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A B S T R A C T   

Nowadays, the local distribution grids have been facing technical, economic, and regulatory challenges, because 
of the increased integration of renewable energy sources (RESs) and electrification of vehicles. The traditional 
solutions to the grid expansion, e.g., to build an additional power line, are utility-centered solutions, i.e., the 
distribution grid operators (DSOs) are the only party involved to tackle grid issues. The DSOs have to engage grid 
users with technology providers to develop innovative solutions that tackle one problem and overcome several 
cost-effectively. This paper presents a holistic solution to optimally control cross-sectoral energy flow between 
interconnected microgrids (MGs) consisting of different RESs, hydroelectric power plant (HPP) and wind tur
bines (WTs) to meet electric vehicles (EVs), residential, commercial and industrial demands with the main grid 
contribution. This issue will provide the advantages of community-based MGs for local energy trading which 
causes for an active and engaged system, however, an adequate control strategy for proper operation is required. 
The proposed solution is based on a new interconnection line between two MGs through a multiport converter 
(MPC) with the techno-economic consideration of newly installed components such as MPC, cables and the 
required battery energy storage system (BESS). The proposed case study is evaluated under three different 
conditions e.g., load increment, demand response (DR) and N-1 criterion in separate, interconnect and island 
modes. The CPLEX solver of GAMS software is employed to solve the mixed-integer linear programming model. 
The results show that the applied interconnection line for MGs compared to the separated operation mode can 
decrease the system’s total costs, reduce the applied peak to the upstream grid, and enhance the system’s reli
ability under different conditions. Furthermore, the applied solution provides the ability for MGs operation even 
in island mode under different conditions for a full day (24 h).    

Sets: CRF Capital recovery factor. 

i Cable set. CWT
m,s,t Imposed cost of received 

power from WT in each 
MG, time and scenario. 

j MPC set. CWT,SellBack
m,s,t Returned cost of sent 

power from WT to the 
main grid in each MG, 
time and scenario. 

m Microgrid set. DRt Amount of load decreases 
by DR strategy in each 
time and scenario. 

s Scenario set. EBESS
m,max 
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Sets: CRF Capital recovery factor. 

Maximum BESS capacity 
of each MG. 

t Time set. LDIt Amount of load increase 
by DR strategy in each 
time and scenario. 

Parameters: Ni Number of each type of 
used cables. 

DRmax Maximum allowed 
percentage of DR 
strategy. 

OF Objective Function. 
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(continued ) 

Sets: CRF Capital recovery factor. 

Ici Investment cost of cable i. PCh,BESS
m,s,t Total received power by 

BESS in each MG, time 
and scenario. 

Icj MPC investment cost 
with the capacity of j. 

P Dch,BESS
m,s,t Total discharging power 

of BESS in each MG, time 
and scenario. 

if Inflation rate. P Dch,BESS,EV
s,t Transferred power from 

BESS to EV in each time 
and scenario. 

ir Interest rate. P Dch,BESS,LD
m,s,t Transferred power from 

BESS to load demand in 
each MG, time and 
scenario. 

ir*  Nominal interest rate. P NewDemand
t Required power of each 

load after implementing 
DR strategy in specific 
time. 

KHPP
SellBack HPP sell back price 

coefficient. 
PET

m,s,t Total transferred power 
to each MG in specific 
time and scenario. 

KWT
SellBack WT sell back price 

coefficient. 
PET

max Maximum transferred 
power. 

LDImax Maximum allowed 
percentage of increasing 
load demand in DR 
strategy. 

P G
m,s,t Total received power 

from main grid in each 
MG, time and scenario. 

lt Project lifetime. P G,BESS
m,s,t Transferred power from 

main grid to BESS in each 
MG, time and scenario. 

P Ch,BESS
m,max BESS maximum allowed 

charging power of each 
MG. 

P G,EV
m,s,t Transferred power from 

main grid to EV in each 
MG, time and scenario. 

P Dch,BESS
m,max BESS maximum allowed 

discharging power of 
each MG. 

P G,LD
m,s,t Transferred power from 

main grid to load demand 
in each MG, time and 
scenario. 

P Demand
t The required power of 

each load before 
implementing DR 
strategy. 

P G,TR
m,s,t Transferred power from 

main grid of a MG to other 
side in each time and 
scenario. 

P EV
s,t The total required power 

of EV in each time and 
scenario. 

P HPP
m,s,t Total received power 

from HPP in each MG, 
time and scenario. 

Pi Rated power of cable i. P HPP,BESS
m,s,t Transferred power from 

HPP to BESS in each MG, 
time and scenario. 

Pj MPC rated power with 
the capacity of j. 

P HPP,EV
m,s,t Transferred power from 

HPP to EV in each MG, 
time and scenario. 

P LD
m,s,t Load demand required 

power. 
P HPP,TR

m,s,t Transferred power from 
HPP to load demand of 
other side in each MG, 
time and scenario. 

Yi, max Maximum power of the 
selected cable i. 

P HPP,LD
m,s,t Transferred power from 

HPP to load demand in 
each MG, time and 
scenario. 

γ BESS
CAPEX Battery investment cost 

for each MWh. 
P WT

m,s,t Total received power 
from WT in each MG, time 
and scenario. 

γ BESS
OPEX Battery operation cost for 

each MW. 
P WT,BESS

m,s,t Transferred power from 
WT to BESS in each MG, 
time and scenario. 

γ G
t Electricity tariff of main 

grid in each time. 
P WT,EV

m,s,t Transferred power from 
WT to EV in each MG, 
time and scenario. 

γ HPP
t Electricity cost of HPP in 

each time. 
P WT,LD

m,s,t Transferred power from 
WT to load demand in 
each MG, time and 
scenario. 

γ WT
t Electricity cost of WT in 

each time. 
P WT,TR

m,s,t Transferred power from 
WT to load demand of 
other side in each MG, 
time and scenario. 

ηBESS
Ch BESS efficiency in 

charging mode. 
SOCBESS

m,s,t 

(continued on next column)  
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Sets: CRF Capital recovery factor. 

State of charge of each 
MG’s BESS in each time 
and scenario. 

ηBESS
Dch BESS efficiency in 

discharging mode. 
xi Binary variable for 

selecting cable type. 
ηMPC MPC Efficiency. yi Nominal power of the 

selected cable i. 
Variable: Binary variable: 
CBESS

m,s,t Imposed cost by BESS in 
each MG, time and 
scenario. 

uDR
t Binary variable 

associated with 
decreasing electricity 
demand in the DR 
program. 

CCable Total cost of used cables. uLDI
t Binary variable 

associated with 
increasing electricity 
demand in the DR 
program 

CG
m,s,t Imposed cost of received 

power from main grid in 
each MG, time and 
scenario. 

ζCh,BESS
m,s,t Binary variable indicating 

charging mode in each 
MG, time and scenario. 

C HPP
m,s,t Imposed cost of received 

power from HPP in each 
MG, time and scenario. 

ζDch,BESS
m,s,t Binary variable indicating 

discharging mode in each 
MG, time and scenario. 

CHPP,SellBack
m,s,t Returned cost of sent 

power from HPP to the 
main grid in each MG, 
time and scenario. 

ζj Binary variable indicating 
power level of MPC. 

CMPC Total cost of used MPC.    

1. Introduction 

The commitment to cut down CO2 emissions has led to drastic 
changes in the global energy system, especially in the electricity sector, 
in which a significant amount of wind and solar plants have been 
installed, and in the transport sector, in which the electrification of 
vehicles is growing in an unprecedented way [1]. In order to accom
modate both changes, the local distribution grids have been facing not 
only technical but also economic and regulatory challenges. The tradi
tional solutions to the grid expansion, e.g., to build an additional power 
line, have one feature in common: the distribution system operators 
(DSOs) are the only ones responsible for the grid reliability and voltage 
quality, and thus they are the only party being involved to tackle grid 
issues. The DSOs have to engage grid users together with technology 
providers in order to develop innovative solutions, which should not 
only tackle one problem at a time, but to overcome several problems in a 
cost-efficient way [2]. 

There are some projects that they focused mainly on one sector or 
one technical aspect without focusing on cross-sectoral energy flow, and 
thus cannot give a holistic view of the key issues concerned by the DSOs 
and the society at large. There is no one integrated modular technology 
solution that can interconnect different energy carriers. Consequently, 
the system design at the best falls into an optimal solution within one 
sector, and a cross-sectoral cost-optimal solution becomes almost 
impossible to achieve. In general, they have a strong focus on the market 
aspects of trading flexibility sources to the power grid by integrating a 
set of the existing mature technology. Hence, a real microgrids (MGs) 
case study consisting of hydroelectric power plant (HPP) and wind 
turbines (WTs) with different loads for optimal energy control has been 
considered in this paper and then a comprehensive tecno-economic so
lution to consider this gap is applied in the following two phases. 

In the first phase, the case study is investigated in three modes, 
namely separated, interconnect and island modes. In separated mode, 
each part is considered as a single grid-connected MG, while there is not 
any path to connect MGs. However, in interconnected mode, MGs are 
connected to each other through an exclusive Multiport Converter 
(MPC). The MPC provides several outstanding advantages to the case 
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study, e.g., enormous peak and cost reduction, energy resiliency and 
flexibility, and the ability to host extra equipment such as battery energy 
storage system (BESS) and Electric Vehicles (EVs). Finally, in island 
mode, the connection of the main grid to one of the MGs is interrupted 
for a certain amount of time (1 h and 24 h). 

