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Resilience-Oriented Computationally Intensive
Operation of Renewable-Powered Reconfigurable
Microgrids: A Matheuristic Approach

Seyed Farhad Zandrazavi

Abstract—This paper addresses the challenge of achieving both
sustainability and resilience in renewable-powered reconfigurable
microgrids (RMGs) while managing computational burdens. The
Green Independence Performance Index (GIPI) is introduced as
a novel resilience metric designed to maximize microgrid indepen-
dence from the utility grid while avoiding renewable energy curtail-
ment. A multi-objective, nonlinear, and non-convex optimization
model is developed to simultaneously minimize total operational
costs and maximize GIPI. To enhance tractability and guaran-
tee solution optimality, the problem is reformulated as a mixed-
integer linear programming (MILP) model using piecewise lin-
earization and approximation techniques. To further reduce com-
putational burden, a custom matheuristic algorithm is introduced,
which synergistically combines classical MILP optimization with
a neighborhood-structure-based heuristic. Numerical experiments
on the enhanced IEEE 33-bus benchmark system demonstrate that
the proposed GIPI eliminates renewable energy curtailment, unlike
the IPI which curtailed 13.58 % of photovoltaic and 25.09 % of wind
generation, while the proposed matheuristic reduces computational
time from 1,629.74 s (CPLEX) to only 103.32 s and maintains
near-optimal operating costs.

Index Terms—Energy curtailment, matheuristic, reconfigurable
microgrid (RMG), renewable energy, resilience, sustainability.
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Independence Performance Index.
Microgrid.

Mixed-integer linear programming.
Mixed-integer nonlinear programming.
Objective function.

Photovoltaic.

Reconfigurable microgrid.

Reactive power compensator.

Index & set for blocks in piecewise lin-
earization.

Index & set for battery.

Index & set for distributed generation.
Index & set for node.

Index & set for line.

Index & set for photovoltaic unit.

Index & set for time interval.

Index & set for wind turbine unit.

Duration of time interval [h].

Cost coefficients of DG [USD/kWh],
[USD/(kWh)2].

Electricity price (buy/sell) [USD/kWh].
Charging/Discharging efficiency of bat-
tery.

Initial level of energy in battery [kWh].
Maximum/Minimum energy level of bat-
tery [kWh].

Maximum current flowing in line [A].
Number of pieces in piecewise lineariza-
tion.

Slope in piecewise linearization of power
flow.

Slope in piecewise linearization of DG’s
power.

Maximum charging/discharging power of
battery [kW].

Maximum/Minimum power of DG units
[kW].
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PV, PaiT Available PV and wind power generation

[kW].

PLoad ,I;ffd Active/reactive power load [kW], [kVar].

PEEx Maximum power exchanged between MG

& grid [kW].
RLe Reactive power injected by RPC [kVar].

o Power factor of distributed generation
units.

Rons Xons Zmn  Resistance, reactance, impedance of lines
[ohm].

ymax yymin Maximum/ Minimum voltage magnitude
[kV].

VnE sqr Estimation for square of voltage [(kV)3].

Variables

eft Energy stored in battery [kWh].

Tmn,t Current flowing in lines [A].

Ty Square of current flowing in lines [A?].

Block of active/reactive power flowing in
lines [kW], [kVar].

Active/reactive power flowing [kW],
[kVar].

Active/reactive power flowing in lines
(forward direction) [kW], [kVar].
Active/reactive power flowing in line
(backward direction) [kW], [kVar].

Apmn,t,w sAan,t,w
Pmn,ts Qmn,t

+ +
pmn,t’ (Jmn,t

pmn,t’ qmn,t

p{ft Power of battery [kW].

P54 Dby Charging/discharging power of battery
[kW].

p(%%, qfﬁ Active/reactive power of DG units [kW],
[kVar].

pGl, qGR Active/reactive power exchanged with
grid [kW], [kVar] .

P P Actual PV& wind power injection [kW].

pSut, pSut Active power curtailments [kKW].

Auxiliary free variable .

Ut Voltage magnitude [kV].

sqr

Square of voltage magnitude [(kV)?].
Binary variables to model status of line.

Binary variables for selling/buying status
of MG.

m,t

- +
ymn,t’ ymn,t
GRb sGRs

070, oy

I. INTRODUCTION

A. Motivation & Background

ICROGRIDS (MGs) play a key role in transitioning

from centralized, fossil fuel-based generation to decen-
tralized, renewable energy-powered systems by supporting the
adoption of electric vehicles (EVs) and distributed energy re-
sources (DERs) [1]. MGs are expected to experience substantial
growth in the coming years, particularly in the Asia-Pacific and
North American regions [2]. By 2027, both annual capacity
installations and investments are expected to be five times higher
than they were in 2018 [2]. Achieving zero or near-zero carbon
emissions in main grids is challenging due to high costs and

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 62, NO. 4, JULY/AUGUST 2026

low reliability with high renewable integration and large-scale
storage. However, zero-carbon MGs are more feasible due to
their smaller scale [3]. Nevertheless, the advantages of MGs
are not limited to decarbonization, as MGs have considerable
flexibility resources and can provide various ancillary services
for the main grid improving security, reliability, and resilience.

The concept of resilience has been widely considered in the
modern power system planning, operation, and control [4]. Past
events have highlighted the important role of MGs in strength-
ening energy resilience. For example, during the 2011 Tohoku
earthquake in Japan, the Sendai MG continued to provide both
electricity and heat to its users [5]. Similarly, after Superstorm
Sandy in 2012, the MG at the U.S. Food and Drug Adminis-
tration’s White Oak Research Facility in Maryland successfully
disconnected from the main grid and supplied local loads [5].
These cases illustrate the capability of MGs to maintain energy
supply during severe natural disasters. Although resilience is
widely recognized as a key concept in modern power systems,
a universally accepted definition has not yet been established,
as interpretations often differ [6]. In general, resilience refers
to the ability of power systems to anticipate, withstand, adapt
to, and recover from disruptive events, covering both physical
infrastructure and operational continuity [6]. To distinguish
it from reliability, resilience is usually described as focusing
on high-impact, low-probability disturbances, while reliability
addresses low-impact, high-probability events [7]. This broad
interpretation of resilience has led to the development of vari-
ous resilience indices. For instance, [8] defines three different
measures for enhancing MG resilience. The first seeks to reduce
dependence on the utility grid, ensuring that MGs can operate
during contingencies or unintentional islanding. The second
maximizes the use of hydrogen reserves that can be converted
into electricity when the utility grid is disrupted. The third
applies the classical power loss minimization as a resilience
metric [8]. In a similar way, [9] introduces the Independence
Performance Index (IPI), which improves MG resilience by
reducing purchased power and increasing independence from
the utility. Such broad and evolving perspectives on resilience
in power systems, and particularly in MGs, are valuable given
the novelty of the concept. However, our case studies indicate
that these indices must be defined and applied carefully, as some
may result in unintended consequences.

