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ABSTRACT With the large-scale grid integration of wind power, the inherent space-time characteristics
of wind power and the transmission congestion seriously restrict the consumption of wind power and the
development of demand. In order to improve the wind power accommodation and load acceptance level,
the joint planning including the wind power installed capacity and location, the transmission network
expansion, and energy storage system locating and sizing is considered. The generation-side operation
process and the charging-discharging strategy of energy storage systems are also involved. The source-
network-storage joint planning model is established with the goal of minimizing the cost of the transmission
network expansion, the construction and operation of energy storage systems, the conventional units’
operation, thewind curtailment, and the heavy-load penalty. Furthermore, the energy storage system planning
& operation constraints, the heavy-load operation constraints and the quadratic generation cost function are
linearized in the MILP model. Through the Wood&Wollenberg 6-bus system, the IEEE RTS-24 test system,
and the modified IEEE 118-bus system as the test systems, the joint planning schemes under multiple
scenarios are compared and analyzed. The results show that the proposed planning model can effectively
improve the load acceptance capability and wind power integration level.

INDEX TERMS Energy storage system, linear programming, transmission grid expansion planning, unit
commitment, wind power integration.

I. INTRODUCTION
With the increasing of demand and the proportion of renew-
able energy sources (RES) in power grid, especially the
wind power [1], [2], the original power source planning and
power grid construction are no longer suitable for future
development. New challenges for power grid planning occur
by the requirement of adaptability, uncertainty, wind cur-
tailment and so on [3], [4]. Moreover, many factors can
affect wind power accommodation, and the reasons for wind
curtailment in different regions are also different. Generally,
system regulation capability, transmission capacity and dis-
patching mode are the leading factors affecting wind power
consumption [5], [6]. The power system regulation capability
and transmission capacity should be synthetically considered
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in the power grid planning to cope with demand and RES
development. For regulation capability, the conventional units
are generally limited by the generation schedule, the climbing
rate, the minimum start up and shut down time, and other
operational restrictions. It is hard to timely reduce the power
output of the conventional units in the wind peak or load
valley periods to provide sufficient consumption space for
the wind power. The rapid response capability and dynamic
regulation characteristics of energy storage systems (ESSs)
can effectively enhance the system regulation capability and
wind power acceptance ability [7], [8]. The ESSs can be used
in many fields to improve the safe and stable operation, such
as ancillary services, power transmission and distribution,
renewable energy integration. On the other hand, the trans-
mission congestion is directly caused by limited transmission
capacity and uneven power flow distribution. A large number
of heavy-load and light-load lines may appear simultaneously

137330 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ VOLUME 7, 2019

https://orcid.org/0000-0002-2719-7013
https://orcid.org/0000-0001-7261-2995


X. Wu, Y. Jiang: Source-Network-Storage Joint Planning

in the system because of transmission congestion, and it will
significantly reduce the system safety margin and develop-
ment potential. Therefore, enhancing the transmission capac-
ity by transmission network expansion planning (TNEP) [9]
and optimizing the power flow distribution in operation pro-
cess become feasible solutions to alleviate transmission con-
gestion, which makes it highly significant to study the TNEP
and ESS planning (ESSP) to cope with the demand and wind
power development.

At present, there are many research results for TNEP or
ESSP under wind power integration. The TNEP ismixed inte-
ger nonlinear programming which may cause computational
issues in large-scale system planning. Meanwhile, mathe-
matical optimization and heuristic algorithms are widely
applied to solve the TNEP, including mixed integer linear
programming (MILP), Bender’s decomposition [10], genetic
algorithm (GA) and so on. Reference [11] models the TNEP
as a two-stage stochastic optimization problem which uses a
modified version of Benders’ decomposition. Reference [12]
proposes a new efficient Benders cuts method for TNEP
in which the operation cost and N-1 security criterion are
taken into account. Reference [13] considers the effect of dis-
tributed generation evaluated by the accurate assessment of
loss in TNEP. In addition, a two-stage optimization method-
ology for security-constrainedACTNEP is developed in [14],
which is solved by a modified artificial bee colony algorithm.
A multi-objective TNEP model which concerns the corre-
lation between uncertainties related to loads is formulated
in [15]. Reference [16] proposes a TNEPmethod undermulti-
ple generation scenarios to significantly reduce the expansion
cost with small infeasibilities.