In the second phase, the case study is evaluated under three sce
narios, load increment, N-1 criteria, and Demand Response (DR) strat
egy. In load increment scenario, the load demands increase up to 100% 
to evaluate the behavior of the system in sudden peaks in all three 
modes. In the second scenario, the capacity of the transformers reduces 
by 50% and reaches 28.5 MW in MG1 and 15.2 MW in MG2 because one 
of two parallel transformers connected to the main grid is interrupted to 
apply the N-1 criterion. It is noticeable that the N-1 criterion is not 
applied in island mode due to the lack of required power for loads. In the 
last scenario, a DR strategy is implemented for load shifting for energy 
management as well as cost reduction purposes. In this scenario, a 
percentage of load profile (maximum 10%) is allowed to shift within 24 
h, hence, in high price hours the load moves to the time with the excess 
power of HPP and WT and/or low-price hours, and the peak demand is 
reduced considerably. To have a full vision of the present work, the 
applied scenarios in different modes are summarized in Table 1. 

1.1. Literature review 

Due to the next generation of power systems, smart grids provide 
bidirectional energy and information [3] between the supply and de
mand sides to have an active distribution system [4]. Real-time moni
toring [5], demand response programming [6], high energy efficiency, 
flexibility and reliability are some benefits of smart grids [7]. As a part of 
smart grids, an MG involves renewable energy sources (RESs), energy 
storage systems (ESSs) and loads in a medium/low voltage (MV/LV) 
system [8,9]. 

An MG can exchange energy with other MGs, or the main grid based 
on the techno-economic situation [10] to have a flexible, secured, and 
efficient condition. Since energy management is one of the main chal
lenges in power systems, various studies are persuaded to deal with 
problems in MGs [11,12]. 

From the main grid point of view, an MG is a controllable set that can 
act as a load or a power supply and it can serve a residential or com
mercial building, industrial land, university campus [13], or a small 
scale as a testbed lab [14]. The produced power from sources, e.g., PV 
and WT units can optimally exchange energy with other MGs or the 
main grid [15] to minimize the operational cost of the system [16], 
provides optimal power sharing [17,18] capabilities and energy man
agement in interconnected MGs [19,20] for peak-shaving, load-shifting, 
energy management and maximizing RESs integration [21]. Controlling 
[22] and operation (grid-connected or/and island mode) are some of the 
main research areas in MGs [23]. However, with the high-level pene
tration of variable RESs, some technical issues such as voltage and fre
quency constraints impact the levels of investment and dispatch in 
electricity generation and storage technologies [24]. 

The MGs interaction with the main grid is one of the main challenges 
in this area [25]. Different strategies for MGs interaction with the main 
grid in normal condition have been proposed [26]. Among them, a 
back-to-back converter (B2B) is an effective method for full control of 
bidirectional power flow between MGs and main grid [27]. However, 

some challenges must be fulfilled for MGs interconnection [28]. Hence, 
this paper proposes a new solution for MGs interconnection through a 
multiport converter (MPC). Instead of using several dc-dc converters and 
components, a single MPC with interfacing different sources, storages, 
electric vehicles (EVs) and loads can be used. An MPC converter has the 
advantages of requiring fewer components and having a lower cost more 
compact size and better performance. The interconnection of MGs, 
through an MPC, with a shared energy storage system is another inter
esting application for the MPC that could reduce or eliminate the un
certainty of RESs [29]. 

1.2. Paper contributions 

This paper aims to map local abilities to manage variations in local 
generation and demand to improve local security of supply as well as to 
reduce the need for upscaling of cables and transformers as the local 
electricity generation and demand increase with a new interconnection 
between MGs. The operation cost of the system and investment of the 
new components such as cable, MPC and BESS as a mixed-integer linear 
problem formulation has been solved by executing CPLEX solver in 
GAMS software. The MPC links the electricity sector and the transport 
sector as well as the separate MGs also hosts different EVs (due to the 
various ports with different rated voltage and power) and BESS to 
facilitate local variation management during N-1 criterion and island 
condition. Local variation management also is provided by loads in both 
MGs, which provide a range of energy services, with the inherent ability 
of load shifting based on time of use (TOU) DR program due to the 
vehicle battery. 

Specifically, the main contributions of this paper include the 
following points.  

1. Considering industrial and city MGs to minimize the operation and 
planning costs.  

2. Identify and select typical scenarios of generation and demand in a 
local power grid for energy control studies. 

3. Construct a techno-economic model of the MGs including load de
mands, cables, MPC and BESS.  

4. Dimensioning of the BESS capacity, cables and MPC under four 
different scenarios: 
a. MGs are connected to the main grid in separated and inter

connected modes with N-1 criterion.  
b. Considering MGs in island condition with critical situations (load 

increment, less power from local DGs).  
c. The economic benefit evaluation of the DR program activation in 

MGs under different conditions.  
d. Providing recommendations on BESS and EVs for the connection 

through the MPC. 

1.3. Paper organization 

The rest of this manuscript is organized as follows; the Lilla Edet MGs 
case studies are described in Section 2. In Section 3, the problem for
mulations for the main grid, generation units (WT and HPP) and also 
BESS in different operation modes are presented. The different operation 
modes of MGs including, separate, interconnect and island capability are 
explained in section 4. The applied scenarios in different conditions of 
MGs including DR, N-1 criteria and load variation are explained in 
section 5. The results for three operation conditions (separate, inter
connect and island) of MGs, including sizing for new components e.g, 
cables, MPC and BESS in detail are investigated in Section 6. Finally, the 
conclusion to confirm the work is examined in Section 7. 

2. Lilla Edet MGs case study 

This study considers Lilla Edet city as a case study with two MGs, 
industrial MG as MG1 and a city MG (with residential, commercial 

Table 1 
A full vision of the applied scenarios in different operation modes.   

Load Increment DR Program N-1 

Separate (Without EVs) Yes Yes Yes 

Interconnect Without EVs Yes Yes Yes 
Full demands Yes Yes Yes 

Island 1 h Yes Yes No 
24 h Yes Yes No  
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Fig. 1. The single line diagram of multi-MGs under case study.  

Fig. 2. The Lilla Edet interconnected-MGs components and location.  
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users) as MG2 as shown in Fig. 1. The MG1 is fed by two parallel 
transformers, with 57 MW capacity, that is connected to the main grid, 
and a hydroelectric power plant (HPP) with a rated power of 35.11 MW. 
The MG2 is supplied by the same dual group of transformers with a 
smaller capacity equal to 30.4 MW. Also, the wind turbines (WTs) with a 
rated power of 11.94 MW is installed in the MG 2 as a RES. 

According to Fig. 1, the MGs loads are divided into different parts to 
represent the load categories. To supply the MGs demands, HPP and WT 
as the local RESs with the contribution of the main grid are contributed. 
The main purpose of this paper is to propose a holistic solution to 
optimally control cross-sectoral energy flow between an interconnected 

Fig. 3. The overall scheme of the Lilla Edet case study with the components.  

Fig. 4. The electrical load demand for (a) MG1 industry and (b) (a) MG2 city MGs.  

Table 2 
Summarized technical information of the loads related to Fig. 1.   

Electrical demand 

MG1 MG2 

Peak (MWh/h) 20.19 10.96 
Average (MWh/h) 16.47 4.97 
Energy (GWh/Year) 144.3 43.5 
Load Factor 0.82 0.45  
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MGs case study which is located in Sweden (Fig. 2a). 
The Swedish electricity market is divided into four price areas (SE1, 

SE2, SE3, and SE4) as shown in Fig. 2b to control the transmission of 
electricity between regions and to promote the construction of power 
generation and transmission capacity. The northern areas (SE1 and SE2) 
have excess electricity production due to the existing HPP resources and 

low power demand. In the parts SE3 and SE4, electricity consumption 
often exceeds production, which leads to relatively higher electricity 
prices in these areas [30]. 

3. Problem modeling and formulation 

As mentioned before, Fig. 1 provides information according to the 
case study. The target is to minimize the total cost of the entire system 
(both MGs) in separate and interconnect and island modes including 
operation and planning costs. The following sections are related to 
formulation of various parts in the objective function (OF). 

3.1. Main grid modeling 

Due to variable electricity prices, the loads can supply from the main 
grid in case of shortage power from local DG units (HPP and WT) and/or 
BESS can be charged from the main grid in off-peak hours. The cost 
function of the main grid is modeled as follows: 

Fig. 5. The input data for MGs case study, power duration curve for HPP and WT in MG1 and MG2 (a) and the electricity cost of the main grid (b).  

Table 3 
Separate mode in normal condition.  

% of Load % DR Max. Power (MWh/h) BESS (MWh) Sell OF (M€) 

PGR1 PGR2 MG1 MG2  

Base 0 14.27 10.23 0 0 1.82 2.12 
5 15.19 10.44 0 0 1.78 2.07 
10 16.12 10.94 0 0 1.76 2.02 

100 0 32.71 20.46 0 0 0.19 8.84 
5 34.5 21 0 0 0.16 8.75 
10 36.4 22 0 0 0.14 8.66  

Table 4 
Separated MGs with N-1 condition in MG1 (a) and MG2 (b).  

a. Separated MGs with N-1 condition in MG1. b. Separated MGs with N-1 condition in MG2. 