In distribution networks, reconfiguration plays a key role in
service restoration and enhancing resiliency against faults, ex-
treme weather events, and cyber-physical threats [10]. Network
reconfiguration involves modifying the topological structure of
a power system by opening or closing switches to achieve either
a radial or meshed configuration [11]. Its application extends
beyond MG formation, since it is widely used to minimize losses,
improve load balancing, enhance voltage profiles, reduce costs,
and increase overall system reliability in distribution networks
[12]. Incorporating network reconfiguration introduces a large
number of binary variables to represent the status of each line
(i.e., open or closed), which has led to the widespread use of
metaheuristic optimization in this context [13]. Nevertheless,
matheuristic methods can perform better than pure metaheuris-
tics as they use exact mathematical optimization to guide the
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heuristic search more effectively [14]. This allows them to find
higher-quality solutions faster, even with large-scale problems
with many binary variables [14]. In other words, they balance the
strengths of exact mathematical methods and heuristics, giving
accurate results without excessive computation.

Considering the importance of both resilience and reconfig-
urability in MGs, it is crucial to study the resilience-oriented
operation of reconfigurable microgrids (RMGs) in the presence
of renewable energy generation.

B. Literature Review

This section reviews recent key papers on RMG and resilient
operation of MGs to properly highlight the research gap and
underscore contributions of this study.

A significant number of studies is available on RMGs in the
literature, typically to minimize the power loss, total cost, and
improve the voltage profile of the system. In [15], a chance-
constrained optimization model for the optimal operation of
RMGs is proposed to ensure reliable islanded operation. An
energy trading framework for RMG is introduced in [16] to
optimize the cost, efficiency, and grid stability. The results show
that demand response and network reconfiguration lead to a
considerable reduction in trading costs. An energy management
system for a hybrid AC/DC RMG is introduced in [17] to
minimize electricity costs and improve the reliability of the
system. The method dynamically reconfigures MGs based on
load and renewable energy forecasts, showing significant cost
reductions and performance improvements [17]. In [18], a hy-
brid blockchain and stochastic programming framework for the
optimal scheduling of reconfigurable multi-MGs is proposed to
reduces operational costs and enhances energy supply reliability.
A privacy-preserving distributed control strategy for the optimal
economic operation of islanded RMG is reported in [19] to
enhance the operational flexibility. As EVs may increase power
losses and cause feeder overloading, a data-driven stochastic
optimization model is proposed for the optimal operation of
RMGs in [20]. This model not only utilizes reconfigurability to
mitigate these negative effects but also handles the uncertainties
associated with EVs [20]. In [21], amulti-objective model for op-
timal operation of RMG is presented to minimize voltage devia-
tion (i.e., improve voltage profile) and the total cost. A stochas-
tic profit-based day-ahead scheduling framework for RMGs is
suggested in [22] and a time-varying acceleration coefficients
particle swarm optimization algorithm is employed to determine
the optimal topology, unit dispatch, and power exchange with the
main grid [22]. In [23], a multi-objective stochastic scheduling
is proposed for RMG to minimize operational costs and carbon
emissions while enhancing system flexibility and reliability. An
optimization model is developed in [24] for optimal day-ahead
scheduling of a hybrid RMG with responsive demand to enhance
stability, reduce operational costs, and improve power quality. In
[25], an optimization model for the optimal operation of islanded
RMGs is presented by focusing on P-Q capability curves of DGs.
The presented model aims to minimize total system power loss,
while a set of operational constraints are included. In [26], a
stochastic MILP optimization model is proposed for the energy
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management of hybrid AC/DC MGs, incorporating dynamic line
rating (DLR). Network reconfiguration is employed to modify
the network topology and mitigate line congestion caused by
DLR limitations, particularly in islanded mode.

Resilient operation of MGs attracted more researchers during
the last decade. A profound review of the resilience in power
systems and MGs is provided in [6]. In [8], a multi-objective
resilience-based model for optimal operation of MGs incorpo-
rating power-to-hydrogen systems is proposed. The presented
model enables flexible hydrogen utilization for electricity gen-
eration or industrial purposes [8]. A two-stage stochastic opti-
mization model is proposed for resilient operation of unbalanced
islanded MGs, considering uncertainties in demand, renew-
able generation, and voltage reference at the point of common
coupling [27]. An energy management optimization model is
developed and tested for multicarrier MGs in [28] to enhance
resilience against power outages and to minimize operational
costs. In [29], a multi-objective optimization model for the
optimal scheduling of MGs is proposed to minimize operational
cost and emissions, while maximizing resilience, highlighting
the role of EVs. A hybrid stochastic-robust optimization model
for resilient operation of MGs including demand response and
uncertainty modeling is developed in [30]. In [31], a convex
optimization model is proposed to enhance the resilience of
MGs by taking some preventive measures such as prioritizing
critical loads and decreasing the dependency on generators with
higher risk of failure. In [32], the potential of battery electric
buses as a resiliency resource for islanded MGs during grid
outages is analyzed. The findings highlight that electric buses
can support critical loads, provide black start capability, and
enhance the overall flexibility and resilience of islanded MGs
[32]. A multi-objective optimization framework is developed
in [33] for the optimal operation of a hydrogen-electricity
coupled MG. The focus is on balancing economic efficiency
with resilience to external grid disruptions, ensuring continuous
operation of critical loads [33]. A two-stage robust day-ahead
optimization model for MGs considering demand response and
voltage regulation is presented in [34] to minimize operating
costs while ensuring resilient operation. In [35], resilience in
the optimal operation of MGs is addressed through islanding
capability, which requires MGs to sustain their local loads during
any possible outage of predefined consecutive hours within the
scheduling horizon.

