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With the increasing share of renewable energy resources in the microgrid, the microgrid
faces more and more challenges in its reliable operation. One major challenge is the
potential congestion caused by the uncoordinated operation of flexible demands such as
heat pumps and the high penetration of renewable energy resources such as
photovoltaics. Therefore, it is important to conduct microgrid energy management to
ensure its reliable operation. The energy storage system (ESS) scheduling as an efficient
means to alleviate congestion has been widely used. However, in the existing literature, the
ESSs are usually scheduled by the microgrid system operator (MSO) in a direct control
manner, which is impractical in the case where customers own ESSs and are willing to
schedule ESSs by themselves. To resolve this issue, this study proposes a network
reconfiguration integrated dynamic tariff–subsidy (DTS) congestion management method
to utilize ESSs and network reconfiguration to alleviate congestion in microgrids caused by
renewable energy resources and flexible demands. In the proposed method, the MSO
controls sectionalization switches while customers or aggregators schedule ESSs in
response to DTS to alleviate congestion. The DTS calculation model is formulated as a
mixed-integer linear programming model, considering heat pumps (HPs), ESSs, and
reconfigurable microgrid topology. The numerical results demonstrate that the
proposed method can effectively use ESSs and network topology to alleviate
congestion and the MSO does not need to take over the scheduling of the ESS.

Keywords: congestion management, microgrid, dynamic tariff–subsidy, energy storage system, renewable energy
resources

INTRODUCTION

To deal with energy shortage and environmental pollution issues, renewable energy resources, such
as wind power and solar power, have been extensively integrated into the microgrid. The focus is on
the microgrid because it might be the final link between the electricity grid and end-users and has
significant impacts on the continued electricity supply. Thus, it is critical to ensure the reliable
operation of the microgrid with high penetration of renewable energy resources (Omar and Hamdan,
2018).

The increasing penetration of renewable energy resources introduces great challenges to the
microgrid operator. One major challenge is the potential congestion problem caused by the
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uncoordinated power consumption of flexible demands or the
production of renewable energy resources, such as photovoltaics
(PVs) (Huang et al., 2014). In order to resolve the congestion
problem, a huge number of demand response (DR) schemes have
been proposed to mitigate congestion. The DR can be considered
as a program designed to change the electricity consumption
patterns of end-users in response to electricity price changes or
given incentives (U. S. Department of Energy, 2006). The DR
programs can be classified into two types: 1) incentive-based DR
programs and 2) price-based DR programs.

For the price-based DR programs, there are dynamic tariff
(DT) method (Huang et al., 2015) (Li et al., 2014) (Shen et al.,
2019), dynamic subsidy (DS) method (Huang and Wu 2016),
shadow price method (Biegel et al., 2012), dynamic power tariff
(DPT) method (Huang et al., 2019), and dynamic tariff–subsidy
(DTS) method (Huang and Wu, 2019). All these methods are
designed based on a common principle that the resulting
electricity prices (spot prices plus tariffs or minus subsidies) at
congested hours are higher than prices in those hours without
congestion. Therefore, the aggregators will shift flexible demands
to off-peak hours to minimize their energy costs and
consequently resolve congestion. In Huang et al. (2015), Shen
et al. (2019), Biegel et al. (2012), and Huang et al. (2019), the
distribution system operator (DSO) collects tariffs at congested
hours while the DSO in Huang and Wu (2016) pays a subsidy to
the aggregators at uncongested hours. The DSO calculates tariffs
or subsidies, based on which aggregators make their own energy
schedules that respect system constraints. In Huang and Wu
(2019), the DSOwould collect tariffs or pay subsidies based on the
congestion situation. If congestion is caused by the feed-in power
from renewable energy resources, such as PVs, then the DSO pays
subsidies to motivate customers to have more power
consumption; otherwise, the DSO collects tariffs.

For the incentive-based DR programs, a monetary-based DR
program was proposed in Sarker et al. (2015), in which customers
reschedule power consumption in response to the incentives. The
final incentives are determined by an iterative process between
the DSO and the load-serving entity. In Zhang et al. (2014),
Belhomme and Sebastian (2009), and Kulmala et al. (2017), local
flexibility markets were built. In the local flexibility market, DSO
can procure flexibility to resolve congestion and customers
receive payments accordingly.