% of Load % DR Max. Power (MWh/h) BESS (MWh) Cost (M€/Year) % of Load % DR Max. Power (MWh/h) BESS (MWh) Cost (M€/Year) 

PGR1 PGR2 MG1 MG2 Sell OF PGR1 PGR2 MG1 MG2 Sell OF 

Base 0 14.27 10.23 0 0 1.82 2.12 Base 0 14.27 10.23 0 0 1.82 2.12 
5 15.19 10.44 0 0 1.78 2.07 5 15.19 10.44 0 0 1.78 2.06 
10 16.12 10.94 0 0 1.76 2.02 10 16.11 10.94 0 0 1.76 2.02 

10 0 16.11 11.25 0 0 1.52 2.65 10 0 16.11 11.25 0 0 1.52 2.65 
5 17.13 11.5 0 0 1.48 2.6 5 17.13 11.49 0 0 1.48 2.6 
10 18.14 12.03 0 0 1.46 2.55 10 18.14 12.03 0 0 1.45 2.55 

20 0 17.96 12.27 0 0 1.26 3.23 20 0 18.96 12.27 0 0 1.26 3.23 
5 19.1 12.53 0 0 1.22 3.17 5 19.06 12.53 0 0 1.22 3.17 
10 20.17 13.13 0 0 1.2 3.12 10 20.17 13.13 0 0 1.2 3.12 

30 0 19.8 13.3 0 0 1.03 3.84 30 0 19.8 13.3 0 0 1.03 3.84 
5 21 13.57 0 0 1 3.8 5 21 13.58 0 0 1 3.8 
10 22.2 14.22 0 0 0.98 3.73 10 22.2 14.22 0 0 0.98 3.73 

40 0 21.64 14.32 0 0 0.85 4.5 40 0 21.65 14.32 0 0 0.84 4.5 
5 22.94 14.62 0 0 0.82 4.42 5 22.93 14.62 0 0 0.82 4.42 
10 24.23 15.32 0 0 0.8 4.37 10 24.23 15.2 0 0 0.8 4.37 

50 0 24.34 15.34 7.36 0 0.66 5.68 50 0 23.5 15.2 0 3.8 0.66 5.4 
5 24.34 15.66 0.3 0 0.66 5.12 5 24.87 15.2 0 0.7 0.65 5.14 
10 24.34 16.41 0 0 0.64 5.05 10 26.25 15.2 0 0 0.64 5.03 

55 0 24.34 15.85 55.53 0 0.56 9.64 60 0 25.33 15.2 0 30.84 0.47 8.03 
5 24.34 16.2 39.41 0 0.55 8.38 5 26.81 15.2 0 20.2 0.46 7.19 
10 24.34 16.96 36 0 0.54 8.1 10 28.3 15.2 0 16.26 0.46 6.85 

58 0 24.34 16.16 135.5 0 0.48 16 70 0 27.17 15.2 0 146 0.3 17.44 
5 24.34 16.5 100.2 0 0.48 13.2 5 28.74 15.2 0 131 0.28 16.22 
10 24.34 17.28 91 0 0.48 12.5 10 30.31 15.2 0 123 0.27 16.6 

59 0 24.34 16.26 200.6 0 0.43 21 72 0 27.45 15.2 0 191 0.28 21 
5 24.34 16.6 156.6 0 0.44 17.6 5 29.13 15.2 0 168 0.26 19.2 
10 24.34 17.4 128.7 0 0.45 15.42 10 30.7 15.2 0 154.6 0.25 18.13 

60 0 Infeasible 73 0 Infeasible 
5 24.34 16.71 221.4 0 0.4 22.6 5 29.32 15.2 0 195 0.25 21.35 
10 24.34 17.5 188 0 0.4 20 10 30.92 15.2 0 179 0.24 20 

61 0 Infeasible 74 0 Infeasible 
5 5 
10 24.34 17.58 233 0 0.38 23.5 10 31.12 15.2 0 243 0.22 25  
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Fig. 6. The possibilities for interconnection line through the MPC.  

Fig. 7. Topology of the proposed MPC for the case study.  

Fig. 8. The load duration curve of EVs in the Lilla Edet case study.  

Table 5 
Different types of EVs based on charging technology.  

EVs Charge type Rated Power [kW] Charging time 

Normal 3.6–22 3–10 (hours) 
Fast 50 15–120 (minutes) 
Super fast 125 10–15 (minutes)  
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Fig. 9. The information of available of EVs charging station in the Lilla Edet case study.  

Fig. 10. The techno-economic curves for the different cross sections of cables.  

Fig. 11. The overall scheme of the interconnected MGs parameters for energy control.  
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C G
m,s,t =P G

m,s,t. γ
G
t (1) 

The main grid power distribution in separate and interconnect 
operation mode are modeled in eq. (2) and (3)respectively. 
⎧
⎨

⎩

Separated : P G
m,s,t = P G,LD

m,s,t + P G,BESS
m,s,t (2)

Interconnected : P G
m,s,t = P G,LD

m,s,t + P G,BESS
m,s,t + P G,TR

m,s,t + P G,EV
m,s,t (3)

3.2. WT modeling 

Here the generated power by WT is assumed as the given data and 
only its imposed cost is considered in Eq. (4). 

C WT
m,s,t =P WT

m,s,t. γ
WT
t (4) 

The WT power distribution in separate mode, Eq. (5), interconnect 
and island modes, Eq. (6), are modeled. The WT power will be sent to 
load demands, BESS, EV, and other side, as it is expressed below. 

Separated⇒PWTm,s,t =P WT,LD
m,s,t + P WT,BESS

m,s,t (5)  

Interconnected and Island⇒P WT
m,s,t =P WT,LD

m,s,t + P WT,BESS
m,s,t + P WT,TR

m,s,t + P WT,EV
m,s,t

(6)  

3.3. HPP modeling 

The quantity and the head of falling water are the main factors in a 
hydroelectric generation [31]. Besides, the cost function of a HPP is 
described in equation (7). The same as WT, produced power by HPP is 
considered as a given data, hence no production equation is provided. 

C HPP
m,s,t =P HPP

m,s,t . γ
HPP
t (7) 

The same as the WT, the following equations show the HPP power 
distribution in separate mode, Eq. 8, and interconnect and island modes, 
Eq. 9. Also, the HPP power will be sent to load demands, BESS, EV, and 
other side, as it is expressed below. 
⎧
⎨

⎩

Separated :PHPP
m,s,t=P

HPP,LD
m,s,t +PHPP,BESS

m,s,t (8)
InterconnectedandIsland :PHPP

m,s,t=P
HPP,LD
m,s,t +PHPP,BESS

m,s,t +PHPP,TR
m,s,t +PHPP,EV

m,s,t (9)

The reason to express two terms (one for separate mode, one for 
interconnect and island modes) for distributed power of main grid, WT 
and HPP is because of new load after interconnection, e.g., EVs and also 
adding the possibility for sharing power between two MGs. 

3.4. BESS modeling 

Nowadays energy storage technologies are able to takle the techno- 
econic problems in power system. For example, the BESSs are widely 
using for peak shaving and energy management [32], frequency regu
lation and energy arbitrage [33], and system reliability [34]. In this 
paper, due to the excess power from the HPP and WT and electricity cost 
variation, the BESS store the required power and discharge to electrical 
demands to provide balance. The BESS is modeled by considering 
charging/discharging modes, and state of charge (SOC). The maximum 
C rate of the BESS in this study is allowed to be 1. The BESS formulation 
to cover the constraints are as follows. 

3.4.1. Separated mode 
In separate mode, each MG might need to a BESS, the ‘m’ indice is 

considered for Eq. (10)–(17). The total imposed cost by the BESS is 
modeled in Eq. (10). It can be seen in Eq. (13), the SoC in each hour is 
obtained by considering the charging and discharging amounts of the 
BESS. The SoC is limited by its bound in Eq. (14). The amount of 

Table 6 
Interconnected MGs with N-1 condition in MG1 without EVs demand.  

% of Load % DR Maximum Power (MWh/h) Cable (mm2) MPC (MW) BESS (MWh) Sell to Grid OF (M€) 

PET PGR1 PGR2 

Base 0 3 13.42 11.34 1*95 3 0 0.684 1.13 
5 3 16.75 10.1 1*95 3 0 0.671 1.08 
10 3 17.45 12.3 1*95 3 0 0.663 1.04 

10 0 4 17.16 14 1*150 4 0 0.7 1.81 
5 4 17.68 12.96 1*150 4 0 0.484 1.76 
10 4 20.18 13.22 1*150 4 0 0.478 1.72 

20 0 3 18.9 13.9 1*95 3 0 0.424 2.53 
5 3 20.45 13.42 1*95 3 0 0.41 2.48 
10 3 19.8 14.34 1*95 3 0 0.404 2.43 

30 0 3 20.74 12.9 1*95 3 0 0.346 3.3 
5 3 22.2 14.75 1*95 3 0 0.33 3.23 
10 3 22.36 14.4 1*95 3 0 0.322 3.18 

40 0 4 22.35 16.8 1*150 4 0 0.27 4.08 
5 3 22.45 15.7 1*95 3 0 0.282 4.01 
10 3 22.57 15.77 1*95 3 0 0.275 3.96 

50 0 6 22.15 18.02 1*300 6 0 0.22 4.95 
5 5 22.57 18.97 1*240 5 0 0.219 4.86 
10 5 24 19.64 1*240 5 0 0.214 4.8 

60 0 8 22.84 22.62 1*500 8 0 0.201 5.85 
5 7 22.57 21.9 1*400 7 0 0.198 5.74 
10 7 24.34 22.62 1*400 7 0 0.196 5.68 

70 0 9.78 22.84 24.6 1*150,1*240 10 0 0.194 6.75 
5 9 22.57 23.89 1*150,1*185 9 0 0.192 6.65 
10 8 24.34 23.85 1*500 8 0 0.19 6.54 

80 0 11.86 27.23 26.6 1*120,1*500 12 0 0.19 7.67 
5 10 24.34 26.77 1*185,1*240 10 0 0.188 7.52 
10 10 24.34 27.6 1*185,1*240 10 0 0.187 7.45 

90 0 14 24.34 30.4 2*400 14 0 0.188 8.58 
5 11.95 27.3 28.49 1*185,1*400 12 0 0.187 8.43 
10 11.95 22.57 29.6 1*185,1*400 12 0 0.187 8.36 

100 0 16 24.34 30.4 2*500 16 6.17 0.186 9.8 
5 14 28.5 30.4 2*400 14 0 0.186 9.34 
10 14 24.34 30.4 2*400 14 0 0.186 9.27  
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charging/discharging is limited to the maximum BESS power in Eqs. 
(15) and (16). According to Eq. (17), the charging and discharging 
modes cannot occur simultaneously. 