The above literature basically has not considered the wind
power integration planning (WPIP). That the wind farms with
determinate installed capacity are connected to certain buses
is usually assumed. But in fact, the wind power accommoda-
tion level, the TNEP, and the ESSP are highly related to the
sizing and site of wind farms. Therefore, several researchers
try to coordinate the WPIP with the TNEP. The bi-level opti-
mization model is developed for transmission expansion and
wind power integration decisions in [17], [18]. The static volt-
age stability criterion is formulated as operational constraints
to obtain more technically and economically schemes for
large-scale wind power integration planning and according
regional transmission network planning in [19].

The TNEP is mainly aimed at meeting the transmission
requirements during peak-load periods. If wind power and
load demand fluctuate markedly, the economy and adaptabil-
ity of the TNEP will be worse. In that case, it is intractable to
improve the system flexibility only by the TNEP. However,
ESSs can effectively response the regulation requirements
from the wind power or load demand. The ESSs which are
centralized or distributed are beneficial to peak-load regula-
tion, enhancing transmission ability, alleviating congestion,
reducing system reserve capacity and so on. In consequence,
the storage duration required to reduce variable genera-
tion curtailment is analyzed [20]. Reference [21] examines

the curtailment–storage–penetration nexus in the energy
transition. Two criteria including maximum regret of wind
curtailment cost and total social cost are discussed in a
new multi-objective framework for a wind curtailment issue
in [22]. References [23]–[25], and [26] explore siting and
sizing optimization method of ESSs.

There are still some limitations if TNEP and ESSP sep-
arate. Combining TNEP with ESSP can provide a more
effective and feasible solution to promote system trans-
mission capacity and regulation capability. Exploring the
roles of TNEP and ESSP in a power system becomes more
significant than before. Therefore, reference [27] shows
the benefit of the TNEP combining with ESSP is greater
than each individually. Besides, reference [28] shows that
an ESS located at a congestion point has complement
effect to further increase the capability of critical trans-
mission corridors. The relationship between transmission
and ESSs is discussed in [29], that is, ESSs and trans-
mission lines are not generally substitutes or complements
but depend on the actual situation. Moreover, a new robust
min-max-min cost optimization model for joint TNEP and
ESSP is presented in [30]. Reference [31], [32] achieve
the TNEP and ESSP co-optimization scheme considering
both long-term and short-term uncertainty. The approach for
TNEP considering ESSs in a market-driven environment is
described in [33].

The work of the above literature has promoted the devel-
opment of TNEP and ESSP under wind power integration.
However, there are still some issues that can be further
explored and studied. In general, most of the literature has
not considered the impact of the operation. Actually, with the
integration of wind power and ESSs, the coupling between
planning and operation is getting stronger. Wind power dis-
patching, energy storage operation strategy, unit commit-
ment, and other issues should be considered in the planning
stage. The planning guided by reasonable operating modes
can be eventually more economical, flexible, and practical.
In addition, the above literature does not yet involve the power
flow distribution optimization during the planning. The trans-
mission redundancy, system security margin, and reliability
are highly associatedwith power flow distribution. Therefore,
optimizing the power flow distribution at the planning and
operation stages can mitigate transmission congestion and
improve system safety margin.

Based on the above analysis, in this paper, the WPIP
including the installed capacity and location of the wind
farms, the TNEP, ESSP about ESSs locating and sizing and
the power generation-side operation are coordinated consid-
ered in the planning stage. According to the comprehensive
consideration of economy, safety and wind curtailment at
the planning and operation level, a source-network-storage
joint planning model with the minimizing goal including
transmission line expansion cost(TLEC), ESSs construction
and operation cost(ECOC), units operation cost(UOC), wind
curtailment cost(WCC), heavy-load penalty cost(HLPC) is
proposed. Finally, the case analysis is carried out in the
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Wood&Wollenberg 6-bus system, the IEEE RTS-24 test sys-
tem, and the modified IEEE 118-bus system to verify the
validity and rationality of the model in different scenarios.

The main contributions of this paper include three aspects:
(1) A novel optimization model which coordinated deter-

mines WPIP, TNEP, and ESSP is proposed under compre-
hensive consideration of economy, safety, and wind curtail-
ment to manage transmission congestion and wind curtail-
ment issue.

(2) The heavy-load transmission is taken into account as a
part of the object to enhance the safety margin of the planning
scheme. The unit commitment and power flow distribution
optimization are involved.

(3) In order to save computational time, new lin-
ear ESSs planning & operation constraints and heavy-
load operation constraints are formulated in the model.
Other constraints such as standard disjunctive model, piece-
wise linear generation cost, and minimum up-down time
constraint are also involved. Compared with the BLP,
the effectiveness and precision can be guaranteed by the
linearization.

The structure of this paper is organized as follows.
Section II provides the problem formulation and the lin-
earization methods of the source-network-storage joint plan-
ning model based on MILP. Section III provides the
results and analysis of the case study carried out in the
Wood&Wollenberg 6-bus system, the IEEE RTS-24 test sys-
tem, and the modified IEEE 118-bus system to verify the
validity and rationality of the proposed model in different
scenarios. Section IV summarizes conclusions. For conve-
nience, the list of abbreviations and nomenclatures is pro-
vided in Table 1.

II. JOINT OPTIMIZATION MILP MODEL
A. OBJECTIVE FUNCTION

A source-network-storage joint planningmodel is established
for transmission congestion and wind curtailment. The objec-
tive function includes five parts: CTLEC for TLEC, CECOC
for ECOC, CUOC for UOC, CWCC for WCC, and CHLPC for
HLPC, which is written as (1). The TLEC is represented by
the equivalent annual value of the construction cost of expan-
sion lines. The construction cost of ESSs is represented by the
equivalent annual value, and the operation and maintenance
(O&M) cost of ESSs is represented according to the O&M
ratio. The UOC is expressed in terms of the total generation
cost of all thermal power units. In addition, transmission
lines should retain transmission margin to avoid heavy-load
operation. When the transmission power reaches the heavy-
load limit, the line can be considered in heavy-load state.
The HLPC is imposed on the power exceeding the heavy-
load limit.

minF
= εTCTLEC+εECECOC+εUCUOC+εWCWCC+εHCHLPC

(1)

TABLE 1. List of variables and constants.
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TABLE 1. (Continued.) List of variables and constants. CTLEC

=
η (1+ η)nline

(1+ η)nline − 1

∑
l∈�

clxl (2)

CECOC

= (1+ Rom)
Ness∑
q=1

Cess,q (3)

Cess,q

=

∑
i∈ϒess

(
η(1+η)ness

(1+η)ness−1

(
cpowerPrateds,r,q,i+ccapacityS

rated
s,r,q,i

))
(4)

CUOC

=

Nscenes∑
u=1

Qu
∑
t∈Tu

Ng∑
n=1

(
anP2g,n,t + bnPg,n,t + cn

)
(5)

CWCC

=

Nscenes∑
u=1

QuK
Nwind∑
q=1

 ∑
i∈ϒwind

∑
t∈Tu

(
Uw,q,iPmaxw,t,q − Pw,t,q,i

)
(6)

Pmaxw,t,q

=


0 vt,q < vin,qorvt,q > vout,q
v3t,q − v

3
in,q

v3r,q − v
3
in,q

Pratedw,q vin,q ≤ vt,q ≤ vr,q

Pratedw,q vr,q < vt,q ≤ vout,q

(7)

CHLPC

=

Nscenes∑
u=1

QuL
∑
t∈Tu

(∑
l∈�

Pover,l,t +
∑
l∈4

Pover,l,t

)
(8)

where the optimal installed capacity of wind farm q can be
expressed by Uw,q,iPratedw,q . The Heavy-load operation penalty
coefficient depends on the current system running state and
reliability requirements. For a systemwith a small safetymar-
gin, the penalty coefficient can be appropriately increased.
In addition, decision makers can choose different weights of
components according to the scale of each component and
decision preferences.

B. CONSTRAINTS
1) Power balance constraint of nodes

Pg,t + Pw,t + Ps,t + A4P4,t + A�P�,t = Pde,t (9)

where Pg,t , Pw,t , Ps,t , and Pde,t are the power output vec-
tors of thermal power units, wind farms, ESSs and load
at time t respectively; P4,t and P�,t are the transmission
power vectors of existing lines and candidate lines at time
t , respectively. It is noted that the resistance and copper loss
of transmission lines are ignored.

The following assumptions are made for DC model [34]:
a. The line susceptances Bij are many times larger than the
line conductances Gij, and Bij ∼= −1/xij.
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b. The angular differences
(
θi − θj

)
between typical buses

of the system are usually so small.
c. All shunt reactances to ground are eliminated.
d. All bus voltages are assumed to remain constant at

nominal values of 1.0 per unit.
2) Existing lines DC power flow constraints

Pline,l,t + Bl
(
θi − θj

)
= 0 ∀l ∈ 4 (10)∣∣Pline,l,t ∣∣ ≤ Pmaxline,l ∀l ∈ 4 (11)

3) Expansion lines DC power flow constraints

Pline,l,t + Blxl
(
θi − θj

)
= 0 ∀l ∈ � (12)∣∣Pline,l,t ∣∣ ≤ xlPmaxline,l ∀l ∈ � (13)

4) Wind farms planning & operation constraints

0 ≤ Pw,t,q,i ≤ Uw,q,iPmaxw,t,q ∀i ∈ ϒwind (14)

0 ≤ Uw,q,i ≤ Umax
w,q,iLw,q,i ∀i ∈ ϒwind (15)∑

Lw,q,i = 1 ∀i ∈ ϒwind (16)

Equation (14) is the upper and lower limits of wind power
output, and (15) is the upper and lower limits of the capacity
multiplication coefficient. Moreover, the maximum capacity
multiplication coefficients at different nodes can be estimated
by the natural conditions at different nodes. Equation (16)
is the wind farm location constraint, that is, wind farm q
can only be connected to one candidate node. The optimal
installed capacity and location of the wind farms can be
achieved by (14)-(16).

5) The power output constraint of thermal power units

Ug,n,tPg,min,n ≤ Pg,n,t ≤ Ug,n,tPg,max,n (17)

6) The minimum up-down time constraints of thermal
power units

(
Ug,n,t−1 − Ug,n,t

) (
Tg,on,n,t − Tming,on,n

)
≥ 0(

Ug,n,t − Ug,n,t−1
) (
Tg,off ,n,t − Tming,off ,n

)
≥ 0

(18)

7) The ramping constraints of thermal power units{
Pg,n,t − Pg,n,t−1 ≤ ωg,up,n
Pg,n,t−1 − Pg,n,t ≤ ωg,down,n

(19)

8) ESSs planning & operation constraints∣∣Ps,t,q,i∣∣ ≤ Prateds,q,i ∀i ∈ ϒess (20)

Ss,t,q,i =

{
(1−ds)Ss,t−1,q,i − ηc1tPs,t,q,i Ps,t,q,i ≤ 0

(1− ds) Ss,t−1,q,i − 1
ηd
1tPs,t,q,i Ps,t,q,i ≥ 0

(21)

0 ≤ Ss,t,q,i ≤ Srateds,q,i ∀i ∈ ϒess (22)

esTC,minSrateds,q,i ≤Ss,t,q,i≤esTC,maxS
rated
s,q,i ∀t ∈ Tc ∀i ∈ ϒess

(23)

Equation (20) is the power upper and lower limits con-
straint of ESSs. Equation (21) is the energy stored balance

constraint. Equation (22) is the upper and lower limits con-
straint of the energy stored. Equation (23) is the periodic
constraint of the energy stored, that is, the energy stored of
the ESSs after periodic operation should be in the interval of[
esTC,minSrateds,q,i , esTC,maxS

rated
s,q,i

]
.

9) Heavy-load operation constraints of transmission lines
The key to obtaining the HLPC is judging whether the

transmission power has reached the heavy-load limit and cal-
culating the power exceeding the heavy-load limit. Moreover,
the power exceeding the heavy-load limit can be calculated by
(24)-(25).

Pover,l,t − Pline,l,t + dPmaxline,l = 0Pline,l,t ≥ dPmaxline,l (24)

Pover,l,t + Pline,l,t + dPmaxline,l = 0Pline,l,t ≤ −dPmaxline,l (25)

where d is used to characterize the heavy-load limit. Mean-
while, d is belong to [0, 1].

C. LINEARIZED CONSTRAINTS
Since there are quadratic functions, nonlinear constraints,
and multi-state judgment processes in the above-mentioned
model, which are not conducive to the solution of large-scale
system planning problems. Therefore, the following methods
are further used for linearization.

1) Expansion lines power flow constraints linearization
There is a product of the binary variable xl and the con-

tinuous variable θ in (12), which makes it be a nonlinear
constraint. Hence, the standard disjunctive model [35], [36]
can be employed to avoid nonlinearity.∣∣Pline,l,t + Bl (θi − θj)∣∣ ≤ (1− xl)M ∀l ∈ � (26)

When xl is equal to 1, (26) can be expressed as the DC
power flow constraint as (10). When xl is equal to 0, it
indicates that line l does not need to be expanded.Meanwhile,
the transmission power of line l has been set to 0 by (13), and
(26) is naturally established.

2) ESSs planning & operation constraints linearization
The discharging power and charging power of ESS q

can be represented by two state variables Pdisc,t,q,i and
Pchar,t,q,i respectively. At the same time, five auxiliary vari-
ables are introduced for locating and sizing, which are
Bdisc,t,q,i, Bchar,t,q,i, Xdisc,t,q,i, Xchar,t,q,i, and Ls,q,i. Particu-
larly, Pdisc,t,q,i, Pchar,t,q,i, Bdisc,t,q,i, and Bchar,t,q,i are con-
tinuous variables, whereas Xdisc,t,q,i, Xchar,t,q,i, and Ls,q,i are
binary variables. Then, linearization is performed by (27)-
(37). Equation (20) can be converted into (27)-(36), and (21)
is changed to (37).

Ps,t,q,i = Pdisc,t,q,i + Pchar,t,q,i ∀i ∈ ϒess (27)

0 ≤ Pdisc,t,q,i ≤ Bdisc,t,q,i ∀i ∈ ϒess (28)

−Bchar,t,q,i ≤ Pchar,t,q,i ≤ 0 ∀i ∈ ϒess (29)

0 ≤ Bdisc,t,q,i ≤ Pmaxs,q Xdisc,t,q,i ∀i ∈ ϒess (30)

0 ≤ Pchar,t,q,i ≤ Pmaxs,q Xchar,t,q,i ∀i ∈ ϒess (31)

Xdisc,t,q,i + Xchar,t,q,i = 1 ∀i ∈ ϒess (32)

0 ≤ Bdisc,t,q,i ≤ Prateds,q,i ∀i ∈ ϒess (33)
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0 ≤ Bchar,t,q,i ≤ Prateds,q,i ∀i ∈ ϒess (34)

0 ≤ Prateds,q,i ≤ P
max
s,q Ls,q,i ∀i ∈ ϒess (35)∑

Ls,q,i = 1 ∀i ∈ ϒess (36)

Ss,t,q,i=(1− ds)Ss,t−1,q,i−ηc1tPchar,t,q,i−
1
ηd
1tPdisc,t,q,i

(37)

The maximum charging power and discharging power
should be less than the rated power according to (33)-(34).
The ESS cannot be discharged and charged simultaneously
according to (32). ESS q can only be connected to one candi-
date node by (36). The locating and sizing planning of ESSs
can be realized based on (33)-(36).

3) Heavy-load operation constraint linearization
The transmission power of line l has two directions

which are positive or negative, and there are two states of
line l which are heavy-load or non-heavy load. To this end,
(24)-(25) should be linearized. According to the division
criterion of the heavy-load limit, the transmission power is
further divided into three states, that is, the transmission
power can be classified in the interval of [−1, −d], [−d , d],
[d , 1] of the transmission limits respectively. Moreover, the
line states can be distinguished by (38)-(42), and the power
exceeding the heavy-load limit can be calculated.
−Pmaxline,lk1,l,t − dP

max
line,lk2,l,t + dP

max
line,lk3,l,t ≤ Pline,l,t

Pline,l,t ≤ −dPmaxline,lk1,l,t + dP
max
line,lk2,l,t + P

max
line,lk3,l,t

∀l ∈ � ∪4
(38)

0 ≤ Pover,l,t − Pline,l,t + dPmaxline,l ≤ MP
max
line,l

(
k1,l,t + k2,l,t

)
(39)

0 ≤ Pover,l,t + Pline,l,t + dPmaxline,l ≤ MP
max
line,l

(
k2,l,t + k3,l,t

)
(40)

0 ≤ Pover,l,t ≤ Pmaxline,l
(
k1,l,t + k3,l,t

)
∀l ∈ � ∪4 (41)

k1,l,t + k2,l,t + k3,l,t = 1∀l ∈ � ∪4 (42)

Equation (42) indicated that line l can only be in one state
at the same time. The function of (38) is to define the state of
line l and to generate corresponding line status flags.
(1) When the transmission power of line l is in the interval

of [−dPmaxline,l , dP
max
line,l], which means line l is non-heavy load,

k2,l,t = 1 and k1,l,t = k3,l,t = 0 are obtained. Meanwhile,
Pover,l,t should be zero by (41), and (39)-(40) naturally hold.
(2) When the transmission power is in the interval of

[dPmaxline,l , P
max
line,l], k3,l,t = 1 and k1,l,t = k2,l,t = 0 are

obtained. Then (39) can be converted into (36). The Pover,l,t
can be calculated by (36), and (40)-(41) are naturally estab-
lished.

(3) Similarly, if the transmission power is in the interval
[−Pmaxline,l , −dP

max
line,l], k1,l,t = 1 and k2,l,t = k3,l,t = 0 are

obtained. Then (40) is converted into (37), and (39)-(41) are
established.

4) Piecewise linear generation cost

Since the generation cost is typically expressed as a
quadratic function of the power output, the piecewise lin-
earization method [37] can be used to accurately approxi-
mate the quadratic generation cost function, which can be
expressed by (44)-(48).

Cg,n = anP2g,n + bnPg,n + cn (43)

C̃g,n,t = Cg,min,nUg,n,t +
Nsegment∑
J=1

αg,n,JPg,n,J ,t (44)

Pg,n,t =
Nsegment∑
J=1

Pg,n,J ,t + Ug,n,tPg,min,n (45)

αg,n,J =
Cg,n

(
Pg,n,J+1

)
− Cg,n

(
Pg,n,J

)
Pg,n,J+1 − Pg,n,J

(46)

0 ≤ Pg,n,J ,t ≤
(
Pg,n,J+1 − Pg,n,J

)
Ug,n,t (47)

Cg,min,n = anP2g,min,n + bnPg,min,n + cn (48)

5) The minimum up-down time constraint linearization
Equation (18) can be converted into (49) after linearized.

Tming,on,n−1∑
m=0

Ug,n,t+m ≥Tming,on,n
(
Ug,n,t − Ug,n,t−1

)
Tming,off ,n−1∑
m=0

(
1− Ug,n,t+m

)
≥Tming,off ,n

(
Ug,n,t−1 − Ug,n,t

) (49)

D. SOLUTION ALGORITHM
The source-network-storage joint optimization model
belongs to a MILP model, in which the objective function
consists of (1)-(8), and the constraints are composed of
(9)-(49). The decision variables include binary variables and
continuous variables. The binary variables are xl , Lw,q,i,
Ug,n,t , Xdisc,t,q,i, Xchar,t,q,i, Ls,q,i, k1,l,t , k2,l,t , and k3,l,t .
The continuous variables are Pg,n,t , Pg,n,J ,t , