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Abstract—Unlike stationary wind turbines, a small-scale mo-
bile wind turbine (MWT) can travel, via a truck, between
isolated microgrids (MGs) to meet the supply-demand balance
requirements locally. This spatio-temporal flexibility can bring
benefits to the system operators and the energy management sys-
tem (EMS) performance across MGs. Another flexible resource,
electric thermal storage (ETS), can also unlock capabilities for the
EMS by maximizing the renewable energy utilization and shifting
demand. This paper develops an EMS optimization model for
joint operation of MWT and ETS in isolated MGs. The proposed
model is formulated as a mixed-integer linear programming
(MILP) problem. Case studies of an integrated transportation
and energy network — a Sioux Falls transportation network
and four IEEE 33-node distribution systems — demonstrate the
operating cost reduction and highlight the load shifting benefits
of jointly operating MWT and ETS.

Index Terms—Energy management system (EMS), mobile wind
turbine (MWT), electric thermal storage (ETS), mixed-integer
linear programming (MILP), load shifting.

NOMENCLATURE

A. Indices and Sets

φ ∈ ΦΦΦ Index and set of microgrids (MGs).
i, j ∈ B Index and set of nodes in MGs.
ψ ∈ΨΨΨ Index and set of upstream systems.
t, τ ∈ T Indices and set of time periods.
l(i, j) ∈ L Index and set of branches in the MGs.
g ∈ G Index and set of diesel generators (DGs).
w ∈W Index and set of mobile wind turbines (MWTs).
e ∈ E Index and set of energy storage systems

(ESSs).
v ∈ V Index and set of Photovoltaics (PV).
m,n ∈ N Indices and set of nodes in the transportation

system (TS).
Nd ∈ N Subset of nodes that are depots in the TS.
ΨΨΨi ∈ΨΨΨ Subset of upstream systems that are connected

to node i.
Gi ∈ G Subset of DGs that are connected to node i.
Ei ∈ E Subset of ESSs that are connected to node i.
Vi ∈ V Subset of PVs that are connected to node i.
Wi ∈W Subset of MWTs that are connected to node i.

B. Parameters and Constants

cupψ,t Price for buying power from upstream network
ψ at time t [$/kW].

ag Power generation cost of DG unit g [$/kW].
bg, c

su
g , c

sd
g No-load/start-up/shut-down costs of DG g [$].

cets Self-discharge cost of electric thermal storage
(ETS) [$/kW].

µφ,t Percentage of electric heating demand replaced
by (ETS) in MG φ at time t.

δφ,t Percentage of electric demand for heating in
MG φ at time t.

P di,φ,t, Q
d
i,φ,t Forecasted real/reactive demand of node i in

MG φ at time t [kW,kVar].
Rl, Xl Resistance and reactance of branch l [Ω].
V OLi,φ Minimum squared voltage magnitude at node

i in MG φ [kV 2].
V OLi,φ Maximum squared voltage magnitude at node

i in MG φ [kV 2].
PFl,φ, Q

F
l,φ Real/reactive power capacity of branch l in MG

φ [kW,kVar].
PUPψ , QUPψ Real/reactive power limitation from upstream

system ψ [kW,kVar].
PDGg,φ , P

DG

g,φ Minimum/maximum real power capacity of
DG unit g in MG φ [kW].

QDG
g,φ

, Q
DG

g,φ Minimum/maximum reactive power capacity
of DG unit g in MG φ [kVar].

α+
g,φ, α

−
g,φ Ramp-up/ramp-down rate of DG unit g in MG

φ [kW].
β+
g,φ, β

−
g,φ Start-up/shut-down limit of DG unit g in MG

φ [kW].
γ+
g,φ, γ

−
g,φ Minimum up-time/down-time of DG unit g in

MG g [h].
ηes−e,φ , η

es+
e,φ Charging/discharging efficiency of ESS unit e

in MG φ.
SOCe,φ Minimum state of charge (SOC) of ESS unit e

in MG φ [kWh].
SOCe,φ Maximum SOC of ESS unit e in MG φ [kWh].
PES−e,φ Charging capacity of ESS unit e in MG φ
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[kW].
PES+
e,φ Discharging capacity of ESS unit e in MG φ

[kW].
QES
e,φ
, Q

ES

e,φ Minimum/maximum reactive power output of
ESS unit e in MG φ [kVar].

PPVφ,t Maximum solar energy that can be used in MG
φ at time t [kW].

Ktr
m,n Travel time for MWTs from TS node m to

node n [h].
Capm Maximum number of MWT units that can be

positioned at TS node m.
λm,φ Binary parameter equal to 1 if MG φ is located

at TS node m.
PWT
w Rated power of MWT unit w [kW].
PWφ,t Maximum wind energy that can be used in MG

φ at time t [kW].
ηth Thermal discharge efficiency of ETS units.
ηets Electric-thermal energy conversion efficiency

of ETS units.
Π,Π Minimum/Maximum thermal energy level of

ETS units [kWh].
PET Limitation of electric input for electric heating

element of ETS units [kW].

C. Decision Variables

puψ,φ,t, q
u
ψ,φ,tReal/reactive power from the upstream system

ψ to MG φ at time t [kW,kVar].
pdgg,φ,t, q

dg
g,φ,t Real/reactive power output of DG unit g in MG

φ at time t [kW,kVar].
Hets
i,φ,t ETS effective thermal energy self-discharge at

node i in MG φ at time t [kW].
pese,φ,t, q

es
e,φ,t Net real/reactive power from ESS e in MG φ

at time t [kW,kVar].
pfl,φ,t, q

f
l,φ,t Real/reactive power flow of branch l in MG φ

at time t [kW,kVar].
ppvv,φ,t Power output of PV v in MG φ at time t [kW].
pwtw,φ,t Power output of MWT unit w in MG φ at time

t [kW].
petei,φ,t, p

eth
i,φ,t Electric input/thermal output for electric heat-

ing element of ETS units at node i in MG φ
at time t [kW].

πi,φ,t Thermal energy level of ETS unit at node i in
MG φ at time t [kWh].

νsi,φ,t Squared voltage magnitude at node i in MG φ
at time t [kV 2].

pes−e,φ,t, p
es+
e,φ,t Charging/discharging power of ESS unit e in

MG φ at time t [kW].
xdgg,φ,t Binary variable equal to 1 if DG unit g is on-

line in MG φ at time t, 0 otherwise.
yg,φ,t Binary variable equal to 1 if DG unit g starts

up in MG φ at time t, 0 otherwise.
zg,φ,t Binary variable equal to 1 if DG unit g shuts

up in MG φ at time t, 0 otherwise.
xese,φ,t Binary variable equal to 1 if ESS unit e is on-

line in MG φ at time t, 0 otherwise.

xes−e,φ,t Binary variable equal to 1 if ESS unit e is
charging in MG φ at time t, 0 otherwise.

xes+e,φ,t Binary variable equal to 1 if ESS unit e is
discharging in MG φ at time t, 0 otherwise.

xpvv,φ,t Binary variable equal to 1 if PV unit v is on-
line in MG φ at time t, 0 otherwise.

xwtw,φ,t Binary variable equal to 1 if MWT unit w is
connected to MG φ at time t, 0 otherwise.

uw,m,t Binary variable equal to 1 if MWT unit w is
located at TS node m at time t, 0 otherwise.

I. INTRODUCTION

Recently, the increasing penetration of renewable energy re-
sources and improvements in the energy storage technologies
have brought about more complexity to microgrid (MG)
architectures, while enhance the effectiveness of energy man-
agement systems (EMSs) in lowering the system operating
costs and increasing the efficiency measures. The utilization
of renewable energy resources (e.g., wind and solar) within an
EMS optimization of the MGs is widely discussed in [1]–[4].
Study [5] proposes an ultra-capacitor hybrid energy storage
system (ESS) that can achieve a high-efficiency operation
of the MGs. Beside the strategies mentioned above, electric
thermal storage (ETS) and mobile wind turbine (MWT) units
can also help efficiency enhancement in the MG operation.

By allowing for management of charging electric power
and heat separately, an ETS unit can store thermal energy
converted from electric energy during off-peak hours and
discharge it for heating during peak hours [6]. A physics-
based load model of ETS units is presented in [7]. The study
in [8] discusses and analyzes the benefits and limitations of
applying ETS supplied by wind-generated electricity to ad-
dress issues of integrating intermittent renewables and electric
space heating. A two-stage stochastic programming model
for provision of flexible demand response based on ETS is
presented in [9] to minimize the daily cost of electricity and
gas import/export. The study in [10] proposes a price-based
optimal control model for the combined demand response
potential of the direct electric space heating and partial ther-
mal storage, highlighting the benefits of demand response to
aggregators. A mathematical model for an ETS is presented
and integrated into a decoupled Unit Commitment and Optimal
Power Flow-based EMS model in MG [11], where the benefits
of integrating ETS are measured in terms of reducing operating
costs, and load curtailment in the isolated MG.

Compared to stationary energy resources, such as diesel
generators (DGs), solar panels, wind turbines, and ESSs,
mobile power sources (MPSs) have promising potential for
spatio-temporal flexibility exchange in MGs and have gained
increasing attention for enhancing the efficiency of the MG
operation and the resilience of power grids. The study in
[12] proposes a day-ahead EMS model integrating MPSs to
maximize the day-ahead profit and regulate the voltage level
in power distribution systems. The study in [13] has proposed
a two-stage restoration scheme with MPS utilization through
a mixed-integer linear programming (MILP) model. A rolling
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integrated service restoration strategy for scheduling and rout-
ing MPSs is introduced in [14], capturing the uncertainty in
the status of the roads and electric branches. The study in
[15] presents a restoration framework with joint probabilistic
constraints to boost system resilience considering the appli-
cation of MPSs. However, MPSs investigated in the literature
[12]–[15] consume traditional energy to supply power, which
have higher operating costs and harmful emissions. MWTs are
transportable small-scale wind turbines that can unlock many
applications in commercial, residential, government, military,
and humanitarian markets [16]. The MWT is purposely de-
signed to extract as much energy as possible from wind and
keep parasitic losses to a minimum during the delivery process.
Beyond low-cost power, the machine will be invaluable for
EMS, in particular in rural areas, and other mobile operations
that are constrained by the limitations of the power grid and/or
availability of fuels.

The existing literature on EMS has not incorporated joint
utilization of MWT and ETS into the MG energy portfolio.
MWT offers a spatio-temporal flexibility to generating ca-
pacity, while ETS shifts demand profiles to make the most
out of the renewable energy generation. This paper presents
a new EMS model for all kinds of energy resources that
operators could opt to include within their MG: solar, wind,
battery storage, thermal storage, mobile energy sources, and
traditional generation. To demonstrate the benefits of this
unified model, an MILP optimization problem is constructed
to evaluate the performance of EMS for joint operation of
MWT and ETS units. The model performance is verified on
an integrated test system: a Sioux Falls transportation network
and four IEEE 33-node distribution systems.

The rest of this paper is organized as follows: Section II
introduces the proposed EMS optimization model, Section III
discusses numerical results, and Section IV summarizes the
research findings.

II. PROBLEM FORMULATION

In this section, we propose a new EMS optimization model
that explicitly accounts for joint operation of MWT and ETS in
isolated MGs. The proposed model is formulated as an MILP
optimization problem with the following objective function:

min
∑
φ∈ΦΦΦ

∑
t∈T

[ ∑
ψ∈ΨΨΨ

cupψ,tp
u
ψ,φ,t +

∑
g∈G

(agp
dg
g,φ,t + bgx

dg
g,φ,t

+ csug yg,φ,t + csdg zg,φ,t) +
∑
i∈B

cetsµφ,tH
ets
i,φ,t

]
(1)

The objective function (1) aims to minimize the total operating
cost through effective management of MWT and ETS in MGs.
The first term represents the cost of power obtained from
upstream systems. The second term indicates the operating
costs of DGs, including generation, no-load, start-up, and shut-
down costs. The third term reflects the operating cost of ETS
[11]. The proposed optimization model has a mixed-integer
linear feasible set defined by the operation constraints (on
MGs, DGs, ESSs, renewable energy, and ETS ) described in
the following subsections II-A to II-E.

A. Microgrids Operation Constraints

Constraints (2a) and (2b) describe the real and reactive
power balance conditions at each node in MGs. The energy
resources include: power from the upstream system, DG power
generation, ESS net output, solar energy from PV, and wind
power from MWT. The term δφ,tP

d
i,φ,t in constraint (2a)

indicates the required demand for electric heating. To ease
the notations, we define the index set V = {(i, j, l, φ, t) :
i, j ∈ B, l ∈ L, φ ∈ ΦΦΦ, t ∈ T}. Constraint (2c) represents the
power flow equations within MGs with radial architecture [17].
Constraints (2d)-(2h) state the limits for the squared voltage
magnitudes, real/reactive power flow, and real/reactive power
from upstream systems, respectively.∑

l(j,i)∈L

pfl,φ,t +
∑
ψ∈ΨΨΨi

puψ,φ,t +
∑
g∈Gi

pdgg,φ,t +
∑
e∈Ei

pese,φ,t

+
∑
v∈Vi

ppvv,φ,t +
∑
w∈Wi

pwtw,φ,t

=
∑

l(i,j)∈L

pfl,φ,t +
(

(1− δφ,i) + (1− µφ,i)δφ,i
)
P di,φ,t

+ µφ,ip
ete
i,φ,t i ∈ B, φ ∈ ΦΦΦ, t ∈ T (2a)∑

l(j,i)∈L

qfl,φ,t +
∑
ψ∈ΨΨΨi

quψ,φ,t +
∑
g∈Gi

qdgg,φ,t +
∑
e∈Ei

qese,φ,t

=
∑

l(i,j)∈L

qfl,φ,t +Qdi,φ,t i ∈ B, φ ∈ ΦΦΦ, t ∈ T (2b)

νsi,φ,t − νsj,φ,t = 2(Rlp
f
l,φ,t +Xlq

f
l,φ,t) (i, j, l, φ, t) ∈ V

(2c)

V OLSi,φ ≤ νsi,φ,t ≤ V OL
S

i,φ i ∈ B, φ ∈ ΦΦΦ, t ∈ T (2d)

− PFl,φ ≤ p
f
l,φ,t ≤ P

F
l,φ l ∈ L, φ ∈ ΦΦΦ, t ∈ T (2e)

−QFl,φ ≤ q
f
l,φ,t ≤ Q

F
l,φ l ∈ L, φ ∈ ΦΦΦ, t ∈ T (2f)

0 ≤ puψ,φ,t ≤ PUPψ ψ ∈ΨΨΨ, φ ∈ ΦΦΦ, t ∈ T (2g)

0 ≤ quψ,φ,t ≤ QUPψ ψ ∈ΨΨΨ, φ ∈ ΦΦΦ, t ∈ T (2h)
B. Diesel Generators Operation Constraints

In this subsection, we define the index sets G = {(g, φ, t) :
g ∈ G, φ ∈ ΦΦΦ, t ∈ T} and G′ = {(g, φ, t) : g ∈ G, φ ∈ ΦΦΦ, t ∈
T\{1}}. Constraint (3a) denotes the relationship between the
DG’s start-up and shut-down statuses based on its dispatch
schedules. Constraint (3b) guarantees that each DG unit cannot
start up and shut down at the same time. Each DG unit has a
ramp rate, start-up and shut-down limits to restrict the changes
in power output over time, which are modelled by constraints
(3c) and (3d). Constraints (3e) and (3f) represent the minimum
up-time and down-time constraints for DG unit g in MG φ.
Constraints (3g) and (3h) specify the boundaries for real and
reactive power output of DG unit g in MG φ, while the binary
variable xdgg,φ,t = 0 assures that the real and reactive power
outputs are equal to 0.
yg,φ,t − zg,φ,t = xdgg,φ,t − x

dg
g,φ,t−1 (g, φ, t) ∈ G′ (3a)

yg,φ,t + zg,φ,t ≤ 1 (g, φ, t) ∈ G (3b)

pdgg,φ,t − p
dg
g,φ,t−1 ≤ α

+
g,φ(1− yg,φ,t) + β+

g,φyg,φ,t

(g, φ, t) ∈ G′ (3c)
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pdgg,φ,t−1 − p
dg
g,φ,t ≤ α

−
g,φ(1− zg,φ,t) + β−g,φzg,φ,t

(g, φ, t) ∈ G′ (3d)

yg,t ≤ xdgg,τ (g, φ, t) ∈ G, τ ∈ [t,min(γ+
g,φ + t, |T|)] (3e)

zg,t ≤ 1− xdgg,τ (g, φ, t) ∈ G, τ ∈ [t,min(γ−g,φ + t, |T|)]
(3f)

PDGg,φ x
dg
g,φ,t ≤ p

dg
g,φ,t ≤ P

DG

g,φ x
dg
g,φ,t (g, φ, t) ∈ G (3g)

QDG
g,φ

xdgg,φ,t ≤ q
dg
g,φ,t ≤ Q

DG

g,φ x
dg
g,φ,t (g, φ, t) ∈ G (3h)

C. Energy Storage System Operation Constraints

To ease the notations, we define the index sets E =
{(g, φ, t) : e ∈ E, φ ∈ ΦΦΦ, t ∈ T} and E′ = {(g, φ, t) :
e ∈ E, φ ∈ ΦΦΦ, t ∈ T \ {1}}. The variations in the state
of charge (SOC) of ESSs over time is determined by their
charging and discharging behaviors, as denoted in constraint
(4a). Constraint (4b) restricts the range of SOC of ESSs.
Constraint (4c) indicates that charging and discharging of
ESSs are mutually exclusive. Constraints (4d) and (4e) impose
the limits for charging and discharging power of ESS units,
respectively. The net real power output of ESSs is bounded
by constraint (4f). Constraint (4g) specifies the boundary for
reactive power output of the ESS units.
SOCe,φ,t − SOCe,φ,t−1 = ηes−e,φ p

es−
e,φ,t−1 − p

es+
e,φ,t−1/η

es+
e,φ

(e, φ, t) ∈ E′ (4a)

SOCe,φ ≤ SOCe,φ,t ≤ SOCe,φ (e, φ, t) ∈ E (4b)

xes+e,φ,t + xes−e,φ,t ≤ x
es
e,φ,t (e, φ, t) ∈ E (4c)

0 ≤ pes−e,φ,t ≤ P
ES−
e,φ,t (e, φ, t) ∈ E (4d)

0 ≤ pes+e,φ,t ≤ P
ES+
e,φ,t (e, φ, t) ∈ E (4e)

pese,φ,t = pes+e,φ,t − p
es−
e,φ,t (e, φ, t) ∈ E (4f)

xese,φ,tQ
es

e,φ,t
≤ qese,φ,t ≤ xese,φ,tQ

es

e,φ,t (e, φ, t) ∈ E (4g)
D. Renewable Energy Operation Constraints

In this study, there are two sources of renewable energy
within each MG — PV installed ex-ante and MWT assigned
by system operators. Constraint (5a) denotes the range of
power output for PV unit v in MG φ at time period t. The
operation of MWTs is modelled by constraints (5b) – (5h).
Each MWT unit w can stay in at most one TS node at any time
period, which is enforced by constraint (5b). The routing of
MWTs is defined by constraint (5c). Constraint (5d) specifies
the initial location of MWTs which are all positioned at the
depot. Constraint (5e) ensures that the total number of MWTs
located at TS node m at any time period does not exceed the
maximum number of vehicles that node m can host. Constraint
(5f) restricts that MWT m can be connected to MG φ only if
it reaches the TS node m, at the location of MG φ. Constraint
(5g) indicates the power output of MWTs over all time periods.
The total power output of MWTs cannot exceed the maximum
wind energy that can be used in MG φ at time t, which is
denoted by constraint (5h).

0 ≤ ppvv,φ,t ≤ P
PV
φ,t x

pv
v,φ,t v ∈ V, φ ∈ ΦΦΦ, t ∈ T (5a)∑

m∈M

uw,m,t ≤ 1 w ∈W,m ∈ N, t ∈ T (5b)

uw,n,t+τ ≤ 1− uw,m,t
w ∈W,m, n ∈ N, τ ≤ Ktr

m,n, t ≤ |T| − τ (5c)

uw,m,1 = 1 w ∈W,m ∈ Nd (5d)∑
w∈W

uw,m,t ≤ Capm m ∈ N, t ∈ T (5e)

uw,m,t ≥ λm,φxwtw,φ,t w ∈W,m ∈ Nφ ∈ ΦΦΦ, t ∈ T (5f)

pwtw,φ,t = PWT
w xwtw,φ,t w ∈W, φ ∈ ΦΦΦ, t ∈ T (5g)∑

w∈W

pwtw,φ,t ≤ PWφ,t φ ∈ ΦΦΦ, t ∈ T (5h)

E. Electric Thermal Storage Operation Constraints

Constraints (6a) – (6e) represent ETS operation within MGs
over all time periods. The change in ETS thermal energy level
is denoted by constraint (6a). Constraint (6b) indicates the
characteristics of the effective thermal energy self-discharge of
ETS [11]. Constraint (6c) represents the relationship between
electric input and thermal output for electric heating element
of ETS. Constraints (6d) and (6e) state the limits for ETS
thermal energy level and electric input of ETS, respectively.
πi,φ,t − πi,φ,t−1 = pethi,φ,t−1 − δφ,t−1P

d
i,φ,t−1 −Hets

i,φ,t−1

i ∈ B, φ ∈ ΦΦΦ, t ∈ T \ {1} (6a)

Hi,φ,t ≥ (1− ηth)πi,φ,t − δφ,tP di,φ,t i ∈ B, φ ∈ ΦΦΦ, t ∈ T
(6b)

pethi,φ,t = ηetspetei,φ,t i ∈ B, φ ∈ ΦΦΦ, t ∈ T (6c)

Π ≤ πi,φ,t ≤ Π i ∈ B, φ ∈ ΦΦΦ, t ∈ T (6d)

0 ≤ petei,φ,t ≤ PET i ∈ B, φ ∈ ΦΦΦ, t ∈ T (6e)

III. NUMERICAL RESULTS

A. Test System Description

Fig. 1. An integrated test system with a Sioux Falls transportation network
and four microgrids.

In this section, the effectiveness of the proposed EMS
model is verified by application to a test case that integrates a
transportation system and multiple isolated microgrids; that is,
a Sioux Falls transportation network [18] and four IEEE 33-
node distribution systems [19] (see Figure 1). To investigate
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Fig. 2. Dispatch for all three cases in the Microgrid 3

the impact of joint operation of MWT and ETS units on
the energy management of the MGs, we here study three
different cases on this test system: Case I includes neither
MWT nor ETS units; Case II allows the EMS to command
MWT without the presence of ETS, and Case III involves both
MWT and ETS participation within the EMS optimization.
Eight MWTs are considered in the test system, each with the
rated power set to be 50 kW [20]. The detailed information on
ETS units can be found in [21]. The operating costs of DGs,
including generation, no-load, start-up, and shut-down costs,
are the same in each MG, which are presented in Table I. All
simulations have been conducted on a PC with an Intel Xeon
E5-2620 processor and 16 GB of memory using AMPL with
the optimization solver Gurobi 9.0.2.