CBESS
m,s,t =

(
∑

m
EBESSm,max

)
.γ BESS
CAPEX +

[
∑

m,s,t

(
PCh,BESSm,s,t +PDch,BESSm,s,t

)
]

.γ BESS
OPEX (10)  

PCh,BESSm,s,t =P HPP,BESS
m,s,t + P WT,BESS

m,s,t + P G,BESS
m,s,t (11)  

P Dch,BESS
m,s,t =P Dch,BESS,LD

m,s,t (12)  

SOCBESS
m,s,t = SOCBESS

m,s,t− 1 +
(
P Ch,BESS
m,s,t × ηBESSCh

)
−

(
P Dch,BESS
m,s,t

ηBESSDch

)

(13)  

0≤ SOCBESS
m,t,s ≤ EBESSm,max (14)  

P Dch,BESS
m,s,t ≤ P Dch,BESS

m,max .ζDch,BESSm,s,t (15)  

P Ch,BESS
m,s,t ≤ P Ch,BESS

m,max .ζCh,BESSm,s,t (16)  

ζCh,BESSm,s,t + ζDch,BESSm,s,t = 1 (17)  

3.4.2. Interconnected mode 
The differences for the BESS in separate and interconnect mode are 

provided below where there is not the m indice for the battery due to 
installed shared BESS thorough the MPC. Hence, Eq. (18)–(25) represent 
these terms as a new mode for the BESS. 

CBESS
s,t =EBESSmax .γ BESS

CAPEX +

[
∑

s,t

(
PCh,BESSs,t +PDch,BESSs,t

)
]

.γ BESS
OPEX (18)  

PCh,BESSs,t =
∑

m

(
P HPP,BESS

m,s,t +P WT,BESS
m,s,t +P G,BESS

m,s,t

)
(19)  

P Dch,BESS
s,t =

∑

m

(

P Dch,BESS,LD
m,s,t

)

+ P Dch,BESS,EV
s,t (20)  

SOCBESS
s,t = SOCBESS

s,t− 1 +
(
P Ch,BESS
s,t × ηBESSCh

)
−

(
P Dch,BESS
s,t

ηBESSDch

)

(21)  

0≤ SOCBESS
t,s ≤ EBESSmax (22)  

P Dch,BESS
s,t ≤ P Dch,BESS

max .ζDch,BESSs,t (23)  

P Ch,BESS
s,t ≤ P Ch,BESS

max .ζCh,BESSs,t (24)  

ζCh,BESSs,t + ζDch,BESSs,t = 1 (25) 

The important issue for the BESS sizing is the operation mode of the 
MGs. It means, in separated mode, each MG may need a BESS while in 
interconnected mode, a common BESS will be sized if required. This 
issue will affect the BESS costs, both operation and investment, which 
are explained in section 6. 

4. Different operation modes of MGs 

To evaluate the MGs operation, three main scenarios based on the 
different conditions (e.g., DR, N-1 criterion, and load increment) in three 
operation modes (separate, interconnect and island) have been consid
ered in this paper. All the scenarios have been applied in separate and 
interconnect modes while DR and load increment are used in island 
mode and N-1 scenario is ignored. In all cases, the main objective is to 

Table 7 
Interconnected MGs with N-1 condition in MG2 without EVs demand.  

% of Load % DR Maximum Power (MWh/h) Cable (mm2) MPC (MW) BESS (MWh) Sell to Grid OF (M€) 

PET PGR1 PGR2 

Base 0 4 16.43 11.74 1*150 4 0 0.631 1.21 
5 4 17.18 11.72 1*150 4 0 0.618 1.17 
10 4 18.18 12.05 1*150 4 0 0.611 1.13 

10 0 4 16.36 14 1*150 4 0 0.486 1.91 
5 4 19.5 13.03 1*150 4 0 0.474 1.86 
10 4 20.3 13 1*150 4 0 0.47 1.82 

20 0 4 17.89 13.1 1*150 4 0 0.368 2.64 
5 4 21.45 15.16 1*150 4 0 0.36 2.59 
10 4 22.55 15.16 1*150 4 0 0.354 2.54 

30 0 4 21.66 13.64 1*150 4 0 0.275 3.38 
5 4 22.46 15.14 1*150 4 0 0.267 3.33 
10 4 24.59 14.64 1*150 4 0 0.262 3.28 

40 0 4 23.86 15.2 1*150 4 0 0.197 4.15 
5 4 24.94 15.2 1*150 4 0 0.191 4.1 
10 4 27 15.2 1*150 4 0 0.186 4.05 

50 0 3 24.91 15.2 1*95 3 0 0.172 4.94 
5 3 26.37 15.2 1*95 3 0 0.165 4.87 
10 3 27.8 15.2 1*95 3 0 0.161 4.82 

60 0 3 25.82 15.2 1*95 3 0 0.122 5.73 
5 4 29.34 15.2 1*150 4 0 0.1 5.67 
10 3 29.77 15.2 1*95 3 0 0.1 5.6 

70 0 5 29.16 15.2 1*240 5 0 0.05 6.58 
5 4 31 15.2 1*150 4 0 0.05 6.48 
10 3 32.22 15.2 1*95 3 0 0.07 6.4 

80 0 6 33.28 15.2 1*300 6 0 0.027 7.44 
5 5 34.2 15.2 1*240 5 0 0.025 7.33 
10 4 35.3 15.2 1*150 4 0 0.03 7.24 

90 0 7 35.01 15.2 1*400 7 0 0.012 8.31 
5 6 37.6 15.2 1*300 6 0 0.011 8.2 
10 5 37.8 15.2 1*240 5 0 0.011 8.1 

100 0 8 39.5 15.2 1*500 8 0 0.006 9.2 
5 7 40.1 15.2 1*400 7 0 0.006 9.1 
10 6 41.45 15.2 1*300 6 0 0.005 8.96  
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optimize the total cost of the system. 

5. Applied scenarios 

The main applied scenarios including DR, N-1 criterion and Load 
increment in this study have been explained in the following parts in 
details. 

5.1. Demand response strategy 

Consumers can use DR programs for flexible load management to 
adjust their consumption regarding the volatility of the electricity pool 
market to minimize the total energy cost. They can decrease their con
sumption during peak hours and increase their consumption in off-peak 
hours instead. Consequently, there are some demand-side strategies 
reducing peak point value according to electricity price or other types of 
incentives, especially during peak hours. In this study, load shifting is 
considered as the DSM strategy to reduce the amount of imported power 
from the main grid for cost-saving purposes. 

By increasing the percentage of DR, the imported power from the 
main grid will decrease enormously because DR shifts the peak power to 
off-peak hours. Moreover, according to the type of loads, critical, 
essential, and normal, the percentage of DR varies. The LDI and DR are 
the amounts of increased and decreased load for each hour, respectively. 
As a result, in all scenarios, optimization will be applied in both normal 
conditions and DR mode with various percentages [35]. 

PNewDemandt = LDIt + (1 − DRt) × PDemandt (26)  

For each 24 hours period :
∑24

t=1
LDIt =

∑24

t=1
DRt.PDemandt (27)  

DRt ≤ DRmax. uDRt (28)  

LDIt ≤ LDImax. uLDIt (29)  

uDRt + uLDIt ≤ 1 (30) 

The new load demand can be selected among the electrical load of 
each MG, and EV demand in three levels, 0, 5 and 10%, to see how they 
affect the component sizing (cables and the MPC), BESS capacity, and 
the OF. 

5.2. N-1 criterion 

N-1 criterion is one of the criteria for checking reliability in power 
system which means that the system shall be capable of experiencing an 
outage of a transmission line, cable, transformer, or generation units 
without causing losses in electricity supply. The N-1 criterion states that 
a system which can endure continuously an unexpected failure or outage 
of the component, has an adequate reliability level. This implies that 
some simultaneous failures could lead to local or widespread electricity 
interruptions. However, the N-1 criterion has achieved acceptable re
sults over the past decades [36]. Component outage, double-line failures 
during adverse weather, N-0 during maintenance, stronger reliability 
criteria for cities are some types of the N-1 criterion [37]. 

Reliability assessment generally consists of power flow analysis on a 
network model. With the N-1 criterion, the contingency list consists of 
failures of single lines, transformers, generation plants, large loads, etc 
[38]. The used N-1 criterion in this study is the transformer failure for 
each MG. In normal mode, the summation of two transformers capacity 
which come from HPP in MG1 or WT in MG2 with the main grid is the 
maximum transferred power to the loads. While in N-1 criterion, it will 
reduce to 50%, as an example, the maximum power of HPP and WT with 

Table 8 
Interconnected MGs with N-1 condition in MG1 with EVs demand.  