In addition, congestionmight occur in real-time operation due
to forecast errors and system failures. A coupon incentive-based
DR programwas developed by Zhong et al. (2013) to deal with the
price spike and real-time congestion. The coupon incentives are
sent to motivate customers to change their demands and submit
the updated demand bids to the real-time market. In Haque et al.
(2016), an agent-based real-time congestion management scheme
was introduced, in which a DR scheme is first employed to resolve
congestion and an active curtailment method is used afterward.
In Huang and Wu (2018), a flexible demand swap-based DR
scheme was proposed. In the scheme, the flexible demand swap
occurs both temporally and spatially. The spatial swap represents
power consumption exchange, that is, a power consumption
decrease at one bus is compensated by a power consumption
increase at another bus. The temporal swap allows the flexible

demands to rebound their energy consumption in a specified
period that has enough remaining loading amount. The swap-
based DR scheme in Huang andWu (2018) was extended in Shen
et al. (2020a) by employing the transactive energy concept to
consider the willingness of customers for providing flexibility.

However, energy storage system (ESSs) scheduling as an
efficient means for congestion management has not been
considered in the abovementioned literature. In Spiliotis et al.
(2016), the authors developed a model to determine the optimal
mix of incremental grid expansions and installed local energy
storage. In Vatsala et al. (2020), the optimal location and sizing of
ESSs were studied for transmission congestion management. The
proposed model was solved by flower pollination algorithm
combined with differential evolution algorithm. In Ehsan et al.
(2019), the critical transmission lines in congestion are first identified
and then distributed generation (DG) and ESSs are optimally
scheduled to alleviate the envisaged congestion. However, the
scheduling of ESSs in the abovementioned methods is based on
direct control by the microgrid system operator (MSO), which is
impractical in the case where end-users own their local ESSs and the
system operator has no access to the control of local ESSs. Therefore,
we extend the DTS concept in Huang and Wu (2019) in order to
handle congestion of the microgrid through ESS scheduling in an
indirect manner, that is, use price as control signals. In addition,
network reconfiguration can be integrated with a market-based
method to achieve the optimized congestion management.
However, the integration of the DTS and network reconfiguration
has not been studied in the existing literature.

The main contributions of this study are summarized as
follows: 1) compared with the existing works utilizing either
network reconfiguration or DTS for congestion management,
this work proposes to integrate network reconfiguration into the
DTS method to alleviate congestion of microgrids. Accordingly, a
novel network reconfiguration integrated DTS calculation model
considering ESSs, PVs, and heat pumps (HPs) is formulated. 2)
Compared with conventional frameworks in which the MSO
controls ESSs to alleviate congestion directly, this work designs
a new microgrid congestion management framework that uses
ESSs locally to alleviate congestion in an indirect manner based on
the prices; therefore, the MSO does not need to control local ESSs.

The rest of this article is organized as follows. The procedure of
the proposed method for congestion management is presented in
Procedure of the Proposed Method for Congestion Management.
The model formulations at the DSO side and aggregator side and
DTS calculations are presented in Model Formulation of the
Proposed Method. Case studies are presented and discussed in
Case Studies, followed by conclusions.

PROCEDURE OF THE PROPOSED
METHOD FOR CONGESTION
MANAGEMENT
In this section, the concept of the DTS and the procedure of the
proposed method for congestion management are presented.

Compared with the DT method (Huang et al., 2015) and the
DS method (Huang and Wu, 2016), the DTS at each hour can be
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positive or negative. The positive rates can be considered as DTs
and negative rates play the same role as the DSs. Similar to the DT
and the DS method, the DTS method is a decentralized market-
based congestion management method. According to Huang and
Wu (2019), the procedures of using the DTS to solve congestion
are shown in Figure 1 as follows:

1) The MSO predicts the spot prices and obtains a grid model.
The DSO also obtains ESSs data and flexible demand data
from the aggregators or by its own prediction and obtains
renewable energy resource data, such as power output profiles.

2) The MSO solves a DTS model considering system constraints
to obtain the DTS and optimal network topology schedule and
then sends DTSs to the aggregators.

3) The aggregators solve their own optimizations based on the spot
prices and DTSs to make ESS and flexible demand schedules.

4) The aggregators submit day-ahead ESS energy schedules and
flexible demand schedules to the day-ahead energy market.

In the proposed method, the aggregator acts as mediator among
customers, the MSO, and the market operator. The aggregator has
two roles: 1) submit energy bids and purchase energy from the day-
ahead market on behalf of customers and 2) schedule flexible
demands and ESSs for customers. In the proposed method, each
customer is assigned to an aggregator by a contract. In this study,
one aggregator is assumed for simplicity.

MODEL FORMULATION OF THE
PROPOSED METHOD

In this section, model formulations at the MSO and the
aggregator side and DTS calculations are presented.

Model Formulation at the MSO Side
The MSO solves an optimal power flow (OPF) model to
determine the DTSs and network topology schedule. In the
study, heat pumps as flexible demands and PVs as renewable
energy resources are considered. In the day-ahead energy market,

heat pumps submit energy schedules in order to meet power
consumption needs and ESS submit energy schedules in order to
gain profits, that is, ESSs charge power at hours with low energy
prices and discharge power at hours with high energy prices.

The objective of the MSO optimization is to minimize the total
energy schedule costs and switching operation costs, as follows:

min⎡⎢⎢⎢⎢⎣ ∑
i∈Nhp ,t∈Nt

1
2
pTi,tBi,tpi,t +(ct1)Tpi,t ⎤⎥⎥⎥⎥⎦+⎡⎢⎣ ∑

i∈Ness ,t∈Nt

1
2
~pc,Ti,t Bi,t~p

c
i,t +(ct1)T~pci,t⎤⎥⎦

−⎡⎢⎣ ∑
i∈Ness ,t∈Nt

1
2
~pd,Ti,t Bi,t~p

d
i,t +(ct1)T~pdi,t⎤⎥⎦ + ∑

l∈Nl ,t∈Nt

cswsl,t . (1)

The objective function consists of four terms: the first term is to
minimize the HP energy cost, whereNhp andNT are set of HPs and
day-ahead planning periods, respectively; ct is the spot price at hour
t; Bi,t is the price sensitivity matrix corresponding to ith power
consumption at hour t; and pi,t is the HP power consumption. The
price sensitivity coefficient Bi,t is considered in order to have
quadratic terms to avoid the multiple solution issue as detailed
in Huang et al. (2015). The second term is to minimize the energy
cost of ESS charging power, where Ness is the set of ESSs and ~p

c
i,t is

ESS charging power. The third term is to maximize the profit of
ESS discharging power, where ~pdi,t is ESS discharging power. The
fourth term is tominimize the switching operation cost, whereNl is
the sets of controllable switches, csw is the switching operation cost,
and sl,t is the counting switching operation.

The MSO optimization has the following constraints:

• Line loading constraints:

⎧⎪⎪⎨⎪⎪⎩
∑
l∈Nl

~Bl,bFl,t � ⎡⎢⎢⎢⎢⎣ ∑
i∈Nhp

Ei,bpi,t + ∑
i∈Ness

Ei,b(~pci,t −~pdi,t)⎤⎥⎥⎥⎥⎦+pcb,t +ppvb,t;∀b ∈Nb (ρb,t)
−ul,t f max

l,t ≤Fl,t ≤ul,t f max
l,t ; ∀l ∈Nl , t ∈NT (λ+l,t ,λ−l,t)

,

(2)

where Nb is the set of buses, ~Bl,b is the bus to line mapping factor,
Ei, b is the customer to bus mapping factor, pct is the conventional
active load at hour t, p pv

b,t is the PV active power output at hour t
at bus b, Fl,t is the line loading on line l at hour t, f max

l,t is the line

FIGURE 1 | Procedure of the network reconfiguration integrated DTS method for congestion management.
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loading limit of lth line at hour t, and ul,t is the binary variable
representing the status of the switch l, switch l is closed if ul,t � 1,
switch l is open if ul,t � 0, and λ+l,t , λ

−
l,t , and ρb,t are dual variables of

the corresponding constraints.

• Heat pumps constraints (Bacher and Madsen, 2011; Huang
et al., 2015):

ccopi pi,t − k1(Kh
i,t − Ku

i,t) − k2(Kh
i,t − K s

i,t)
� k3(Kh

i,t − Kh
i,t−1); (ϕi,t)∀t ∈ Nt , i ∈ Nhp. (3)

−k4(K s
i,t − Ku

i,t) + k2(Kh
i,t − K s

i,t)
� k5(K s

i,t − K s
i,t−1); (φi,t)∀t ∈ Nt , i ∈ Nhp.

(4)

Kh,min
i,t ≤Kh

t,i ≤K
h,max
i,t ;∀t ∈ Nt , i ∈ Nhp(μ−i,t , μ+i,t). (5)

pmin
i ≤ pi,t ≤ pmax

i ;∀t ∈ Nt , i ∈ Nhp(σ−i,t , σ+
i,t). (6)

Constraints (3) and (4) represent thermal equations of the house
equipped with the heat pump, where ccopi is the coefficient of
performance (COP), k1, k2, k3, k4, and k5 are thermal efficiency
coefficients, and Kh

i,t , Ku
i,t , and Ks

i,t are the household inside
temperature, outside temperature, and structure temperature,
respectively. Constraint (5) represents household temperature
constraint, where Kh,max

i,t and Kh,min
i,t are the maximum and

minimum limits of the household inside temperature. Constraint
(6) represents the power consumption constraint of the heat pump,
where php,max

i and php,min
i are the maximum and minimum limits of

the heat pump power consumption, respectively.

• Energy storage system constraints (Shen et al., 2020b):

emin
i,t ≤ ei,0 + ∑

t− ≤ t

(ηc~pci,t−Δt − ~pdi,t−/ηdΔt)
≤ emax

i,t ,∀i ∈ Ness, t ∈ Nt (~μ−i,t , ~μ+i,t).
(7)

⎧⎨⎩ xci,t~p
c,min
i,t ≤ ~pci,t ≤ x

c
i,t
~pc,max
i,t ,∀i ∈ Ness, t ∈ Nt (~σc−

i,t , ~σ
c+
i,t )

xdi,t~p
d,min
i,t ≤ ~pdi,t ≤ x

d
i,t
~pd,max
i,t ,∀i ∈ Ness, t ∈ Nt (~σd−i,t , ~σd+

i,t ) . (8)

∑
t∈Nt

(ηc~pci,tΔt − ~pdi,t/ηdΔt) � 0; ∀i ∈ Ness (ϕi). (9)

xci,t + xdi,t ≤ 1; ∀i ∈ Ness , t ∈ Nt (ci). (10)

Constraint (7) is the ESS energy balance constraint, where ei,0 is
the initial SOC level, emin

i,t and emax
i,t are the minimum andmaximum

limits of the ESS SOC level, respectively, Δt is the time interval, and
ηc and ηd are ESS charging and discharging efficiency coefficients,
respectively. It is assumed that the ESS charging and discharging
efficiency coefficients are the same. Constraint (8) limits ESS
charging and discharging power, where ~pc,max

i,t and ~pd,max
i,t are the

maximum limits of charging and discharging power, respectively,
~pc,min
i,t and ~pd,min

i,t are the minimum limits of charging and
discharging power, respectively, and xci,t and xdi,t are binary
variables representing ESS charging and discharging status,
respectively; the ESS is in the charging mode if xci,t � 1, and the
ESS is in the discharging mode if xdi,t � 1. Constraint (9) represents
the SOC level at the end of the scheduling horizon is the same as the
initial SOC level. Constraint (10) denotes that the ESS cannot
charge and discharge at the same time.

• Network radiality constraints:

∑
l∈Nl

ul,t � nv − 1;∀t ∈ NT . (11)

Constraint (11) is the network radiality constraint,
representing that the number of closed switches is equal to the
number of vertexes (nv) minus one.

