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Abstract—Given the increasing number of power system relia-
bility problems caused by the high penetration of distributed
generation, hosting capacity, which refers to the maximum
amount of distributed generation to be accommodated in a power
network, is of great importance for power system planning and
management. To this end, this paper mainly studies the impact
of battery energy storage system (BESS) allocation on hosting
capacity in distribution systems. Two types of BESS allocation
are considered, i.e., the centralized BESS allocation and the
distributed BESS allocation. With respect to the centralized
BESS allocation, a large BESS is installed near the feeder head
to evaluate the hosting capacity. In contrast, with respect to
the distributed BESS allocation, a series of small BESSs are
distributed across the distribution network to evaluate the hosting
capacity, where the locations and operation status of those small
BESSs are determined by the mixed-integer program. Finally,
the performance of centralized and distributed BESS allocations
is tested on the IEEE 123-bus test system and the results show
that installing BESS can greatly increase the system’s maximum
hosting capacity. Compared with the centralized BESS allocation,
the distributed allocation of BESSs can further improve the
system hosting capacity.

Index Terms—Distributed generation, battery energy storage
system (BESS), hosting capacity, BESS allocation

I. INTRODUCTION

Recent years have seen a dramatic surge of renewable
energy generation, e.g., photovoltaics (PV) and wind power
resources [1], paving the way to a future carbon-free energy
architecture. However, it also poses new challenges to power
system planning, management and operation. To estimate
the network’s capacity to accommodate renewable energy
resources without affecting the power system security and
stability and provide some instructions for future planning
and management, the concept of hosting capacity has been put
forward. Hosting capacity is normally defined as the maximum
capacity of distributed generation that can be installed to a
network without causing any operating constraint violations
[2].

The main factors and indices, limiting the hosting capacity,
include power quality, feeder’s thermal constraints, and the
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reverse power flow limits or voltage limits [3]. Based on these
factors and indices, different methods have been proposed to
estimate and improve hosting capacity. Generally speaking,
those methods can be classified into two types, i.e., simulation-
based approaches and optimization-based approaches. With
respect to simulation-based approaches, it can be summarized
as iteratively increasing the penetration level of distributed
generation until the selected system operation index gets
beyond the safety range. For example, in [2], the maximum
hosting capacity is estimated by repetitively computing the
power flow with an increasing penetration of renewable energy.
Compared to simulation-based approaches, optimization-based
approaches formulate hosting capacity problems as optimiza-
tion programming problems, which can take full advantage of
the network management approaches like voltage/VAr control,
battery energy storage system (BESS) operation and network
reconfiguration to enhance the system hosting capacity. Volt-
age/VAr control with PV inverters is considered in [4], [5]
to integrate higher penetration levels of renewable energy
resources. And [6] focuses on on-load tap changers (OLTCs),
power factor control and curtailment of distributed generation.
Besides, network reconfiguration is studied in [7] to enhance
the hosting capacity. However, the operation of BESSs is not
taken into account in [4]-[6].

Considering the intermittent and fluctuant nature of renew-
able energy resources, BESSs can provide the time-shifting
energy supply which makes up the time-varying characteristics
of renewable energy generation, thus enabling the larger host-
ing capacity to be accommodated to the power system. BESSs
have been widely studied in various research fields, e.g., [8].
In [9], [10], one single BESS is installed at a certain bus
(near one of the wind farms [9] or near the feeder head [10])
in the distributed network to improve the hosting capacity.
The optimal placement of one single BESS is formulated
as an optimization problem in [11]. Since renewable energy
resources are often distributed at different locations across the
distribution network, the allocation of multiple BESSs should
be considered. In [12], multiple BESSs are allocated to several
candidate buses to minimize the power unbalance, which can
increase the system hosting capacity at the same time. In [9]-
[12], the impact of BESSs on the system hosting capacity
is more or less discussed. However, they do not study how
different BESS allocations affect the system hosting capacity
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in detail.