% of Load % DR Maximum Power (MWh/h) Cable (mm2) MPC (MW) BESS (MWh) Sell to Grid OF (M€) 

PET PGR1 PGR2 

Base 0 4 16.18 11.62 1*150 4 0 0.631 1.21 
5 4 17.43 12 1*150 4 0 0.618 1.17 
10 4 18.04 12.54 1*150 4 0 0.611 1.13 

10 0 4 16.35 13.47 1*150 4 0 0.486 1.91 
5 4 19.28 12.24 1*150 4 0 0.474 1.86 
10 4 20.56 12.7 1*150 4 0 0.467 1.82 

20 0 3 17.3 12.24 1*95 3 0 0.417 2.65 
5 4 21.4 14.23 1*150 4 0 0.364 2.59 
10 4 22.28 14.45 1*150 4 0 0.356 2.55 

30 0 3 20.87 12.51 1*95 3 0 0.342 3.42 
5 3 22 12.85 1*95 3 0 0.327 3.36 
10 3 21.77 14.65 2*50 3 0 0.319 3.31 

40 0 5 22.5 17.77 1*240 5 0 0.249 4.25 
5 4 22.38 17.04 1*150 4 0 0.256 4.17 
10 3 22.55 16.66 1*95 3 0 0.273 4.1 

50 0 7 22.5 20.64 1*400 7 0 0.212 5.14 
5 5 22.57 18.97 1*240 5 0 0.218 5.01 
10 5 24.23 19.63 1*240 5 0 0.213 4.95 

60 0 8.66 22.84 22 1*120,1*185 9 0 0.199 6.05 
5 7 24.34 20.93 1*400 7 0 0.197 5.91 
10 7 24.34 21.75 1*400 7 0 0.194 5.85 

70 0 11 22.84 25.1 2*240 11 0 0.192 6.97 
5 9 24.34 24.84 1*150,1*185 9 0 0.191 6.82 
10 9 24.34 25.37 1*150,1*185 9 0 0.189 6.76 

80 0 12.64 24.15 26.91 1*240,1*400 13 0 0.189 7.89 
5 11 24.34 27.56 2*240 11 0 0.188 7.74 
10 11 24.34 27.7 2*240 11 0 0.187 7.67 

90 0 15 22.57 29.66 1*400,1*500 15 0.1 0.188 8.82 
5 12.9 24.34 30.36 1*185,1*500 13 0 0.187 8.66 
10 12.9 24.34 30.36 1*185,1*500 13 0 0.186 8.59 

100 0 16.8 24.34 30.4 2*185,1*400 17 16.34* 0.186 10.56 
5 15 24.14 30.4 1*400,1*500 15 0.3 0.186 9.6 
10 15 24.34 30.4 1*400,1*500 15 0 0.186 9.5  
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Table 9 
Interconnected MGs with N-1 condition in MG2 with EVs demand.  

% of Load % DR Maximum Power (MWh/h) Cable (mm2) MPC (MW) BESS (MWh) Sell to Grid OF (M€) 

PHY PWT PET PGR1 PGR2 

Base 0 28.47 11.57 4 16.43 11.74 1*150 4 0 0.631 1.21 
5 29 11.7 4 17.18 11.72 1*150 4 0 0.618 1.17 
10 29.37 11.76 4 18.18 12.05 1*50,1*120 4 0 0.611 1.13 

10 0 29.44 11.8 4 16.36 14 1*150 4 0 0.486 1.91 
5 29.95 11.94 4 19.5 13.03 1*150 4 0 0.474 1.86 
10 30.5 11.85 4 20.3 13 1*150 4 0 0.47 1.82 

20 0 30.4 11.93 4 17.89 13.1 1*150 4 0 0.368 2.64 
5 31 11.93 4 21.45 15.16 1*150 4 0 0.36 2.59 
10 31.5 11.93 4 22.55 15.16 1*150 4 0 0.354 2.54 

30 0 31.4 11.93 4 21.66 13.64 1*150 4 0 0.275 3.38 
5 32.04 11.93 4 22.46 15.14 1*150 4 0 0.267 3.33 
10 32.57 11.93 4 24.59 14.64 1*150 4 0 0.262 3.28 

40 0 32.38 11.93 4 23.86 15.2 1*150 4 0 0.197 4.15 
5 32.96 11.93 4 24.94 15.2 1*150 4 0 0.191 4.1 
10 33.52 11.93 4 27 15.2 1*150 4 0 0.186 4.05 

50 0 32.88 11.93 3 24.91 15.2 1*95 3 0 0.172 4.94 
5 33.45 11.93 3 26.37 15.2 1*95 3 0 0.165 4.87 
10 33.58 11.93 3 27.8 15.2 1*95 3 0 0.161 4.82 

60 0 33.55 11.94 3 25.82 15.2 1*95 3 0 0.122 5.73 
5 33.79 11.93 4 29.34 15.2 1*150 4 0 0.1 5.67 
10 33.79 11.94 3 29.77 15.2 1*95 3 0 0.1 5.6 

70 0 33.79 11.93 5 29.16 15.2 1*240 5 0 0.05 6.58 
5 33.79 11.94 4 31 15.2 1*150 4 0 0.05 6.48 
10 33.79 11.94 3 32.22 15.2 1*95 3 0 0.07 6.4 

80 0 34.57 11.93 6 33.28 15.2 1*300 6 0 0.027 7.44 
5 34.77 11.94 5 34.2 15.2 1*240 5 0 0.025 7.33 
10 34.97 11.94 4 35.3 15.2 1*150 4 0 0.03 7.24 

90 0 35.01 11.93 7 35.01 15.2 1*400 7 0 0.012 8.31 
5 35.01 11.94 6 37.6 15.2 1*300 6 0 0.011 8.2 
10 35.01 11.94 5 37.8 15.2 1*240 5 0 0.011 8.1 

100 0 35.11 11.94 8 39.5 15.2 1*500 8 0 0.006 9.2 
5 35.11 11.94 7 40.1 15.2 1*400 7 0 0.006 9.1 
10 35.11 11.94 6 41.45 15.2 1*300 6 0 0.005 8.96  

Fig. 12. The impact of DR on MPC size and OF cost based on load increment with N-1 in MG1.  

Fig. 13. The impact of DR on MPC size and OF cost based on load increment with N-1 in MG2.  
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the main grid will be equal or less than 30 MVA and 16 MVA in MG and 
MG2 respectively. 

5.3. Load increment 

One of main scenarios in this study is evaluating the behavior of MGs 
against load increment. The load can increase up to 100% and the results 
of the whole system, including contribution of sources, BESS capacity, 
size of cables and MPC and finally OF, will be considered. Generally, to 
avoid encountering impossible optimization, existed sources are allowed 
to use their maximum capacity. Also, BESS can be implemented in case 
of higher load demand in comparison with provided power by sources. 
However, there is a possibility that the system cannot withstand the 
increase in load, so that the output result would be infeasible. 

6. Results of the applied scenarios for different operation modes 
of MGs 

To evaluate the MGs operation, three main scenarios based on the 

different conditions (e.g., DR, N-1 criterion, and load increment) in three 
operation modes (separate, interconnect and island) have been consid
ered in this paper. 

6.1. separated operation mode of MGs 

As mentioned before, different situations for each scenario have been 
considered in this paper. Hence, to investigate the MGs operation in 
separate mode, the base case is Fig. 1 to elaborate both MGs conditions. 
In separate mode, the applied load increment is from 0 to 100%, N-1 
criterion that one transformer on each side is failed as shown in Fig. 3. 
The main purpose of all conditions is to minimize the total cost of the 
system (including operation and planning costs) and consequently, 
sizing the required BESS capacity. Hence, these aims are defined in the 
OF in Eq. (31). Also, the load balance for electrical load balance (in MG1 
and MG2) is formulated in Eq. (32).   

Fig. 14. Single line diagram of case study for island mode investigation.  

OF=
∑8760

t=1

∑2

m=1

⎧
⎪⎪⎨

⎪⎪⎩

(
CG
m,s,t + CHPP

m,s,t + CBESS
m,s,t − CHPP,SellBack

m,s,t

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
MG1

+
(
CG
m,s,t + CWT

m,s,t + CBESS
m,s,t − CWT,SellBack

m,s,t

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
MG2

⎫
⎪⎪⎬

⎪⎪⎭

(31)   
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P G
m,s,t +P HPP

m,s,t + P WT
m,s,t + P Dch,BESS

m,s,t = P LD
m,s,t + P Ch,BESS

m,s,t (32) 

Since the BESS should be sized for each MG, so two separate BESS is 
needed. Also, each BESS will be connected to the AC MV bus through the 
power conversion system (PCS) which this part increases the BESS cost 
instead of the DC bus connection. Hence, the fixed (investment) and 
variable (operation) costs of the BESS have been considered equal to 
1042 M€/MWh and 1 €/MWh respectively [39]. 

The load demand for the MG1 and MG2 are illustrated in Fig. 4 (a) 
and (b), respectively. The details, including, peak, average and load 
factor is summarized in Table 2, however, the details are explained in 
section 6. The HPP and WT as the local DGs with the main grid contri
bution are the sources to meet the electrical demands. These input data 
are exported as historical data in 2018 as shown in Fig. 5 (a). Also, Fig. 5 
(b) shows the electricity price from the main grid. It should mention that 
the results are based on selling cost equal to the 98% of the pool price 
and the rest is for losses (2%). 

6.1.1. Separated mode in normal condition 
N-1 criterion is one of the considered scenarios in this study. How

ever, Table 3 provides information regarding the behavior of MGs in 
normal condition against load increment in separated mode. In normal 
operation, the N-1 criterion is not applied to the system and each MGs is 
allowed to use from the total transformers capacity. As it can be seen, 
despite the load increment to 100%, the BESS is not required. The results 
are evaluated with DR strategy (TOU method) with different percent
ages. For base load, the contribution of HPP, WT in MG1 and MG2 were 
83% and 54% respectively and the rest are supplies from the main grid. 

6.1.2. Separated mode with N-1 criterion 
In a case of losing a transformer, to implement N-1 criterion, there 

will be more need for installing a BESS. In this regard, Table 4 (a) and (b) 

provide information about N-1 criterion scenario in MG 1 and MG2, 
respectively. 

In case of N-1 in MG 1, load can be increased up to 59%, while it is 
allowed to reach 72% in MG 2. The reason is because of the load types, 
the industry load is located in MG1 with 20.2 MWh/h peak demand 
which is almost doubled of the city load in MG2 with 11.96 MWh/h peak 
power. 