While service restoration in distribution networks through
MG formation has been widely explored in the literature [36],
limited studies focus on the resilience operation of MGs con-
sidering reconfiguration. To improve the resilience of islanded
RMGs, an optimization method is reported in [37] to ensures
the smooth operation of MGs in both economic mode (under
normal conditions) and resilience mode (before low-probability
high-impact events). In [38], a robust two-stage optimization
model is presented to minimize the total cost and power loss
in RMG, while including uncertainties related to renewable
generation and load demand. In [39], a framework for select-
ing best topologies to enhance resilience in islanded MGs is
presented. The framework integrates optimal asset positioning,
stability assessment, and resilience quantification to identify
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fault-tolerant network designs that enhance system resilience
and performance. Despite their contributions, these studies over-
looked the computational complexity of reconfiguration as well
as the importance of renewable energy curtailment.

C. Contribution

In existing literature, many valuable studies have explored
the operation of RMGs. However, most have focused either
on cost minimization, emission mitigation or technical indices
such as voltage deviation and power loss reduction, overlooking
the importance of resilience. Some studies have examined the
resilient operation of MGs but have not explored the potential
of reconfiguration. Others that address resilience-oriented op-
eration in RMGs overlooked the computational complexity and
the integration of renewable generation in resilience indices.
Therefore, to the best of the authors’ knowledge, a comprehen-
sive model that fully incorporates resilience-oriented operation
and MG reconfigurability while addressing renewable energy
curtailment and the computational complexity associated with
a large number of binary variables is still lacking in the current
literature. This study substantially expands upon our previous
research presented in [40]. The contributions of this study can
be summarized as follows:

1) Development of a multi-objective optimization model for
renewable-powered reconfigurable microgrids that intro-
duces a new sustainability-driven resilience metric, the
Green Independence Performance Index. This model in-
tegrates sustainability directly into the resilience objective
by maximizing grid independence, while avoiding renew-
able energy curtailment.

2) Design and implement of a custom matheuristic optimiza-
tion approach to efficiently solve the proposed computa-
tionally intensive mathematical model, where the multi-
objective optimization problem is tackled by solving de-
rived subproblems of the MILP model using a commercial
solver, with the obtained solutions serving as neighbor-
hood structures in the VND metaheuristic framework.

II. MATHEMATICAL FORMULATION

In this research, the main goal of the RMG is to minimize the
total operational cost while maximizing the Green Independence
Performance Index (GIPI). In the following subsections, more
details regarding objective functions and technical constraints
are provided.

A. Objective Function

The proposed model’s first objective function (O F} ) is to min-
imize the operational cost of the RMG during the operating hori-
zon, as expressed in (1). The first part addresses the cost of energy
which is exchanged between the MG and the main grid. More
specifically, p& 1 indicates that power is imported (bought) from
the grid, representing a cost. Conversely, p$'** indicates that
power is exported (sold) to the main grid, generating revenue
for the MG. A quadratic function is often used to model the cost

of generating electricity from distributed generation (DG) units
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because it captures the relationship between the output power
and the increasing marginal costs as generation increases. Thus,
the second term in (1) represents the cost function of DG units.

OF; = min
; At (\IthRbpg;Rb _ \IthRsptGRs)

2 1
+ <;§Atp@gwgg + (awh) %) W

9

Independence Performance Index (IPI) is introduced in [41]
by Karimi and Jadid as shown in (2), to enhance resilience of
MG by maximizing the independence of the MG from the main
grid, where P,ﬁ?t“d represents the active power demand. In this
index, the independence can be defined based on the proportion
of power received from the main grid and the total electric loads
as presented in (2). However, in this research, the proposed index
for resilience is adjusted to include environmental concerns and
renewable energy curtailment. Therefore, (2) is modified to (3),
by adding the generation from photovoltaic and wind turbine
units to the IPI. In this modified index, MG aims to increase
resilience, while ensuring that renewable energy generation is
not compromised. As a result, a novel resilience index, the GIPI,
is proposed and considered as the second objective function
(OF), as presented in (3). In GIPI, a new term which is the
proportion of renewable energy generation compared to the total
load is added to the IPI metric.

o prb
Zt Zm Pfﬁftad

OF, (GIPI) = Max
(1 B > (")

IPI = Max (1 - 2)

Zt Zm Prft?tad

Zt Zu) p’L‘i)V,vt + Zt va pg)v‘,/t
Zt Zm P#z?tad

&)
it =P =T Ve o “)
pe T < 57U PERS Vit € @p (5)
piTe < 67T PERS Vit € O (6)
SGTb 4 GRS < 1. Wt € By (7

B. Day-Ahead Non-Linear Non-Convex Optimization Model

The secure operation of the MG necessitates satisfying tech-
nical constraints, such as voltage and current magnitude lim-
its, to meet operational challenges. In the day-ahead schedul-
ing, the active and reactive power generation, battery charg-
ing/discharging [42], the status of tie-line switches (i.e., open or
closed) [43], and the amount of renewable energy curtailment
[44] will be determined. To facilitate understanding of power
balance and AC power flow, a simple 3-bus illustrative example
is presented in Fig. 1.

1) Power Balance: The balance of active and reactive power
at each node and time interval is maintained through equality
constraints (8) and (9) [45]. In (8), the left-hand side represents
the injected active power from the grid, DG units, and renewable
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Fig. 1. A simplified illustrative example of a 3-bus system for AC power flow.

sources, while the right-hand side reflects the absorbed active
power related to battery charging and active power demands.
Similarly, (9) considers reactive power generation from the grid,
reactive power compensators (RPC), and DG units on the left-
hand side, while the right-hand side captures the reactive power
demand.

Zpkm,t - Z (pnbn,t + R’rani%qmt)
km mn
+ Z pdg t + Z

ppv t + z pw .t + p
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+ Y QLT+ P = QL Ym € By, Wt € Or
rpc| brpe=m

€))

2) Bidirectional AC Power Flow: In numerous papers, only
(8) and (9) are considered for the energy management of MGs.
Although (8) and (9) are fundamental for power flow calcu-
lations, they might be insufficient as they do not account for
the relationships between currents, voltages, and power flow in
MGs. Therefore, (10) and (11) must be added to the formulation,
where R,,n, Xmn, and Z,,,, represent resistance, reactance, and
impedance of line mn, while I',,,,, ; is a free auxiliary variable.
In addition, constraints (12) and (13) ensure that voltages and
currents remain within acceptable ranges to prevent damage to
devices [45].

2

v ’1)721 t = 2 (Rmnpmn,t + anqmn,t)

m,t
+ Zniivans — Dinnt; Vmn € @1Vt € Op (10)
Ut ot = (Dont + Goang) 3 ¥mn € @, ¥t € 7 (11)
(Vi) <02, < (VE)% Y e dy V€ ®r  (12)
0< 7’7an : < (I;f,‘zx) ; Vmn € &, Vt € O (13)

3) Reconfiguration Model: To model reconfigurability in an
MG, it is essential to ensure two sets of constraints. First, it
must be guaranteed that no power, either reactive or active, and
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no current can flow through line mn when the switches for this
line are open. Second, it is important to ensure that the MG
configuration remains radial after reconfiguration.

In (14), the proper limit for auxiliary variable I',,,, ; is con-
sidered either zero or the maximum possible square of voltage
magnitude rise/drop in the system. Constraint (10) must be
replaced by (15) to force the current magnitude in line mn to zero
when the line is open. Similarly, inequalities (16) and (17) apply
the same logic to power flowing in the line mn. Moreover, the
radiality condition is imposed via parent node/child node path
as presented in (18)—(20) [46].

= (VY (1= Wb + i)

(14)

Tl < (Vi)
VYmn € &, Vt € &p

Z?nn t = (Imdx) (erran,t + y;zmt) ; Vmn € @, Vt € Or
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Yo Wt D (Whmd =L (18)
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VYm € fDN\m ¢ Ppec,Vt € O

S W)+ D, W) = 0; (19)
n|(mn)edr, n|(nm)edr,
VYm € <I>N\m € Ppoc,Vt € Op

Yt + Yy < 13 Vmn € ©p,Vt € Op (20)

4) Renewable Resources and Distributed Generation: The
operation of PV and wind turbine units are defined by (21) and
(22), respectively. Where PV and wind actual power injection
(non-negative variables ppv cand PYK ) canbe calculated in terms

of available PV and wind power generation (Plff)‘é and PK )
minus the respective power curtailments (non-negative variables

pSt and pGy') [44]. The active and reactive power capacity

limits of DG units are presented in inequalities (23) and (24) [45].

Cut,

Pt = P;ZVt — pSitts Vpu € @y, VE € Or Q1)
Py = PW — pSus Yw € ®,,Vt € Bp (22)
Pim < phG < PR Ydg € Bgy, Wt € O (23)

L(phF)) s Vdg € Dag, Wt € B
(24)

Ing t’ < pdq 7 tan (cos’

5) Battery Systems: Batteries are critical to the optimal oper-
ation of MGs, offering flexibility by storing excess energy during
periods of low demand, high electricity prices, or surplus renew-
able generation. Conversely, during periods of high demand,
elevated electricity prices, or reduced renewable generation,
batteries can discharge stored energy to balance the MG’s power



6900

supply and demand. In (25)—(31), battery system charging and
discharging model and limits are presented. In (25) and (26),
upper bound limits for charging (p§’,) and discharging (pj,)
power of batteries are imposed. The definition of pft based
on p§', and pf, is provided in (27). Accordingly, p;, takes a
positive value when the battery is in charging mode (pl?:t > 0),
a negative value in discharging mode (pft > 0), and is zero
when the battery is idle ( pbcjt = p{;)t = 0). (28) expresses the
complementary condition to ensure that simultaneous charging
and discharging cannot occur [47]. Furthermore, (29) and (30)
calculate the energy level of the batteries at each time interval
based on charging/discharging power and battery efficiency,
ensuring that overcharging and deep discharge are prevented
as enforced by (31).

0 < pfy < PE™™; Vb € @y, Yt € O (25)
0 < ppy < PP™% Vb € &,V € Or (26)
PEy =Dy — Dby Vb € By, Yt € (27)
Py piy = 0; Vb € By, Vt € B (28)

p
ey = By + A, (pg’:tnl? 77” t) Vb € @Vt € Dplt = 1
b
(29)
Py
,t
e = ey + A <pr¢le? - D) ; (30)
My
Vb € @y, Vt € Op |t> 1
EJ' < ep)y < B Wb € @,V € (31)

C. Day-Ahead Linearized Convex Optimization Model

The developed nonlinear and nonconvex model accurately
captures the power flow and optimal operations within RMG.
However, it does not ensure the optimality of its solutions and
MINLP models for the optimal operation of MGs are typically
computationally time-consuming, and a decomposition method
may be needed to solve the problem [8]. Consequently, this
subsection outlines the process of linearizing the nonlinear
model to address these limitations. The first objective function,
presented in (1), as well as constraint (8)—(13), (15), and (28)
are non-linear. The quadratic function in (1) can be linearized
via piecewise linearization as presented in (32)—(34), where
maximum discretization blocks of DG’s power (AP&’;B‘X) and
slope in its linearization (M dgﬁ) can be calculated according to
(35) and (36) [48].

OF, = min (Z Ay (W RopFRY g FRspERs)
t

ZZ(Atp(?gﬁ\p +2At (MBS Apdgtw)\llgg>
t dg

(32)
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phG = ZApdg L Vdg € gy, Vt € B (33)
ARG | < APR™ Vdg € G40,V € D, Yw € B, (34)
APRax — (pRsx _ pmin) Jgy g € By, (35)
MPSE = (2w — 1) APP; Ydg € gy, Y € B, (36)

By deﬁnmg auxiliary non-negative variables 7, , =i,

and v’?", = v2 ,, the nonlinearity in (10), (12), and (15) is

m,t — Ym,t>
resolved Hence these constraints are replaced by (37)-(39).

Ufg; - Ufzq: =2 (Rmnpmmt + anqmn,t)
+ Z72rm :32 t an,t§ Ymn € ®r,Vt € Op 37
(Vnw;u’n) < qu (VmaX) : Ym € <I>N7Vt c @T (38)

ng; t > (Imax) (y;r"m,,t + yr_nn,t) ; VYmn € &p,Vt € O
(39)

In constraint (11), by replacing vfl,t on the left-hand side
with its estimated value V9", and linearizing the squares of the
active power (pf,myt) and reactive power (qfnnyt) on the right-
hand side, a linear constraint (40) is obtained. Slope in piecewise
linearization (M, Zﬁ)) can be calculated according to (41). In (42)
and (43), auxiliary non-negative variables p\,,, ; and g,f,,, , rep-
resent active and reactive power flowing in the positive direction
(fromnode m to node n), while non-negative variables p,,,,, , and
Qpmn ¢ T€Present power flowing in the negative direction (from
node n to node m). The relationship between the discretization
blocks for active power flowing in line mn (Appn,t.u)s P s
and Drnnt is presented in (44). In (45), a similar equation for
the discretization blocks for reactive power flowing in line mn
(A¢mn,t.w),1s expressed. These discretization blocks are limited
to their maximum value as imposed via (46) and (47). The value
of V,E4™ and maximum discretization blocks of power (Apax
and Agq,n2*) are calculated according to (48) and (49). Further
details and a visual representation of this linearization approach
for power flow can be found in [48].

Vs &= Z Mrf;?w (APmn,tw + Agmn,tw) ;
Vmn € &p,Vt € Op (40)

MEQ, = (w— 1) A = (2w — 1) AgIS
Vmn € &, Vw € P, 41)

Dmn,t = pj,'m,t = Dmn,ts Ymn € @p,Vt € O
(42)

Gmn,t = q;m’t = Gmn.t; Ymn € @p,Vt € Op
(43)

Z (Apmn,tw) = Pint + Pongs Ymn € @1Vt € O
i (44)
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Z (AGmn.tw) = Gns + Gn.gs Ymn € @p,Vt € O

w

(45)
Ap’mn.t w S Ap?yﬁlx; Ymn S q)Lth S (I)T (46)
AGmntw < Agmy’s Ymn € &,V € Op 47)

VnEsqr _ ((V;:mn>2 + (Vénax)z) /2; Vn e ®y

(48)
AP = Aqax = (VESTRa) o Ymn € @
(49)

Non-linear complementary constraint in batteries, presented
in (28), can be replaced by a set of linear complementary
constraints proposed in [47]. As a result, constraint (28) can
be removed and substituted by (50)—(54).

Apyy < (B — B{™) [ng; Wb € By, Yt € Bpft =

(50)

Al < (B —ep,_y) /ng's Vb € @y, Yt € Dp|t) 1 (51)

ApP, <P (B — EJM™) 5 Wb € @y, Vit € Oplt =

(52)
Apry < i (e — EpY™) s Vb € @Vt € O ft) 1 (53)

(B | Py ™M) pyy; Vb € @y, Yt € @
(54)

Dmax
pb t < By -

D. Modeling Assumptions

To clarify the scope and limitations of the proposed formula-

tion, the following key assumptions should be considered:

1) As noted in Section II-C, the original non-linear, non-
convex model was reformulated into an MILP model. This
involves piecewise linearization of the quadratic cost func-
tion for DG units and the non-linear power flow equations.
Linearization has been done to guarantee the optimality of
solutions and improve computational tractability.

2) Itis assumed that MG operator is in charge of making the
decisions regarding the scheduling of all DERs in the MG
and energy coordination with the main grid. As resilience
against the main grid was the focus of the research, the
grid-connected operation is deliberately studied.

3) The model always enforces a radial topology for MGs,
as described by the constraints in (18)—(20). This is a
common assumption for most distribution networks and
MGs due to power system protection issues. However,
such assumption is not necessary in meshed system.

III. SOLUTION METHODOLOGY

This paper proposes a matheuristic approach based on the
variable neighborhood descent (VND) algorithm to solve the
MILP model (6)—(54). The solution strategy comprises three
components: 1) Model adaptations, including slack variables
and a penalized objective function, 2) Initial solution generation
based on a relaxed MILP model, and 3) Neighborhood structures
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that allow controlled topology modifications while simultane-
ously optimizing DG dispatch, storage operation, and energy
trading.

A. Modified Model

Neighborhood structures should guarantee feasible solutions,
however, due to the operational constraints of the problem, the
original formulation could lead to infeasible solutions. In this
regard, the positive slack variables ﬂﬁjt, (. 19?,; and 9},
are included in the power flow balance equations, as presented
in (55) and (56). By including these variables, the operational
constraints such as voltage, current, GD power dispatch limits
of the model are relaxed guaranteeing feasible solutions for
the optimization solver in each neighborhood structure. Slack

variables are limited according (57) and (58).

Zplwn,t - Z (pmn,t + Rmnignn,t) (55)
km mn
PV wT
+ Z pdg t + z ppv,t + Z Puwt St
dyg| bdy: P'U‘ bpv: m wt| b= m
GR + -
+pe T+ 19% t 19% t
=Pt > phSi ¥me Oy V€ Op
bs| bps=m
Z Qkm,t — Z qmn.t + anignn,t) + Z Q,?ﬁ
mn dg| bag= m
(56)
+ Z Qﬁfc)?+ i +19(7]n V= ﬁvo;ld ;
rpc| brpe=m
Vm € @N,Vt e dp
0 <ot Wb, < PLoM: Vm € oy, Vt € (57)
0 <98F, 0, < QLM Vm € Dy, Vt € O (58)

The slack variables are minimized using a penalization
strategy according to (59). Note that penalization parameters
should be big enough to ensure slack variables to be zero at the
end of the optimization process. Finally, the modified model is

presented in (60).
fr=pm D0 20 WH0i)+p" D0 D (915 +0
€by tedp €by tedp
(59
minimizeOF + f (60)

Subject to: (6)—(58).
Note that, since this is a minimization problem, for feasible
solutions, slack variables should be zero.

B. Initial Solution

The initial solution approach consists of two sequential stages,
described as follows.

The first stage aims to determine an initial value for the
integer variables (yjm’t and y,,, ,) that define the topology
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of the grid. The goal is to obtain a radial configuration while
ignoring operational constraints such as voltage and current
limits. The initial solution is obtained by solving a simplified
version of the proposed model (6)—(60), specifically by omitting
constraints (12), (13), and (40)—(49) related to current magnitude
calculations. The solution of this simplified model provides a
radial topology; however, the operational state of the system
is not accurately calculated. At this stage, the current solution
of the algorithm is defined by ¢, ; according to (61), where
Umn,t = 1 for closed circuits and @,,,,,,» = 0O for the open ones,
describing the topology of the grid.

(61)

In the second stage, the integer variables y;; and y, . are fixed
in the values determined in the previous stage while omitted
constraints are restored to calculate the initial objective func-
tion value. Note that this initial solution may be operationally
infeasible due voltage and current violations. However, the
optimization solver guarantees eventual feasibility through the
slack variables (19?7 J{ 19?7 s ﬁ;’j, 19?7;) included into the power
flow equations.

Hereinafter the current solution of the algorithm is represented
by Y including integer and continuous variables and O F(Y") the
objective function value calculated according (60).

Jmnt = Ymnyt + Ymne Yt € O1, Vmn € O,

C. Neighborhood Structures

The proposed neighborhood structures systematically explore
high-quality solutions in the vicinity of the current algorithm
solution. These structures allow controlled modifications to the
current network topology while simultaneously optimizing: DG
power dispatch, batteries operation, and energy trading decisions
(buy/sell). Each neighborhood is implemented as a MILP model
derived from the modified formulation (6)—(60). In this paper
the number of structures is defined by the parameter k. The
neighborhood search is guided by two constraints (62) and (63)
operating on the current solution of the algorithm Y. Consid-
ering the network topology defined by %y, constraint (62)
enforces to close k circuits from the currently open branches.

>

(mn)e“DL‘ gme,t: 07 vteq)T

(y;@n,t + y;;n,t) = k> (62)

The auxiliary constraint (63) maintains the operational state
of branches not connected to terminal nodes, thereby reducing
the search space and computational effort.

- + —
ymn,t + ymn,t - 17

mn € @, Vt € Op| Yppe = 1 A mgé(I)éV/\ ngé‘I)fV
(63)

Where @1 is the set of nodes that are linked to open circuits
at period ¢.

When incorporated into the modified model (6)—(60), these
constraints generate a neighbor solution Y’ with exactly 2k
branches in modified operational states. The resulting MILP
model efficiently explores feasible topology variations while
maintaining radiality constraints.
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Algorithm 1: Pseudo-Code for the Matheuristic Algorithm.

Begin matheuristic algorithm based on VND:
Input Parameters:
* k: Number neighborhood structures
» Network sets/parameters and time sets from the model
* Objective selector: cost or resilience
Initial solution:
* Solve a relaxed model to determine an initial topology
Ymn,t and a feasible schedule, as presented in
Section III-B.
* Use §ymn,: to compute the initial solution Y and the
objective function value OF (V).
e Set k +1
* Determine the set of final nodes ®; from g, ¢
Neighborhood search:
While k < k to:
Solve a MILP model to obtain a neighbor solution Y’
LIfOF(Y') < OF(Y):
Y < Y’ (accept improvement)
k < 1 (restart from the smallest neighborhood)
Update @, from the new topology
ii. Else :
k < k + 1 (expand neighborhood scope)
Output:
* Y: Network topology, power trading decisions and
operational state of the system

ful

Main Grid

@7 A

Reconfigurable Microgrid [Rpc PV DG wr Battery

Fig. 2. Schematic diagram of the modified IEEE 33-node system configured
as a grid-connected microgrid.

D. Structure of the Proposed Algorithm

The proposed matheuristic structure to solve the proposed
MILP model is illustrated in the following pseudocode.

IV. SIMULATION & RESULTS

The enhanced IEEE 33-bus benchmark test system serves as
the base system for the RMGs. As shown in Fig. 2, this system
is modified by incorporating several PV (each 600 kW) and
WT (each 1500 kW) units, two RPCs, two DG units, and three
batteries. Their respective parameters are detailed in Tables II
to III. For mathematical optimization, AMPL [49] was used to
implement the models, while CPLEX (version 22.1.2) solver
[50] and customized VND-based matheuristic algorithm were
employed to solve the proposed MILP models. Simulations were
performed on a personal computer equipped with an Intel Core
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TABLE I
COMPARISON OF THE PROPOSED RESILIENCE-ORIENTED RMG OPERATION MODEL WITH EXISTING LITERATURE

Ref Reconfiguration Cost Resilience Green RES BESS Multi- Mathematical Solution Size
resilience objective Model technique/Solver (bus)
[15] v v v v MILP CPLEX 10
[16] v v v MINLP IPOPT 6,33
[17] v v v v v NLP Metaheuristic spel\i?ée d
[18] v v v v v MINLP Metaheuristic 69
Equilibrium
[19] N v NLP Point 12
[20] v v v v MINLP Heuristic 33
[21] v v v v v MINLP Metaheuristic 33
[22] v v N N MINLP Metaheuristic 69
[23] v v v v v MINLP DICOPT 10
[24] v v v v MINLP Metaheuristic 45
[25] v v v MINLP Metaheuristic 33
[26] N v v v MILP Not specified 33
[8] v v v v MINLP DICOPT 33
[27] v v v v MILP CPLEX 13
. Not
[28] v v v v MILP Gurobi specified
Not
[29] v v v v v MILP CPLEX specified
[30] v NS N NS MILP Not specified 33
[31] v v v NLP MOSEK 14,30, 118
. . Not
[32] v v v v v N/A Simulink specified
[33] v M v v v MINLP Gurobi 25
[34] v v v v v MILP Gurobi 33
Not
[35] v v v v MILP CPLEX specified
[37] v v v v v MINLP Not specified 14,55
[38] v v v v v v MILP Gurobi 33
[39] v v v v v MILP COIN-OR 6
[40] v v v v MILP CPLEX 33
;{Ll:éi/ v v v v v v v MILP Matheuristic 33

* The reconfiguration is considered but not directly in an optimization model.

TABLE II
PARAMETERS OF DG UNITS

max min
P P

. Alng Afig dg DG
Unit BUS  opwn]  [USDIRWh)2]  [kW] [kW] Pag
DGl 22 0.10 0.0001 1000 50 0.9
DG 2 30 0.09 0.0002 1000 50 0.9

TABLE III
PARAMETERS OF BATTERIES
. Eli;nax E;nin Pbchmax Pls‘hmin ch bi
Unit Bus KWh] [kWh]  [kW] w) s Thbs
Battery 1 6 500 50 200 100 090 0.85
Battery 2 15 500 50 150 150 090 0.85
Battery 3 25 500 50 100 120 090 0.85

i7-6500U CPU @2.50 GHz and 8 GB RAM, running Windows
10 64-bit. Overview of simulation scenarios presented in Fig. 3.

A. Case I: Cost Minimization Model (CPLEX Vs Matheuristic)

The purpose of this case study is to compare the computa-
tional time between the conventional method (CPLEX) and the
proposed matheuristic algorithm. In this scenario, the objective
function is the total cost, which is minimized. When solved using
CPLEX, the total cost of the RMG is $5,297.71, with total PV
and WT energy generation over the 24-hour simulation horizon
of 17,510.40 kWh and 33,425.10 kWh, respectively. The total
energy imported from the main grid is 31,545.23 kWh, and
the total computational time (i.e., total solve elapsed time) is
1,629.74 seconds. Using the proposed matheuristic method, the

total cost of the RMG is $5,300.35, indicating a negligible differ-
ence compared to the conventional approach. The total PV and
WT energy generation remain unchanged at 17,510.40 kWh and
33,425.10 kWh, respectively. However, the computational time
is significantly reduced with the proposed method, requiring
only 103.32 seconds. The hourly PV and WT power generation
profiles are illustrated in Fig. 4 . The lower computational time
can be explained by the nature of the proposed matheuristic
framework. The algorithm explores diverse neighborhoods to
avoid local optima, while the MILP solver solves subproblems
within each neighborhood. This dual mechanism guarantees
that solution spaces are properly explored and exploited with
mathematical rigor. Hence, the proposed matheuristic reaches a
balance between solution quality and computational efficiency.

B. Case II: Resilience Maximization Model (IPI Vs GIPI)

The purpose of this case study is to compare the proposed
resilience index, GIPI, with IPI from both resiliency and sus-
tainability perspectives. In this case, resilience maximization is
performed separately for both IPI and GIPI as resilience indices.

IPI: The maximum IPI of the RMG is 0.945, obtained using
the CPLEX solver, with a total computational time of only
30.13 seconds considerably faster than in Case I, where cost
minimization was the objective. As shown in Fig. 4, the total PV
and WT energy generation over the 24-hour simulation horizon
are 15,132.90 kWh and 25,038.23 kWh, respectively, indicating
13.58% and 25.09% renewable energy curtailment compared to
Case I. The total energy imported from the main grid is 4651.99
kWh, representing an 85.30% reduction compared to Case I.
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U Multi-objective:

1) OF;: Cost minimization model

Case 11
D A(wERopgte - witepghe)
Case | U Objective functions compared: min I o b pE A
+ ZZ(A:de,z"’d,, +ZA: (Mdg,mAp-ig,Lm)q'dy)
O OF: Cost minimization model = OF: IPI c “
- 2) OF,: GIPI
2Pt
¥ a(wenepgne - wgnepens) max (1—7.,“) SPER) S Tuple + TPl
| | OF: GIPI Bl P mex (1 _Zté(:;’f,:{z‘d EE A J)
(23 (awtzort, + Y alouzs ot v )) = OF: .
(Z.:Zg( Pads Z dowPdate s 0 Solution method:
e (1 D (A O i +Z¢Zpup51'§,c> = Conventional (CPLEX)
O Solution methods compared: % Zm PR X Zm P
= Matheuristic (CPLEX + VND)
= Conventional (CPLEX) O Solution method: 0O Compromise solution selection:
= Matheuristic (CPLEX + VND) = Conventional (CPLEX) = Fuzzy satisfaction approach

Fig. 3.
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Fig. 4. Power generation of WT and PV units in Case I.
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Fig.5. Total power generation of WT and PV units in Case II using IPI as the
resilience index.

GIPI: The maximum GIPI of the RMG is 1.541, also obtained
using the CPLEX solver. Similar to IPI, the total computational
time is low, at 42.28 seconds, which is significantly faster than in
Case I. The total PV and WT energy generation over the 24-hour
simulation horizon are 13,644.77 kWh and 30,725.15 kWh, re-
spectively, showing no renewable energy curtailment compared

Overview of simulation scenarios concerning objective functions and solution methods across case studies.

8000 -
=O= CPLEX

7500 - == VND

7000 -

6500 -

OF1 (USD)

6000 -

5500 -

5000 T T T T T T T 1
-1.60 -1.55 -1.50 -1.45 -1.40 -1.35 -1.30 -1.25 -1.20
—OF2

Fig. 6. Pareto curve multi-objective model in Case III.

to Case I. The total energy imported from the main grid is
4,702.87 kWh, representing an 85.13% reduction compared to
Case I, and a 1.09% increase compared to IPI. Therefore, the
results indicate that while the IPI index enhances the resilience
of the RMG by increasing its independence from the main grid,
it may also result in higher renewable energy curtailment. In
contrast, the proposed GIPI metric achieves the same resilience
benefits by improving the independence of the RMG, without
causing any reduction in renewable energy generation. Thus,
GIPI maintains the resilience advantage of IPI while avoiding
renewable energy curtailment.

These differences can be explained by the way each resilience
index influences the optimization process. Under the IPI metric,
the objective strictly rewards reducing grid imports but does
not account for renewable energy curtailment. To maximize the
IPI, the optimization increases the dispatch of DGs, since this di-
rectly reduces reliance on the main grid. However, the additional
DG generation alters power flows and may lead to technical
constraints such as voltage rise, line thermal congestion, or
reverse power flow, particularly in feeders with high renewable
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(a) Scheduled active power of generators for the compromise solution; (b) Charging and discharging power of batteries for the compromise solution; (c)

Scheduled active power of generators for cost minimization; (d) Charging and discharging power of batteries for cost minimization.
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Fig. 8.  Voltage range across nodes (best compromise Solution).

penetration. These constraints ultimately force the model to cur-
tail part of the available PV and WT generation. In contrast, the
proposed GIPI incorporates renewable utilization explicitly into
the resilience objective resulting in more balanced scheduling
of DGs and batteries enabling the system to accommodate local
PV and wind resources without violating network constraints.
Consequently, the GIPI-based operation attains resilience levels
comparable to IPI while avoiding unnecessary renewable cur-
tailment and thereby improving overall sustainability.
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Fig. 9. Voltage range across nodes (cost minimization solution).

C. Case IlI: Multi-objective Model Pareto Front (CPLEX Vs
Matheuristic)

The purpose of this case study is to obtain the Pareto front and
the best compromise solution for the proposed multi-objective
model using the VND and CPLEX algorithms. The e-constraint
method and the fuzzy satisfaction approach are employed to
generate the Pareto-optimal set and to select the best compromise
solution, respectively [51].

The Pareto fronts for the proposed multi-objective model are
presented in Fig. 6. As shown in Fig. 6, both VND and CPLEX
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yield similar Pareto fronts. However, their computational times
differ significantly: 959.58 seconds for the proposed VND-based
matheuristic versus 18,261.91 seconds for CPLEX solver, mak-
ing the conventional method an inappropriate option for this
multi-objective problem. The Pareto front ranges from cost min-
imization toward only GIPI maximization. According to Fig. 6,
enhancement in one objective function results in a decline in the
performance of the other, due to the inherent conflict between
the objectives. The tradeoff observed in the Pareto front is due to
the fundamental conflict between economic cost minimization
and resilience maximization. In the cost minimization solution,
the system relies more heavily on cheaper energy imported
from the main grid, while local DG units operate close to their
minimum output. This change in the scheduling lowers total
operating cost but also increases dependency on the main grid.
In the compromise solution, the model deliberately increases DG
generation, even during hours when grid power is less expensive,
because doing so enhances the GIPI index by reducing reliance
on external supply.

To select the well-balanced solution, the fuzzy satisfaction
approach can be used. In this method, fuzzy membership func-
tions are constructed for each objective based on the results of
the e-constraint technique. The final compromise solution is then
determined by evaluating the intersection of these membership
functions. The best compromise solution, based on the Pareto
front and deploying fuzzy satisfaction method, corresponds
to OF1 = $6,035.62 and OF2 (i.e., GIPI) = 1.43. The total
cost of the best compromise solution shows a 13.87% increase
compared to the optimal cost minimization solution (i.e., Case I),
which is $5,300.35. This increase is attributable to the higher op-
erational cost associated with increased DG generation as it can
be seen in Fig. 7(a)—(d). These subfigures present the scheduled
active power of DG units, imported power from the main grid,
and the charging/discharging power profiles of batteries under
two distinct optimization solutions: the compromise solution and
the cost minimization solution. Fig. 7(a) and (b) correspond to
the compromise solution, while Fig. 7(c) and (d) are associated
with the total cost minimization solution. Contrasting Fig. 7(a)
and (c) shows that DG units contribute considerably more power
to the RMG in all the time intervals to reduce the dependency on
the main grid and increase the GIPI resilience index. As a result,
power imported from the main grid is significantly declined,
placing the RMG in a more autonomous operational state. For
instance, according to Fig. 7(c), between 00:00 and 05:00, DG
units play a marginal role in supplying the demand by generating
the minimum power. In contrast, by considering Fig. 7(a), the
DG generation between 00:00 and 05:00 considerably increased,
while contrasting Fig. 7(b) and (d) shows that the pattern of
charging of batteries is also changed during this time interval
and less energy stored to help to reduce the power imported from
the main grid. A similar pattern is observable between 09:00 and
16:00, where DG units have marginal role for power generation
as shown in Fig. 7(c), while they generate more power during the
same time interval to increase the GIPI as depicted in Fig. 7(a).
The voltage range for the best compromise solution and the
optimal cost minimization solution are shown in Figs. 8 and 9,
respectively. Contrasting these figures indicates that the voltage

TABLE IV

RECONFIGURATION OF RMG IN CASE III (COMPROMISE SOLUTION)

Open lines (node—node)

Open lines (node—node)

Time (best compromise Solution) (cost minimization solution)
00:00-02:00 27-28,8-21,12-22 20-21,28-29, 8-21
02:00-04:00 5-6, 6-26, 8-21 20-21,27-28, 8-21
04:00-06:00 27-28,8-21, 12-22 19-20, 28-29, 12-22
06:00-08:00 6-7,27-28, 12-22 7-8,28-29, 12-22
08:00-10:00 28-29, 8-21, 12-22 28-29, 8-21, 12-22
10:00-12:00 28-29, 8-21, 12-22 8-21, 12-22,25-29
12:00-14:00 28-29, 8-21, 12-22 21-22,24-25,8-21
14:00-16:00 28-29, 8-21, 12-22 21-22,28-29, 8-21
16:00-18:00 28-29, 8-21, 12-22 28-29, 8-21, 12-22
18:00-20:00 19-20, 28-29, 12-22 6-7,27-28,12-22
20:00-22:00 6-7, 89, 28-29 7-8,28-29, 12-22
22:00-24:00 19-20, 28-29, 12-22 20-21,28-29, 12-22

range is narrower in the best compromise solution compared
to the cost minimization solution, although both remain within
the acceptable 5% deviation range (0.95-1.05). In addition,
according to Fig. 9, voltages at nodes 29 and 30 reach 0.97
p.u., whereas the minimum voltage in the compromise solution
is approximately 0.98 p.u. This demonstrates that increased DG
generation leads to an improved voltage profile. The optimal
12 configurations, with one configuration for each two-hour
interval, are presented in Table IV, showing the switching status
of normally closed and normally open (i.e., tie-line) switches
in the RMG. As radiality must be maintained in the RMG,
exactly three lines can be open in each configuration. According
to Table IV, the configuration of the RMG remains unchanged
from 08:00 to 18:00 for the best compromise solution showing
less configuration variation compared to the cost minimization
solution.

It is worth noting that the proposed model is flexible and can
be applied to any number of reconfigurations, ranging from one
per hour to a single reconfiguration for the entire day. However,
increasing the number of reconfigurations results in a higher
number of switching operations and greater computational time.

V. CONCLUSION

This paper presents a comprehensive and scalable approach
for the resilience-oriented operation of renewable-powered re-
configurable microgrids (RMGs). The Green Independence Per-
formance Index (GIPI) was introduced as a novel resilience met-
ric to ensure that microgrids can maximize their independence
from the main grid while fully utilizing available renewable re-
sources and avoiding renewable energy curtailment. To balance
sustainability and economic operation, a multi-objective opti-
mization model was developed to simultaneously minimize total
operational costs and maximize GIPI. Recognizing the compu-
tational complexity of the original nonlinear and non-convex
formulation, the model was reformulated as a mixed-integer
linear programming (MILP) problem using piecewise lineariza-
tion and approximation techniques, ensuring tractability and
global optimality. To further improve computational efficiency, a
custom matheuristic algorithm was developed, combining clas-
sical optimization with heuristic search to achieve high-quality
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solutions in significantly reduced time frames. Numerical exper-
iments on the enhanced IEEE 33-bus test system demonstrated
the effectiveness of the proposed approach in eliminating re-
newable curtailment, achieving near-optimal operational costs,
and significantly reducing computational burden compared to
conventional solvers. Future work could incorporate other en-
ergy vectors such as hydrogen, thermal energy (heating and
cooling), and power-to-X technologies into the RMG frame-
work. Uncertainty modeling was not the focus of this paper;
however, the proposed MILP model can be naturally extended
in future work to incorporate uncertainty using methods such as
fuzzy programming, information gap decision theory, or robust
optimization.
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