After solving the MSO optimization problem, the DTS (ρb,t) at
each hour can be obtained. It is noted that the dual variables of a
MILP problem can be derived based on the assumption that very
small changes at the right sides of constraints will not change the
discrete variables. Suppose that the optimal solutions (ppi,t , ~p

p
i,t , u

p
l,t ,

xc*i,t , and x
d*
i,t ) are obtained, and the dual variables can be calculated

from the KKT conditions of the relaxed MSO optimization with
fixed discrete variables (upl,t , x

c*
i,t , and xd*i,t ).

Model Formulation at the Aggregator Side
The indirect congestion management idea is that, through the link
of DTSs, the aggregator can solve the aggregator optimization
model to make energy schedules that respect system operational
constraints such as line loading constraints without needing to
incorporate the system operational constraints into the aggregator
optimization model. Therefore, compared with the MSO
optimization model, the objective function of the aggregator
optimization model has an extra term associated with the DTSs,
and the system operational constraints are not modeled. After
receiving the DTSs, the aggregator determines its energy schedules
by solving the following optimization model.

• Objective function:

min⎡⎢⎢⎢⎢⎣ ∑
i∈Nhp ,t∈Nt

1
2
pTi,tBi,tpi,t +(ct1)Tpi,t ⎤⎥⎥⎥⎥⎦+⎡⎢⎣ ∑

i∈Ness ,t∈Nt

1
2
~pc,Ti,t Bi,t~p

c
i,t +(ct1)T~pci,t⎤⎥⎦

−⎡⎢⎣ ∑
i∈Ness ,t∈Nt

1
2
~pd,Ti,t Bi,t~p

d
i,t +(ct1)T~pdi,t⎤⎥⎦ + ∑

i∈Ness ,t∈Nt ,b∈Nb

~Ei,bρb,t(~pci,t −~pdi,t).
(12)

The objective function of the aggregator optimizationmodel consists
of four terms: the first term is to minimize the HP energy cost, the
second term is to minimize the energy cost of ESS charging power, the
third term is to maximize the profit of ESS discharging power, and
the last term is to minimize the energy cost associated with DTSs.

• Constraints

The constraints of the aggregator optimization model are ESS
and HP operation constraints in (3)–(10).

Equivalence of the Solutions at the MSO
Side and at the Aggregator Side
In order to demonstrate the equivalence of the solutions at the
MSO and aggregator side, the KKT conditions of the MSO
optimization and aggregator optimization are derived (Chen
et al., 2018; Chen et al., 2019; Cheng et al., 2019; Wei et al.,
2019). For simplicity, the KKT conditions of theMSO optimization
are presented as follows:
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Bi,tpi,t + ct + ∑
b∈Nb

Ei,bρb,t + ccopi ϕi,t + (σ+
i,t − σ−

i,t) � 0;

Bi,t~p
c
i,t + ct + ∑

b∈Nb

~Ei,bρb,t + ηcΔt∑
t≤ t+

(~μ+i,t − ~μ−i,t) + (~σc+
i,t − ~σc−

i,t ) + ~ϕi � 0;

−Bi,t~p
d
i,t − ct − ∑

b∈Nb

~Ei,bρb,t + ∑
t≤ t+

(~μ−i,t −~μ+i,t)/ηcΔt+(~σd+i,t −~σd−
i,t )− ~ϕi � 0;

∑
b∈Nb

~Bl,bρb,t + λ+l,t − λ−l,t � 0;

−(k1 + k2 + k3)ϕi,t + k3ϕi,t+1 + k2φi,t + (μ+i,t − μ−i,t) � 0;

k2ϕi,t − (k4 + k2 + k5)φi,t + k5φi,t+1 � 0;

⎧⎪⎪⎨⎪⎪⎩
∑
l∈Nl

~Bl,bFl,t � ⎡⎢⎢⎢⎢⎣ ∑
i∈Nhp

Ei,bpi,t + ∑
i∈Ness

Ei,b(~pci,t −~pdi,t)⎤⎥⎥⎥⎥⎦+pcb,t +ppvb,t;∀b ∈Nb (ρb,t)
−ul,t f max

l,t ≤Fl,t ≤ul,t f max
l,t ; ∀l ∈Nl , t ∈NT (λ+l,t ,λ−l,t)

;