6.2. Interconnected operation mode of MGs 

As the load can increase up to 59% in separated mode and N-1 
condition, there are several procedures to overcome this limitation to 
enhance system flexibility and stability. The first method is installation 
of an extra parallel transformer on the load bus of each MG. As a result, 
the capability of system to outstand against load increase in case of N-1 
criteria condition will enhance considerably because the extra trans
former will act as the interrupted one. However, that causes congestion 
problem because the extra transformer imposes more pressure on the 
upstream network by importing high peak power. The second way is 
using a simple AC connection line. Its drawbacks are lack of a two-way 
energy transition path and controlling capability, so that exchange 
power cannot be managed. Also, the protection of the system would be 
complex due to transferred fault current to other side in case of occur
ring a fault in one side. To deal with mentioned problems the B2B 
converter might be the solution because that can control energy ex
change and avoid transferring fault current. Nevertheless, the system is 
equipped with several devices such as various types of EVs and BESS, 
then several B2B converters will be needed, while their efficient man
agement is complex and costly. Finally, to overcome these problems the 
MPC is the best solution due to its several multi-functional ports and 
easier management methods [40]. Two main features should fulfill for 
the interconnection of MGs, first, selecting the same voltage buses and 

Table 10 
1 h Island condition in MG1 without N-1 criterion.  

% of Load % DR Max. Power (MWh/h) Cable (mm2) MPC (MW) BESS (MWh) BESS Power (MW) Cost (M€/year) 

PET PGR1 PGR2 P Ch,BESS
max P Ch,BESS

max Sell OF 

Base 0 13 18.76 17.80 1*240,1*500 13 0 0 0 0.559 1.50 
5 11.95 17.37 16.54 1*185,1*400 12 0 0 0 0.645 1.14 
10 11 16.02 15.28 2*240 11 0 0 0 0.740 0.792 

10 0 15 21.46 20.33 1*400,1*500 15 0 0 0 0.395 2.26 
5 14 19.93 18.94 2*400 14 0 0 0 0.474 1.85 
10 12.9 18.45 17.55 1*185,1*500 13 0 0 0 0.562 1.45 

20 0 16.8 24.16 22.85 2*185,1*400 17 0 0 0 0.263 3.05 
5 16 21.50 21.34 2*500 16 0 0 0 0.330 2.59 
10 15 20.37 19.82 1*400,1*500 15 0 0 0 0.410 2.14 

30 0 19 26.08 25.38 2*240,1*500 19 0 0 0 0.166 3.88 
5 17.49 24.21 23.74 1*185,1*240,1*400 18 0 0 0 0.219 3.36 
10 16.19 22.07 22.10 1*150,1*185,1*400 17 0 0 0 0.284 2.86 

40 0 20.69 27.90 27.90 1*240,1*400,1*500 21 0 0 0 0.100 4.74 
5 19.39 25.81 26.14 1*150,1*400,1*500 20 0 0 0 0.138 4.17 
10 18 24.09 24.60 2*240,1*400 18 0 0 0 0.189 3.57 

50 0 23 30.30 29.92 1*400,2*500 23 1.18 1.18 1.17 0.056 5.68 
5 21.64 28.99 28.59 1*240,2*500 22 0 0 0 0.084 5.00 
10 19.91 26.30 27.40 1*120,2*500 20 0 0 0 0.121 4.34 

60 0 24.58 36.25 30.4 2*150,2*500 25 3.73 3.70 3.70 0.029 6.71 
5 23 30.84 30.4 1*400,2*500 23 1.69 1.69 1.68 0.047 5.89 
10 21.64 29.37 30.4 1*240,2*500 22 0 0 0 0.075 5.14 

70 0 26.49 39.40 30.4 1*185,1*240,2*500 27 6.29 6.29 6.22 0.014 7.75 
5 24.76 33.47 30.4 1*120,1*185,2*500 25 4.12 4.12 4.08 0.024 6.87 
10 23.2 31.11 30.4 1*400,2*500 24 1.95 1.95 1.93 0.042 6.05 

80 0 28.39 42.49 30.4 1*150,3*500 29 8.84 8.84 8.75 0.006 8.79 
5 26.58 40.72 30.4 1*95,1*400,2*500 27 6.54 6.54 6.48 0.011 7.87 
10 24.85 35.05 30.4 1*185,1*400,1*500 25 4.25 4.25 4.20 0.022 6.95 

90 0 30.30 47.77 30.4 2*400,2*500 31 11.39 11.39 11.27 0.002 9.8 
5 28.39 45.65 30.4 1*150,3*500 29 8.96 8.96 8.87 0.005 8.87 
10 26.58 40.73 30.4 1*95,1*400,2*500 27 6.54 6.54 6.48 0.011 7.89 

100 0 32.20 49.80 30.4 4*500 33 13.94 13.94 13.80 0.005 10.89 
5 30.30 47.39 30.4 2*400,2*500 31 11.39 11.39 11.27 0.002 9.87 
10 28.39 42.24 30.4 1*150,3*500 29 8.84 8.84 8.75 0.005 8.85  
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secondly the points with minimum distances between the MGs as are 
shown in the single line diagram in Fig. 6. 

The following important points are involved in the OF as the new 
parts that should be optimized (minimized):  

1. The optimal size for the required BESS for both normal and N-1 
criterion. 

2. An optimal cross-section for the MV cable/cables for energy ex
change between MGs.  

3. The optimal size for the MPC by considering the maximum 
exchanged power between MGs. 

The same as a separate condition, DR strategy, load increment and N- 
1 criterion are applied in this scenario to evaluate the required BESS 
capacity, cable cross-section and MPC size. 

As it mentioned in the paper contribution part, the main novelty of 
this paper is to develop a holistic solution to optimally control cross- 
sectoral energy and power flow between two MGs and demands 
within the electricity and transport. To achieve this, one of the key 
components is an MPC, which can provide multiple ac and dc connec
tions, and can be located at a strategic location such as a fast-charging 
station or a substation. The proposed MPC is shown in Fig. 7 which 
consists of two main AC ports for connection to the AC buses of industry 
(A2) and city (B2) MGs and several DC ports to be used for the EVs 
charging stations, and common BESS. 

The MPC can provide an integrated modular solution to interconnect 
multiple energy carriers and demands from different energy sectors. 
Instead of using several dc-dc converters and interconnecting, a single 
MPC with interfacing different sources, storages and loads can be used. 
An MPC converter has the advantages of requiring fewer components 

and having a lower cost more compact size and better performance. 
Providing the possibility for the different EVs connection in the MPC 

is the main advantage. The MPC for EVs charging application can be 
used on a small [41] and large scale [42]. An MPC infrastructure tech
nologies development for medium and heavy EVs is deeply investigated 
in Ref. [43]. Since the progress for EVs integration in the distribution 
system is increasing in Sweden, hence their impact on the electricity 
system [44] as well as cost minimization [45] and charging priority 
control [46] in the real case studies have been analyzed. Fig. 8 shows the 
load duration curve of EVs which is considered for the MPC connection 
in this project. 

Regarding the availability of several ports with different rated power 
for the EVs charging through the MPC, three usual types of plugs 
including normal, fast and super-fast (ultra-fast) chargers are used as 
summarized in Table 7. There are already 5 EV charging stations in the 
Lilla Edet case study. Table 5 summarizes the rated power, charging time 
and other technical characteristics regarding normal, fast and super-fast 
EVs which are used. 

The maximum number of EVs for charging at the same time (ac
cording to Fig. 8) for normal, fast and super-fast are 45, 20 and 8, since 
the peak demand is 1 MWh/h, respectively. However, this number for 
normal chargers with 3.7, 11 kW EV rated power regarding to available 
plugs in the case study (Fig. 9) are 270 and 90, respectively. 

The OF in interconnected mode has some new terms for cable and 
MPC investments as defined in Eq. (33). The cables and MPC size 
directly rely on the maximum exchanged power between MGs, hence Eq. 
(34) present the different terms of this variable which is considered as 
PET

max . Also, the load balance in MGs is defined in Eq. (35).   

Table 11 
1 h Island condition in MG2 without N-1 criterion.  

% of Load % DR Max. Power (MWh/h) Cable (mm2) MPC (MW) BESS (MWh) BESS Power (MW) Cost (M€/year) 

PET PGR1 PGR2 P Ch,BESS
max P Ch,BESS

max Sell OF 

Base 0 6 17.80 13.38 1*300 6 0 0 0 0.581 1.24 
5 6 17.03 13.29 1*300 6 0 0 0 0.662 0.919 
10 5 15.46 11.90 1*240 5 0 0 0 0.769 0.579 

10 0 7 20.33 15.21 1*400 7 0 0 0 0.411 1.95 
5 6 19.15 14.12 1*300 6 0 0 0 0.502 1.56 
10 6 17.55 13.67 1*300 6 0 0 0 0.585 1.19 

20 0 7 22.85 16.40 1*400 7 0 0 0 0.287 2.67 
5 7 21.34 15.85 1*400 7 0 0 0 0.351 2.25 
10 7 19.82 14.41 1*300 6 0 0 0 0.443 1.81 

30 0 8 25.38 19.27 1*500 8 0 0 0 0.180 3.45 
5 7 23.74 17.46 1*400 7 0 0 0 0.244 2.94 
10 7 22.10 16.23 1*400 7 0 0 0 0.307 2.48 

40 0 9 27.91 21.79 1*150, 1*185 9 0 0 0 0.106 4.26 
5 8 26.14 20.13 1*500 8 0 0 0 0.152 3.69 
10 8 24.37 18.20 1*500 8 0 0 0 0.203 3.17 

50 0 9 30.46 22.70 1*150, 1*185 9 0 0 0 0.064 5.06 
5 9 28.53 21.87 1*150, 1*185 9 0 0 0 0.090 4.48 
10 8 26.64 20.31 1*500 8 0 0 0 0.135 3.87 

60 0 10 33.40 23.40 1*185, 1*240 10 0 0 0 0.036 5.92 
5 9 30.93 22.86 1*150, 1*185 9 0 0 0 0.056 5.25 
10 9 28.91 22.09 1*150, 1*185 9 0 0 0 0.081 4.62 

70 0 10.39 35.54 25.85 1*185, 1*240 11 0 0 0 0.020 6.79 
5 9.78 33.33 24.51 1*150, 1*240 10 0 0 0 0.032 6.07 
10 9 31.19 22.49 1*150, 1*185 9 0 0 0 0.051 5.35 

80 0 11 38.00 26.97 2*240 11 0 0 0 0.011 7.63 
5 10.39 35.73 25.99 1*185, 1*240 11 0 0 0 0.018 6.90 
10 9.78 33.46 24.15 1*150, 1*240 10 0 0 0 0.030 6.13 

90 0 11.43 40.53 28.72 1*95, 1*500 12 0 0 0 0.006 8.51 
5 11 38.13 27.28 2*240 11 0 0 0 0.010 7.69 
10 10.39 35.73 25.94 1*185, 1*240 11 0 0 0 0.017 6.82 

100 0 12.9 43.05 30.40 1*150, 1*500 13 0 0 0 0.003 9.39 
5 11.43 40.53 28.29 1*95, 1*500 12 0 0 0 0.006 8.53 
10 11 38.00 27.36 2*240 11 0 0 0 0.010 7.68  
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PETm,s,t = PEVm,s,t + PG,TR.m,s,t + P WT,TR
m,s,t + P HPP,TR

m,s,t + PCh,BESSs,t + PDch,BESSs,t

PETmax = max
(
PETm,s,t

) (34)  

∑

m

(

P Grid
m,s,t +P HPP

m,s,t +P WT
m,s,t

)

+P Dch,BESS
s,t =

∑

m

(

P LD
m,s,t

)

+ P EV
s,t + P Ch,BESS

s,t

(35)  

6.2.1. Cable sizing 
The selected cables for the interconnection line are MV XLPE with 

the cross sections between 50 and 630 mm2. Fig. 10 (a) shows the cost 
(in k€) of different cross sections (mm2) XLPE cable per kilometer (k€/ 
km) and (b) represents the ratio of cost over power for the different cross 
sections in M€/MW. 

As mentioned before, the optimal number of selected cables for the 
interconnection line should be determined considering the maximum 
transferred power between the two MGs which is considered as PET

max in 
Eq. (34), so, the following Eq. (36) describes the number and power of 
selected cables to transfer the maximum transferred power. 

∑n

i=1
Ni ×Pi ≥ PETmax (36) 

In the following constraint, x = 0 means that the cable type i is not 
selected. 

0≤Ni ≤ Big M × xi (37) 

By selecting cable type i, e.g., x = 1, the following constraint de
termines the number of cables. 

yi − (1 − xi) × Big M ≤ Ni ≤ yi + (1 − xi) × Big M (38) 

It is obvious that the number of cables should be limited to their 
maximums. Therefore, Eq. (39) limits the cables number. Finally, the 
investment cost of cables can be calculated as following in Eq. (40). 

yi ≤ yimax × xi (39)  

CCable = InvCable =
∑n

i=1
Ni × Pi × Ici (40)  

Table 12 
24 h Island condition in MG1 without N-1 criterion.  

% of Load % DR Max. Power (MWh/h) Cable (mm2) MPC (MW) BESS (MWh) BESS Power (MW) Cost (M€/year) 

PET PGR1 PGR2 P Ch,BESS
max P Ch,BESS

max Sell OF 

Base 0 13 18.76 18.29 1*240,1*500 13 0 0 0 0.559 1.50 
5 11.95 19.08 18.21 1*185,1*400 12 0 0 0 0.550 1.42 
10 11 20.24 17.96 2*240 11 0 0 0 0.546 1.34 

10 0 15 21.46 20.81 1*400,1*500 15 0 0 0 0.395 2.26 
5 14 21.44 21.24 2*400 14 0 0 0 0.387 2.18 
10 12.9 22.53 21.11 1*185,1*500 13 0 0 0 0.384 2.10 

20 0 16.8 24.16 23.33 2*185,1*400 17 0 0 0 0.263 3.05 
5 16 24.35 23.91 2*500 16 0 0 0 0.254 2.96 
10 15 25.53 23.97 1*400,1*500 15 0 0 0 0.252 2.88 

30 0 19 26.08 25.85 2*240,1*500 19 0 0 0 0.166 3.88 
5 17.49 26.52 27.27 1*185,1*240,1*400 18 0 0 0 0.154 3.79 
10 16.19 29.26 25.26 1*150,1*185,1*400 17 0 0 0 0.149 3.70 

40 0 20.69 27.60 28.37 1*240,1*400,1*500 21 0 0 0 0.100 4.74 
5 19.39 29.16 29.74 1*150,1*400,1*500 20 0 0 0 0.086 4.64 
10 18 30.94 28.95 2*240,1*400 18 0 0 0 0.079 4.50 

50 0 23 41.93 30.4 1*400,2*500 23 18.07 18.07 17.89 0.041 6.53 
5 21.64 32.44 30.4 1*240,2*500 22 0.94 0.94 0.93 0.045 5.56 
10 19.91 33.09 30.3 1*120,2*500 20 0 0 0 0.041 5.38 

60 0 24.67 48.36 30.4 2*240,1*500 25 47.77 24.67 24.67 0.013 8.98 
5 23 47.19 30.4 1*400,2*500 23 24.73 23 23 0.014 7.63 
10 21.64 36.22 30.4 1*240,2*500 22 3.25 3.25 3.22 0.018 6.44 

70 0 27 51 30.4 2*240,2*500 27 79.2 27 27 0.002 11.57 
5 24.85 50.88 30.4 2*185,1*400,1*500 25 53.74 24.85 24.85 0.002 10.07 
10 23.2 50.88 30.4 1*400,2*500 24 28.51 23.2 23.2 0.003 8.63 

80 0 29 51 30.4 1*185,3*500 29 132.41 29 29 0.005 15.38 
5 27 51 30.4 2*240,2*500 27 84.43 27 27 0.002 12.62 
10 25 50.88 30.4 1*150,1*185,2*500 25 57.44 25 25 0.001 11.03 

90 0 31 50.94 30.4 1*400,3*500 31 196.04 31 31 0.008 19.81 
5 29 51 30.4 1*185,3*500 29 137.70 29 29 0.006 16.44 
10 27 51 30.4 2*240,2*500 27 86.65 27 27 0.002 13.51 

100 0 33 52.65 30.4 1*150,1*185,3*500 33 259.67 33 33 0.009 24.25 
5 31 52.65 30.4 1*400,3*500 31 198.26 31 31 0.008 20.69 
10 29 50.94 30.4 1*185,3*500 29 136.85 29 29 0.006 17.15  

OF=
∑8760

t=1

∑2

m=1

⎧
⎪⎪⎨

⎪⎪⎩

(
CG
m,s,t + CHPP

m,s,t − CHPP,SellBack
m,s,t

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
MG1 (m=1)

+
(
CG
m,s,t + CWT

m,s,t − CWT,SellBack
m,s,t

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
MG2 (m=2)

+ CBESS
s,t + CCable + CMPC

⎫
⎪⎪⎬

⎪⎪⎭

(33)   
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6.2.2. MPC sizing 
The same as cable sizing, the main variable in the MPC size is the 

PET
max. It is assumed that one MPC type should be selected among 

candidate MPCs which are obeyed as Eq. (41). 

∑n

j=1
ζj = 1 (41) 

The selected MPC should be able to transfer the maximum power 
between the two MGs as following. 

∑n

j=1
ζj ×Pj × ηMPC ≥ PETmax (42) 

The investment cost of MPC after the optimal selection will be 
calculated in Eq. (43). 

CMPC = InvMPC = ζj × Pj × Icj (43) 

Due to a new interconnection line between MGs, cable, MPC and 
BESS (if needed) should optimally size regarding the annualized capital 
recovery factor (CRF) calculation in equation (44). In this equation, ir 
denotes real interest and lt is project lifetime. To calculate the ir in 
equation (45), if is the annual inflation rate and ir* is nominal interest of 
the project [47]. 

CRF=

(
ir(1 + ir)lt

(1 + ir)lt − 1

)

(44)  

ir=
(ir* − if )
(1 + if )

(45) 

To have an overall vision of the interconnected MGs, including the 
distributed power between the sources to supply the electrical and EVs 
demand (which is add in this mode thorough the MPC with the DC 
ports), Fig. 11 shows all the details, especially for the variables, e.g., 
maximum transferred power PET

max which is the most important one 
because it directly effect on the size of cables and MPC. Also, the 
connection of BESS the same as the EVs is done thorough the MPC but in 
the AC port. 

6.2.3. Interconnected operation mode of MGs without EVs 
Generally, to make a comparison between separated and intercon

nect modes, to find out required BESS size, maximum amount of im
ported power from the main grid, and total imposed cost to the system, it 
is necessary to have the same conditions. In this regard, the loads’ 
required power must be equal, and consequently, EV must be ignored in 
interconnected mode. Hence, the following results in Tables 5 and 6 
show the results without EVs demand to be able to make a comparison 
with Table 3. 

Determining the maximum requesting power from the main grid 
(PGrid,max

m,s,t ) is one of the main variables of the MGs for interconnected 
mode. This variable has many terms, e.g., supplying both MGs loads and 
EVs demand and charging BESS during the low pool price. It should 
mention that there is also the possibility to transfer power from the main 
grid in both MGs to another MG from the interconnected line thorough 
the MPC as it can be seen in Fig. 11. Due to this capability (sharing 
power) in interconnected MGs, the N-1 scenario can be applied to the 
system up to 100% of load increment. Tables 8 and 9 provide informa
tion regarding N-1 scenario in MG1 and 2, respectively. By increasing 
load demand, the BESS needs to be installed in case of N-1 criterion in 
MG 1. While, by applying N-1 criterion in MG 2, there is no need to 
install the BESS even with doubling the electrical load demands. 