To this end, this paper mainly analyzes the impact of dif-
ferent BESS allocations on the hosting capacity in distribution
networks. First, the centralized BESS allocation is applied
to a three-phase unbalanced network to test the performance
of hosting capacity enhancement on the premise of no re-
verse power flow and voltage violations. Then, the distributed
BESS allocation is utilized to improve the system hosting
capacity, where a series of small BESSs are distributed across
the distribution network. The locations and operation status
of those small BESSs are determined by the mixed-integer
program to maximize the system hosting capacity. Finally, the
results without BESSs and with different BESS allocations
are compared and analyzed. The results show the distributed
BESS allocation can achieve the best performance regarding
the hosting capacity improvement.

II. PROBLEM FORMULATION

This section introduces the mathematical formulation of the
hosting capacity enhancement problem by optimally allocating
the BESSs in unbalanced distribution networks. First, the
three-phase linearized power flow model as well as its compact
form are introduced. Then, BESS operation constraints are
discussed. Finally, the mathematical formulations of central-
ized and distributed BESS allocations for the hosting capacity
problem are provided in detail.

A. Three-phase Linearized Power Flow Model

When calculating the hosting capacity, it is important to sat-
isfy the system operation limits, which are typically presented
by the power flow.

Consider a radial three-phase unbalanced network contain-
ing n + 1 buses and let set {0} |JN represent the index
of all the buses, where {0} denotes the swing bus and
set ' = {1,...,n} denotes all other buses. For any bus
J € {0} UN, N is the set of all children buses of bus j. The
set consisting all line segments in the distribution network
can be expressed as: £ = {{; = (i,))|i = m(j),j € N},
where m(j) denotes the parent bus of bus j. Let column
vectors v;(t) = [vig(t)lgetabe), Pi(t) = [Pis(t)]peiab.e)
and q;(t) = [qi,¢(t)]¢efa.b,cy collect the three-phase squared
voltage magnitudes, net active and reactive power consumption
for bus ¢ at time ¢, respectively. And let column vectors
Py(t) = [Pij.s(Dloefap.ey and Qij(t) = [Qijo()]setan.ct
collect the active and reactive power flows in line (7, j) at time
t. Without loss of generality,! each line segment is assumed to
be a 3-phase line segment. The linearized distribution power

'As discussed and illustrated in Appendix B of [13], any k-phase line
segment with & < 3 can be represented as a 3-phase line segment by
introducing an appropriate number of additional “virtual” circuits for this line
segment with “virtual” phases whose self-impedance and mutual impedance
are set to zero. The introduction of these virtual elements does not affect the
resulting linearized power flow solutions.

flow for the three-phase distribution network can be expressed

as:
= 3 Pi(t) +p;(t), V.t (1a)
kEN;
Qii(t) = > Qurlt) +q;(t), V5.t (1b)
kEN;
vi(t) — v;(t) = 2(Ri; Pij(t) + Xi;Qi5(t)),E5,t  (1c)

where R;; and X,; are 3-phase resistance and reactance
matrices (p.u.) for line segment (i,j) after transformation.
For ease of notation, the three-phase unbalanced power flow
can be further written as a compact form. For the unbal-
anced radial network with the bus set {0} (JN and the line
set £, every bus j € {0}(JN and every line segment
£; € L are presented in a three-phase form. The squared
voltage magnitudes, the net load consumption and the power
flows for the three-phase distribution network are denoted
by the following column vectors: v(t) = [v;(¢)]ien, () =
Piiena(t) = [@®lien, P() = [Py(®)]jee and
Q(t) = [Qij(t)](i,j)ec- With all the notations listed above, the
three-phase unbalanced power flow in (1) can be compactly
expressed as [14]:

AP(t) = —p(
AQ() = —q(t
o(t)
(4o AT][ ()} 2(D,P(t)+ D,Q() (20
where A = [Ag, AT]T is the incidence matrix for the

distribution network. 2 And D, and D, are block diagonal
matrices:

(2a)
(2b)

D = dlag(R (1)1 ,...,Rm(n)n)
D, = dlag(XnL(l)la ey Xm(n)n)
B. BESS Operation Constraints

Integration of BESSs is an efficient way to increase the
system hosting capacity since BESSs can provide the time-
shifting energy supply which makes up the time-varying char-
acteristics of renewable energy resources. Thus, the BESSs
have the great potential to increase the system hosting capacity.
Let p{ (t) = [pg¢(t)]¢e{a,b,c} and p{(t) = [p£¢<t)]¢€{a,b,c}
denote the three-phase charging and discharging power for the
BESS located at bus i, the operation constraints of BESSs are
given as:

0 <pfy(t) <pC, - mi(t),Vi, 6, (3a)
0 <ply(t) <n”- pm (1= pi(t)), Vi, ¢t (3b)
. ( N
SoCi () = SoCi(t — 1) + - e Zf*dj( ) (3c)
Z¢ pf¢(t) At
- Wavzv(bat
SoC,; < S0C;(t) < SoC;,Vi,t (3d)

2 A numerical example illustrating the construction of A for an unbalanced
distribution network is given in Appendix C of [13].
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Including the binary variable p;(t) that decides the BESS
working status, equations (3a) and (3b) are the charging and
discharging power limits of BESS at bus 7, time ¢. When p;(¢)
is equal to O or 1, the BESS works at the discharging mode and
charging mode, respectively. Note that u;(t) is only related to
the bus index ¢. This is because, in practice, all phase units of
a multi-phase BESS always work at the same status (charging
or discharging). n” and 7 are the discharging and charging
efficiency ratio. The state of charge (SoC) is calculated by
equation (3c), where F; is the capacity of BESS located at
bus i and At is the time interval (which is set to one hour in
this work). Equation (3d) means that the SoC must maintain
in a certain range to avoid overcharging or undercharging.

C. Centralized BESS Allocation and Operation

The centralized BESS allocation means to install one large
BESS near the feeder head. The goal of this subsection
is to maximize the system hosting capacity by operating
the charging and discharging of the centralized BESS. The
hourly PV outputs can be presented as the installed capacity
multiplied by a time-series ratio s(t):

pig (t) = S{, (1) @)

In this problem, the PV inverters’ ability to provide or absorb
reactive power is also considered for hosting capacity enhance-
ment. Then, the net power consumption p(t) and ¢(t) in the
compact power flow form can be represented by the system
loads, PV outputs and BESS charging and discharging power:

p(t) =p'(t) —p"(t) + P (t) — P° ()

qa(t) =q'(t) — ¢"(1)
where column vectors p!(t) and q'(t) are the system three-
phase loads at time ¢, p"™?(t) and ¢*""(t) represent the three-
phase PV active and reactive outputs. The BESS charging and
discharging power are collected in vectors p©(¢) and p? (t).
Considering the power flow model and BESS constraints listed
above, the centralized BESS allocation for the hosting capacity
problem can be formulated as:

(5a)
(5b)

max Z Sf@ (6)

i,¢

subject to: (2), (3), (4) and (5)

v < ( ) <w,Vit (7a)
G < g () <T@ Vgt (Tb)
T = VIO S0, Vibt (0
SoCy(T) = SOC(),VZ (7d)
Pyi(t) > (7e)

The objective is to maximize the system total PV installed
capacity. As mentioned above, both the PV inverters’ reactive
power outputs and the centralized BESS are considered in
the hosting capacity enhancement. So, the inverters’ reactive
power outputs and BESS operation status can be regarded

as the controllable variables. Constraints (2) to (5) and (7a)
ensure that the distribution network with the centralized BESS
satisfied the network constraints. Constraints (7b) and (7c¢)
represent the PV inverters’ capacity limits. SoCy in constraint
(7d) is the initial status of BESS at the beginning of the
operation circle. Constraint (7d) can ensure that the BESS will
return to the initial status at the end of the operation circle and
prepared for the next circle, which makes the BESS operation
more practical. And (7e) is the reverse power flow constraint.
It means the active power can only flow from the substation to
the distributed network and no reverse power flow is allowed.
The centralized BESS allocation for the hosting capacity
problem is a mixed-integer linear programming problem.