TABLE I
THE OPERATING COSTS OF DGS

Unit ag bg csug csdg
DG1 0.2881 7.5 15 5.3
DG2 0.2876 0 7.35 1.44
DG3 0.2571 25.5 4.5 8.3
DG4 0.224 45.5 9.5 15.3

B. Analysis and Discussions

Table II presents a summary of the results in all studied
cases. Based on the results presented in Table II, one can
observe that (i) the operating cost of the integrated test system
is reduced from Case I to Case III, which highlights that the
application of MWT and ETS can lower the operating cost of
the energy systems, (ii) DG1 — the most expensive generator
— is dispatched less during the total time span in all cases,
while the dispatch percentage of the second-most expensive
generator DG2 decreases sharply from Case I to Case III,

(iii) The dispatch percentage of ESS is the least in Case III,
where the ETS is utilized.

TABLE II
SUMMARY OF THE RESULTS IN ALL STUDIED CASES

Case Operating Cost Dispatch Percentage (%)

[$] DG1 DG2 ESS
I 79477.6 11.6 50 35.9
II 77540.6 10.3 39.7 35.9
III 76513.5 0 0 13

Figure 2 presents stacked-area plots of the optimal dispatch
obtained for all studied cases in Microgrid 3. The red solid
line represents the forecasted demand (PD), while the red
dashed-line indicates the total real-time demand including
forecasted demand required by costumers, ESS charging, and
ETS electric input (PDr = PD+PES−+PETS). Compared
to Case I and Case II, the real-time demand profile is
significantly different with that of the forecasted demand in
Case III. During the time periods t1–t6, where the purchase
price of power from upstream systems is low, and the time
periods t7–t15, where the solar energy is sufficient and MWTs
are connected, ETS consumes more electric power to store
extra thermal energy. When the power purchase price from
the upstream system is high and the renewable energy has
decreased (t16–t24), ETS discharges the heat, leading to less
energy required for electric heating.

The optimal routing and scheduling of MWTs in the test
system for Case II and Case III is presented in Figure 3.
The assignments of MWTs 1-3, MWTs 5-6, MWT 8 are the
same in both cases. MWTs 4 and 7 supply wind energy to
Microgrid 3 during less time intervals in Case II than in
Case III (t14–t15 in Case II vs. t9–t15 in Case III).
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Fig. 3. The optimal routing and scheduling of MWT units in the integrated
test system.

Verifying the proposed EMS model by numerical case
studies, we can make several observations:
• Including MWT and ETS in an EMS model can signifi-

cantly decrease operating cost of MGs by reducing power
drawn from upstream systems and power produced from
more expensive DGs.

• ETS can shift the demand profile by charging during off-
peak hours or hours with sufficient renewable energy, and
discharging during peak hours or hours with insufficient
renewable energy.

• The routing and scheduling of MWTs will vary with
the participation of ETS, as optimally decided by the
proposed EMS model.

IV. CONCLUSION

In this paper, we developed an EMS model for joint
operation of MWT and ETS in isolated MGs. The proposed
model is formulated as an MILP optimization problem and
implemented on an integrated test system with a Sioux Falls
transportation network and four IEEE 33-node distribution sys-
tems. Extensive numerical results highlight that the application
of MWT and ETS can significantly reduce the operating cost
of MGs. The primary driver for this cost reduction is the
generating flexibility and energy storing capabilities offered
by MWT and ETS. These technologies, when managed by
an effective EMS, can shift the load profile of a MG and
prevent costs associated with peak demand. Future research
could employ stochastic or robust optimization to discuss the
impact of uncertain wind energy distribution on the routing
and scheduling of MWT.
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