algorithm, and various aspects such as the objective function, 
BESS and framework modeling, reliability assessment formula, and the 
specifics of the ABC algorithm were elaborated. The findings of this 
study highlight the superiority of the D-FiT framework in terms of 
achieving the highest reliability levels, boasting a remarkable 27.76 % 
improvement in LOLE and a substantial 45.03 % reduction in EENS. In 
contrast, the NM policy demonstrates its effectiveness when compared 
to the ESI framework, as the latter showed limited improvements in 
reliability indices (up to 1.33 % for LOLE and 15.62 % for EENS). The 
results underscore the significance of considering reliability alongside 
cost optimization, as many studies predominantly concentrate on 
minimizing the total cost of the MG. Furthermore, the study underscores 
the critical role of BESS in reducing energy loss, with a particular 
emphasis on the higher improvements observed in EENS compared to 
LOLE. This research contributes valuable insights into enhancing the 
reliability of MGs integrated with BESS under varying regulatory 
structures. The findings of this study highlight the superiority of the D- 
FiT framework in terms of achieving the highest reliability levels, 
boasting a remarkable 27.76 % improvement in Loss of Load Expecta-
tion (LOLE) and a substantial 45.03 % reduction in Expected Energy Not 
Supplied (EENS). In contrast, the Net Metering (NM) policy demon-
strates its effectiveness when compared to the Energy Storage Intensive 
(ESI) framework, as the latter showed limited improvements in reli-
ability indices (up to 1.33 % for LOLE and 15.62 % for EENS). The results 
underscore the significance of considering reliability alongside cost 
optimization, as many studies predominantly concentrate on 

minimizing the total cost of the MG. Furthermore, the results reveal the 
critical role of BESS in reducing energy loss, with a particular emphasis 
on the higher improvements observed in EENS compared to LOLE. Also, 
this study has contributed to the understanding of MG reliability by 
incorporating the DTR system into the analysis, demonstrating its sig-
nificant impact on enhancing reliability indices. In addition, the study 
underscores the need for the development of innovative regulatory 
frameworks that prioritize the reduction of interruption hours while 
simultaneously minimizing energy losses and total costs. Moreover, our 
findings underscore the remarkable impact of the DTR system, partic-
ularly in MGs scenarios characterized by high levels of energy impor-
tation from the main grid. 
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