The highlighted point regarding Table 6 is the DR impact. As it can be 
seen, with 100% of load increment without DR, the required BESS ca
pacity is 6.17 MWh while with only 5% DR the BESS in not required. The 
maximum charging and discharging power for the sized BESS (100% 
load, 0% DR) are 6.17 MWh and 6.1 MWh respectively. 

The are some noticeable points regarding the optimal sized for the 
components by applying same situation in MG2 in comparison to MG1. 
As it can be seen, with N-1 condition in MG2 without EVs demand the 
BESS is not required and that’s because of the availability of 57 MW in 
MG1 to share with MG 2. The second point is the PET

max which is 8 MWh/h 
for 100% of load is exactly 50% of the same condition for MG1 which 
was 16 MWh/h. This issue caused a smaller cross section which is only 
one 500 mm2 cable instead of two cables for MG1 (see Table 7). 

6.2.4. Interconnected operation mode of MGs with EVs 
An MPC allows multiple power inputs/outputs to be integrated 

through a single power processing stage to remove redundancies that 
exist with conventional converters. This feature provides more resil
iency and flexibility for the entire system, e.g., load increment up to 
100% for both MGs for interconnected MGs while it was not allowed to 
in separated mode. In this section, to exploit another advantage of MPC, 
the EVs demand (based on Fig. 8) add to compare and investigate the 
results. Tables 8 and 9 provide details information regarding N-1 sce
nario in MG1 and 2, respectively. With N-1 criterion in MG1, by 
increasing load demand, the BESS is needed to install in a few cases 
while, by applying N-1 criterion in MG2, there is no need to install the 
BESS even with doubling the electrical loads and EV demands. The most 
highlighted point regarding Table 8 is the impact of DR where with only 
10% DR the BESS in not required in comparison to 100% load increment 
without DR. The maximum required capacity for BESS is 16.34 MWh 
with 16.3 MWh and 16.1 MWh maximum charging and discharging 
power respectively. 

As the main aim of this research for optimal energy control between 
interconnected MGs thorough the MPC, and find final operation cost of 
the system, Fig. 12 reveals the size of MPC along with total cost of the 
system in various load levels, and with different percentages of DR 
strategy in case of applying N-1 criterion in MG 1. 

The same as Fig. 12, the MPC size and total system’s cost are eval
uated in Fig. 13 in case of applying N-1 criterion in MG 2. In this case, 
the load is increased under three different DR strategy conditions. Also 
in this case, the BESS is not required at all due to the existing two 
transformers in grid 1 which is allowed to request power up to 57MVA. 

6.3. Island capability 

The island capability condition is the final evolution of resiliency and 
reliability of the interconnected MGs under extreme situation which is 
black start. The main assumption for the new results is considering MGs 
in island mode for 1 h and 24 h losing the connection of each MG with 
the main grid. The island mode is considered during high peak hours to 
obtain the worst case’s required BESS size. 

Fig. 14. Shows the single line diagram of case study for island mode 
investigation. The goal is to check, first, the system ability to continue its 
operation by losing one grid connection and then, what are the new size 
for the MPC, cable and BESS for different load variations and DR 
program. 

6.4. Island capability for 1 h 

In case of experiencing 1-h island condition in MG 1 and MG 2, 
Tables 10 and 11 indicate the results, in array. It is noticeable that 
implementing N-1 scenario in island mode is not considered to present 
clearly island mode behavior with a 1-h duration. As it is shown, the 1-h 
island mode in MG 1 requires a BESS installation, while that in MG 2 
withstands against load increment without need of BESS. The system 
with island mode in MG 1 requires installation of the battery after a 50% 
increase in load. 

Also, DR scenario enormously affects the system to reduce the 
amount of consumed energy in both MGs. So that, with 60% of load 
increase in case of island condition in MG 1, system needs a 3.7 MWh 
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battery, while by applying DR scenario with percentages of 5 and 10%, 
the required capacity of the BESS reaches 1.68 MWh and zero, 
respectively. 

6.5. Island capability for 24 h 

In this section a 24-h island mode is implemented to investigate the 
resiliency of the entire system for a full day main grid outage. The same 
as 1-h island mode, N-1 scenario is not considered to be able to accu
rately evaluate long-term island condition. Additionally, applying the 
24-h island condition in MG1 needs to implement BESS from 50% of 
load, while that in MG2 does not need to install any energy storage 
system. By paying attention to state of 60% of load growth, the role of 
DR scenario is highlighted considerably. In this regard, DR scenario can 
eliminate the need to install a battery, so that the required size of the 

Table 13 
24 Hours Island condition in MG2 without N-1 criteria.  

% of Load % DR Max. Power (MWh/h) Cable (mm2) MPC (MW) BESS (MWh) Cost (M€/year) 

PET PGR1 PGR2 Selling OF  

Base 0 6 18.29 13.50 1*300 6 0 0.581 1.24  
5 6 17.86 13.59 1*300 6 0 0.569 1.20  
10 6 19.84 14.19 1*300 6 0 0.563 1.16  

10 0 7 20.81 15.39 1*400 7 0 0.411 1.95  
5 7 20.74 15.67 1*400 7 0 0.401 1.91  
10 6 21.95 15.48 1*300 6 0 0.412 1.84  

20 0 8 23.33 17.14 1*500 8 0 0.274 2.70  
5 7 23.67 16.04 1*400 7 0 0.277 2.62  
10 7 24.23 17.39 1*400 7 0 0.283 2.48  

30 0 8 25.85 19.69 1*500 8 0 0.180 3.45  
5 8 25.97 17.89 1*500 8 0 0.168 3.39  
10 8 26.87 19.28 1*500 8 0 0.162 3.34  

40 0 9 28.37 20.76 1*150,1*185 9 0 0.106 4.26  
5 9 27.77 20.55 1*150,1*185 9 0 0.092 4.20  
10 8 30.16 21.66 1*500 8 0 0.091 4.11  

50 0 10 30.88 23.68 1*185,1*240 10 0 0.061 5.10  
5 9 30.47 22.96 1*150,1*185 9 0 0.052 5.00  
10 9 32.05 22.17 1*150,1*185 9 0 0.045 4.94  

60 0 10 33.40 24.54 1*185,1*240 10 0 0.036 5.92  
5 9.78 32.60 23.14 1*150,1*240 10 0 0.027 5.85  
10 9 34.54 24.62 1*150,1*185 9 0 0.023 5.75  

70 0 11 35.92 25.25 2*240 11 0 0.019 6.79  
5 10.39 35.52 24.62 1*185,1*240 11 0 0.014 6.72  
10 9.7 37.89 26.07 2*185 10 0 0.10 6.61  

80 0 11.34 38.44 27.70 1*150,1*400 12 0 0.011 7.67  
5 11 37.18 27.55 2*240 11 0 0.007 7.55  
10 10.39 40.53 25.50 1*185,1*240 11 0 0.004 7.48  

90 0 12 40.96 29.36 1*150,1*500 12 0 0.006 8.51  
5 11.34 41.72 27.83 1*150,1*400 12 0 0.003 8.43  
10 11 43.32 27.59 2*240 11 0 0.002 8.32  

100 0 12.90 43.47 30.21 1*185,1*500 13 0 0.003 9.39  
5 12 44.28 28.83 1*150,1*500 12 0 0.002 9.27  
10 11.34 44.76 29.11 1*150,1*400 12 0 0.001 9.19   

Fig. 15. The impact of DR on MPC size and OF cost based on load increment for island mode in MG1.  

Fig. 16. The impact of DR on the BESS capacity with load increment for island 
mode in MG1. 
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BESS in case of island mode in MG 1 reduces from 17.89 MWh to zero, 
for 0 and 10% of DR strategy. Tables 12 and 13 summarize the results of 
24-h island condition for the cables sizing, as well as required MPC and 
BESS in MG1 and MG2 respectively. 

Fig. 15 indicates the impact of load increase on MPC size and OF 
system’s cost. Also, the impact of DR scenario is highlighted. Fig. 16 
reveals the required size of the BESS in different load levels. 

The same as Fig. 15, the effect of increasing load on MPC size and OF 
by considering DR scenario is analyzed in Fig. 17. In general, inter
connected MGs can decrease both operation and planning costs, maxi
mize the self-consumption of the local generations, reduce the applied 
peak to the grid and enhance the resiliency and reliability. 

7. Conclusion 

In this paper, a real industry and city MGs case study for optimal 
energy management has been investigated. The problem is evaluated in 
three phases, separated, interconnected and island conditions with 
applying different scenarios e.g., load increment, N-1 criterion, and 
demand response strategy. In separate mode and load increment sce
nario, the MGs can withstand against increasing loads, while in N-1 
scenario the system can tolerate against up to 60% load increase in case 
of N-1 criteria in MG1 and up to 75% load increase in case of N-1 criteria 
in MG2. Interestingly, the system operating N-1 scenario in inter
connected mode, can tolerate load increment even two-fold of rated 
power with a much smaller BESS size compared with separated mode. 
By adding the MPC, the system can experience 100% load increase in 
island condition with a duration of 24 h, which imposes an extreme 
pressure on existed sources and BESS. It is noticeable that the applied DR 
strategy significantly reduced the OF cost as well as BESS capacity, ca
bles and MPC sizes and enhance the system’s flexibility. For instance, in 
case of load increase of 100% in 24-h island in MG1, the size of MPC 
decreases from 33 to 29 MW for 0 and 10% of DR strategy, respectively. 
Also, the BESS capacity experiences an almost 50% decline from 260 
MWh to 136 MWh for same conditions. Moreover, by implementation of 
a 10% DR strategy, the number of used cables is reduced and one 150 
mm2 cable is totally skipped. 
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