D. Distributed BESS Allocation and Operation

In this subsection, the distributed BESS allocation is con-
sidered to improve the hosting capacity. For this distributed
BESS allocation, the hosting capacity enhancement is achieved
by optimizing the locations and status of BESSs and the
reactive power outputs of PV inverters. Compared to the
centralized BESS allocation, a single BESS with large capacity
is replaced by a series of small BESSs in this distributed BESS
allocation. The capacity of those small BESSs is equal to the
capacity of the centralized one divided by the total number of
small BESSs. This ensures the total capacity of BESS in the
distribution network is identical in the two BESS allocations.
The charging and discharging power limits proportionally
change with the capacity. We also assume that at most one
BESS can be allocated at buses with PV. The distributed BESS
allocation for the hosting capacity problem can be formulated

as:
max Z Sﬁd) ®)
i,¢

subject to: (2), (3c-3d), (4), (5) and (7)

> ui)=mu (9a)
0 < pCy(t) < pslt) - s - pC,, Vi, b, t (9b)
0 < pPs(t) <nP (1= i) - wi-pPy - Vit (9c)

In constraint (9),u(¢) is a binary variable to determine whether
there’s a BESS installed at bus ¢. Constraint (9a) limits the
total number of BESSs installed in the distribution network.
And constraints (9b) and (9¢c) represent the charging and
discharging power limits of BESS at bus ¢ considering the
allocation of BESSs.

III. CASE STUDY

In this section, a benchmark case without any BESS is
firstly tested on the IEEE 123-bus system [15] to calculate
the maximum hosting capacity only with inverters’ reactive
power support. Then, the optimal centralized and distributed
BESS allocations are tested on the same system. The pre-
defined locations of PV are marked with red dots in Fig. 1. The
daily profile of aggregate loads and PV generation are depicted
in Fig.2. The centralized and distributed BESS allocations

Authorized licensed use limited to: Cornell University Library. Downloaded on June 14,2023 at 17:04:47 UTC from IEEE Xplore. Restrictions apply.



250

3 29 30
3 51 11110 112 113 114
a 28 e 151 300
5 &2 i 107,
2695 4 __@ 64 109
27 108
44 65 104
13 106
3 108 103
® 42 o 0 450
x )l ™ 10147102 100
10 62 197 99
18\ 138 08 o !
19 35 3y 39 97
20 3 69
7 60, X 75
160 74
14 59 58 35
> 61 610 72 »
11 , 10 @9 5 8 54 55 7879
Q13 2 56 76 §77
7 94
%, / % A
149 88
150 12 My 9 9% 81
3 15 . T S 87 86
@ 5 O 16 95 82 83

Fig. 1. IEEE 123-Bus Test Feeder

2 4 6 8 10 12 14 16 18 20 22 24
Time/h

- 081 i
3
o
S 06 .
o
5
2 04r 1
>
B oot 1
0o—a—o—e o
2 4 6 8 10 12 14 16 18 20 22 24
Time/h
Fig. 2. Aggregate Hourly Load & loads and PV Generation

are both mixed-integer programming problems, which are
performed on the Matlab 2020b platform with Yalmip toolbox
and solved by Gurobi.

A. Benchmark: Maximum Hosting Capacity without BESS

First, the maximum hosting capacity without any BESS
installed is calculated as the benchmark. Under this condition,
the only device used to improve the hosting capacity is the
PV inverter which can provide or absorb reactive power. The
bus voltage limit is set to [0.95 1.05] p.u.. The problem can
be formulated as follows:

w351,
i,¢

subject to: (2), (4), (7c) and (7e)

(10)
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Fig. 4. The Network Voltage Profile without BESS

After solving the problem (10), the calculated maximum
hosting capacity is 3,427.5 kW, and the corresponding penetra-
tion is around 18.9%. Fig. 3 and Fig. 4 show the active power
supplied by the substation and the network voltage profile
(each curve depicts the phase voltage magnitude fluctuation
of each bus) when the maximum hosting capacity is achieved.

As can be seen in Fig. 3, at around 10 o’clock, the power
flow from the substation can be as low as 0, indicating the main
factor that limits the system hosting capacity is the reverse
power flow constraint. If the PV capacity continues to increase,
the reverse power flow may occur. That’s because of the
difference between the hourly load profile and the hourly PV
profile. More specifically, the period with high PV generation
is not coincident with the peak-load period. To avoid the
reverse power flow, the system hosting capacity in this case is
restricted during the period with high PV generation, which
starts around 10 o’clock. And according to Fig. 4, although no
voltage violation occurs, voltage magnitudes at several buses
are close to the upper and lower limits. That’s another obstacle
that prevents system hosting capacity from increasing.
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B. Maximum Hosting Capacity with Centralized BESS