{Kh,min
i,t − Kh

t,i ≤ 0 ⊥ μ−i,t > 0;
Kh
t,i − Kh,max

i,t ≤ 0 ⊥ μ+i,t > 0;

{ pmin
i,t − pi,t ≤ 0 ⊥σ−

i,t ≥ 0
pi,t − pmax

i,t ≤ 0 ⊥σ+
i,t ≥ 0

;

{ xc*i,t~p
c,min
i,t − ~pci,t ≤ 0 ⊥σc−

i,t ≥ 0
~pci,t − xci,t~p

c,max
i,t ≤ 0 ⊥σc+

i,t ≥ 0
;

⎧⎨⎩ xd*i,t~p
d,min
i,t − ~pdi,t ≤ 0 ⊥σd−

i,t ≥ 0
~pdi,t − xdi,t~p

d,max
i,t ≤ 0 ⊥σd+

i,t ≥ 0
;

⎧⎪⎪⎪⎨⎪⎪⎪⎩
emin
i,t − ei,0 − ∑

t− ≤ t
(ηc~pci,t−Δt − ~pdi,t−/ηdΔt)≤ 0 ⊥ ~μ−i,t ≥ 0

ei,0 + ∑
t− ≤ t

(ηc~pci,t−Δt − ~pdi,t−/ηdΔt) − emax
i,t ≤ 0 ⊥ ~μ+i,t ≥ 0

.

Comparing the KKT conditions of the MSO optimization with
the KKT conditions of the aggregator optimization, it can be

easily demonstrated that the solution of the aggregator
optimization is the same as the solution of the MSO
optimization. This indicates that the solution obtained with
aggregator optimization respects the system line loading
constraints even if the line loading constraints are not
considered, which enables a decentralized congestion
management scheme.

CASE STUDIES

Numerical simulations were conducted on the Roy Billinton Test
System (RBTS) (Allan et al., 1991) in four scenarios to validate
the congestion management effectiveness of the network
reconfiguration integrated DTS method for the microgrid. The
diagram of the microgrid is shown in Figure 2. The microgrid
consists of four feeders, and the study studies congestion
management on feeder 1. Line segments of feeder 1 are
labeled as L1-L12 and load points are labeled as LP1-LP5. The
parameters of load points and line segments can be found in
Huang et al. (2015). Figures 3, 4 show the spot price and PV
power output profiles. The key parameters of heat pumps and
ESSs and system parameters are given in Table 1.

Validation of Solution Equivalence of the
MSO and Aggregator Optimization Models
The equivalence of solutions of the MSO and aggregator
optimizations is validated in this subsection. The total
charging/discharging power of ESSs and total power
consumption of heat pumps at LP1 obtained with the MSO
optimization and the aggregator optimization in scenario 1 are
shown in Figure 5, respectively. It is shown that the aggregator

FIGURE 2 | Diagram of the microgrid.
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optimization has the same solution as the MSO optimization,
which indicates that the aggregator acts as the MSO expects
through the DTS signals. Therefore, even if the line loading

constraints are not considered in the aggregator optimization
model, the aggregator solution respects the line loading
constraints, which means that indirect congestion management
is realized.

Congestion Management Results
In this subsection, the congestion management effectiveness of
the proposed congestion management method is validated in case
1 with two scenarios (scenario 1 and scenario 2). The benefit of
combining network reconfiguration and DTSs to alleviate
congestion is demonstrated in case 2 with two scenarios
(scenario 2 and scenario 3). In case 3, the benefit of utilizing
ESSs to alleviate congestion is validated with a scenario
(scenario 4).

Case 1: Validation of Congestion Management
Effectiveness
In this case, the congestion management effectiveness of the
proposed congestion management method is validated with
scenarios 1 and 2. Without conducting congestion
management, the DTS are zero and default network topology
is used. The aggregators solve aggregator optimization models
based on zero DTSs to make energy schedules, which causes
congestion on L2, L3, and L8. Due to limited space, the line
loadings of L2 and L3 (the negative line loading means feed-in

FIGURE 3 | Predicted spot prices.

FIGURE 4 | PV active power generation.

TABLE 1 | Key parameters of ESSs and heat pumps.

ESS parameters

ESS battery size 20 kWh
Min./max. charging and discharging power limits 0 kW/6 kW
Min. /max./initial SOC level 20%/95%/80%
ESS charging and discharging efficiency
coefficients

0.95

Heat pump parameters

COP of HP 2.3
Min. /max. temperature of house 20°C /24°C
Min. /max. power consumption limits 0 kW/6 kW

Line loading limits [kW]

Loading limits in scenario 1 L2: 3500, L3:6500, L8:5600
Loading limits in scenario 2 L2: 3500, L3:6000, L8:5600
Loading limits in scenario 3 L2: 3500, L3:6000, L8:5100
Loading limits in scenario 4 L2: 2300, L3:6500, L8:5600

Numbers of heat pumps and ESSs at each bus

LP1 ESSs: 200, heat pumps: 200
LP2–29 heat pumps: 200 per loadpoint
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power flow) are shown in Figure 6. It is shown that congestion
occurs due to peak HP power consumption, such as t18 on L3, and
PV feed-in power generation, such as t14 on L2. It is concluded
that DERs could cause congestion in microgrids if DERs are not
well coordinated.

Then, the proposed congestion management method is carried
out. In scenario 1, congestion can be resolved efficiently, as shown
in Figure 7. After the MSO solves the MSO optimization problem,
the part of DTSs obtained is listed inTable 2. It is shown that DTSs
could be positive or negative. The DTSs are negative on LP1 at t14,
so the final electricity prices (spot price plus DTSs) can be reduced.
Therefore, ESSs would discharge less power at these hours and
discharge more power at other hours, for example, t13, tomaximize

energy costs, so the congestion caused by feed-in power can be
resolved, as shown in Figure 8. In contrast, the DTSs are positive
on LP2–5 at t18 in order to increase the final electricity prices at these
hours, so the HPwould shift power consumption from these hours
to other hours, for example, t16, tominimize energy costs, as shown
in Figure 8. Therefore, congestion caused by peak HP power
consumption can be resolved. In addition, in this scenario, the
network topology remains unchanged during the scheduling
horizon, which means that it has a smaller cost by utilizing
DTSs to alleviate congestion solely.

In scenario 2, a more severe congestion situation is simulated
by reducing the line loading limits of L3, as shown in Table 1.
After performing the proposed congestion management method,

FIGURE 5 | (A) ESS charging/discharging profile, (B) HP power consumption profile.

FIGURE 6 | (A) Line loading of L2 before congestion management in scenario 1, (B) line loading of L3 before congestion management in scenario 1.

FIGURE 7 | (A) Line loading of L2 after congestion management in scenario 1, (B) line loading of L3 after congestion management in scenario 1.
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congestion can be completely resolved as well. However,
compared with scenario 1, since the line loading limit of L3 is
reduced, utilizing DTSs to alleviate congestion solely will cause a
higher cost, which will be detailed in case 2. Therefore, the MSO
chooses to combine network reconfiguration and DTSs to
alleviate congestion. At t12, the MSO opens the switch on L6
and closes the switch on L7 to shift power consumption on LP6-7
to feeder 4 in order to alleviate congestion on L3.

Case 2: Validation of Benefit of Combining Network
Reconfiguration and DTSs
In this case, the benefit of combining network reconfiguration and
DTSs to alleviate congestion is demonstrated. As mentioned
previously in scenario 2 in case 1, the MSO combines network
reconfiguration and DTSs to alleviate congestion. This is because the
combination of network reconfiguration and DTSs leads to a smaller
energy cost (26,105.40 DKK) as compared to the one (28,945.22
DKK) when DTSs are used only. In addition, the part of DTs
obtained with and without considering network reconfiguration is
listed inTable 3. It can be seen that there is no need to imposeDTs at
LP2–5 during the scheduling horizon when network reconfiguration
is used, whereas there are high DTs required without considering
network reconfiguration. Therefore, it can be concluded that
integrating network reconfiguration into the DTS method can
significantly reduce DTs and the congestion management cost.

In order to further validate the benefit of the combination of
network reconfiguration and DTSs, a more severe congestion
situation is simulated in scenario 3 by reducing the line loading
limit of L8. After carrying out the proposed congestion management
method, congestions onL2, L3, and L8 can be alleviated completely, as
shown in Figure 9 (only line loadings on L3 and L8 are shown). At t11,
the MSO opens the sectionalization switch on L11 and closes the tie-
line switch on L13 to shift power consumption on LP12 and LP13–14 to
feeder 3 to alleviate congestion onL8. Comparedwith scenario 2, loads
are shifted to feeder 3 to alleviate congestion since line loading limits
are reduced. In addition, at t11, the MSO opens the switch on L6 and
closes the switch on L7 to shift power consumption on LP6–7 to feeder
4 in order to alleviate congestion on L3. In this scenario, the MSO
problem becomes infeasible if network reconfiguration is not
considered, so congestion cannot be resolved completely without
utilizing network reconfiguration. Therefore, it can be concluded
from the results that using DTSs only may not alleviate severe
congestion, and integrating network reconfiguration can achieve
better congestion management performance.

Case 3: Validation of Benefit of Utilizing ESSs
The benefit of utilizing ESSs to alleviate congestion is
demonstrated in scenario 4. Compared with scenario 1, the same
parameters are used except that the line loading limit of L2 is reduced.
After performing the proposed congestion management method,
congestion can be completely alleviated, as shown in Figure 10
(only line loadings on L2 are shown). It can be seen in Figure 10
that ESSs charge power generated by the PV at t12, t13, and t14 to
alleviate congestion caused by feed-in power. However, when the ESS
operation is not considered, the MSO problem is infeasible because
there is no flexibility that can be used to resolve congestion caused by
PV feed-in power. Therefore, it can be concluded that the ESS can be

TABLE 2 | DTS at load points in scenario 1.

Unit [DKK] t14 t17 t18

LP1 −0.044 — —

LP2–5 — 0.381 1.265
LP8–12 — — 0.400

FIGURE 8 | (A) Comparisons of ESS charging/discharging power before and after congestion management in scenario 1, (B) comparisons of HP power
consumption before and after congestion management in scenario 1.

TABLE 3 | DTS at load points with and without network reconfiguration in scenario 2.

Units [DKK] Without network reconfiguration With network reconfiguration

t6 t7 t10 t16 t17 t18 t19 t18

LP2–5 0.003 0.006 0.011 0.619 1.344 3.085 7.421 —

LP8–12 — — — — — 0.400 — 0.400
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used to efficiently alleviate congestion caused by load consumption or
power generation.

Analysis of ESS Profit
It is shown in Figure 5 that ESSs charge and discharge frequently in
order to gain profits in the day-ahead energy market by charging
power at hours with low energy prices and by discharging power at
hours with high energy prices, for example, discharge power at t1
and t2 and charge power at t5 and t6. The profits of ESSs before and
after congestion management are 369.13 DKK and 348.93 DKK,
respectively. It can be seen that participation of congestion
management would reduce ESSs’ profits, which is as expected.

CONCLUSION

This study proposes a network reconfiguration integrated DTS
congestion management method to utilize ESSs and network
reconfiguration to alleviate congestion in microgrids. The
numerical results demonstrate that, in the proposed method,
customers schedule ESSs by themselves to gain profits in the day-
ahead energymarket and at the same time respond to the price signals
to alleviate congestion. To alleviate congestion caused by feed-in
power flow, DTSs are negative at congestion hours. In such a case,
ESSs decrease discharging power at congestion hours due to reduced

energy prices and increase discharging power at hours with higher
energy prices in order to gain profits, which consequently help
mitigate congestion caused by feed-in power flow. To alleviate
congestion caused by flexible demands, DTSs are positive at
congestion hours. Therefore, the final resulting price at
congestion hours increases, which motivates the aggregator
to shift power consumption from congestion hours to off-peak
hours in order to minimize energy costs, which consequently
resolve congestion. In addition, numerical results demonstrate
that integrating network reconfiguration into the DTS method
can significantly reduce DTs and is beneficial to congestion
management.
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FIGURE 9 | (A) Line loading of L3 after congestion management in scenario 3, (B) line loading of L8 after congestion management in scenario 3.

FIGURE 10 | Line loading of L2 and DER energy schedules after congestion management in scenario 4
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