For the centralized BESS allocation, a three-phase central-
ized BESS is installed near the feeder head with a capacity
of 6,000 kWh. And the maximum charging power is set
to 2,250 kW with the discharging and charging efficiency
nP = n® = 0.95. The range of SoC is set to be [0.05 0.95]
to avoid overcharging or undercharging. For the centralized
BESS allocation, the hosting capacity can be increased to
around 3,427.5 kW and the corresponding penetration is
around 30.2%. The SoC of the centralized BESS is shown
in Fig. 5 and the network voltage profile is provided in Fig. 6.

The SoC of the centralized BESS allocation decreases in
the first few hours of the day, which means the BESS is in
discharging status and providing power to the system. After
8 o’clock, the PV generation begins to increase and reaches
its peak of the day while the load profile hasn’t arrived at
its peak yet. During this period, the BESS begins to work
at the charging mode and store redundant power so that the
SoC begins to increase. Then, as the PV generation decreases,
the load gradually reaches its peak value. Meanwhile BESS
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Fig. 7. The Network Voltage Profile with Distributed BESSs

provides energy back to the system, and the SoC decreases.
Finally, the BESS charges again to the initial state at the end of
the day for the next 24-hour circle. The voltage profiles with
a centralized BESS allocation in Fig. 6 are also maintained
within the predefined range. During 8 o’clock to 12 o’clock,
since the BESS is charging, which means that the power are
flowing to the BESS near the feeder head, the overall system
voltage is high. Similarly during 22 o’clock to 24 o’clock, the
system voltage rises due to the charging of BESS.

C. Maximum Hosting Capacity with Distributed BESSs

In this subsection, six small BESSs, instead of one sin-
gle centralized large BESS, are installed in the distribution
network. Each BESS has a capacity of 1,000 kWh and the
maximum charging power of 375 kW, which are equal to
the capacity and charging power for the centralized BESS
allocation divided by six, respectively. The range of SoC is
also set to [0.05 0.95]. The buses with PV are the candidates
to install the BESS, and at most one BESS can be installed
on each candidate bus.

After solving the mixed-integer programming problem, the
maximum system hosting capacity for the distributed BESS
allocation is 5,613.4 kW. And the optimal locations of the
six BESSs are presented in Table. I. And the network voltage
profile is given in Fig. 7.

TABLE I
OPTIMAL LOCATIONS OF BESSs

Busl8 Bus29  Bus51  Bus57 Bus82  Bus95

Compared with the centralized BESS allocation, the dis-
tributed BESS allocation can further increase the maximum
hosting capacity to be accommodated into the distribution
network by 137.4 kW, which is an improvement of around
3%, and the corresponding penetration is 31 % Considering
the locations of BESSs shown in Table. I, the main reason
is that the BESSs are allocated throughout the system, which
may avoid too large power flows concentrating to one bus.
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Compared with voltage profile in Fig. 6, the the distributed
BESS allocation leads to a smoother voltage profile.

TABLE 11
THE MAXIMUM HOSTING CAPACITIES IN DIFFERENT CASES

BESS No BESS C-BESS  D-BESSs
Hosting Capacity (kW) 3427.5 5476.0 5613.4
Penetration (%) 18.9 30.2 31

Table. II gives a brief summary of the maximum hosting
capacities in different cases. The results show that BESSs are
beneficial to increasing the hosting capacity and the impact is
significant. The distributed BESS allocation exhibits a better
performance than the centralized BESS allocation.

CONCLUSIONS

This paper focuses on system hosting capacity enhancement
by installing BESS. Both the centralized and distributed BESS
allocations are tested on the unbalanced distribution network.
The allocation and operation of BESSs are formulated as the
mixed-integer programming problem to maximize the hosting
capacity. The simulation results show that, with respect to
the distribution network without BESS, the hosting capacity
gets strictly limited by the reverse power flow constraints as
well as system voltage constraints. The time-shifting ability
of BESSs can be helpful to mitigate the two disadvantages
and therefore increase the hosting capacity greatly. Compared
with the centralized BESS allocation, the distributed BESS
allocation can further improve the system hosting capacity.
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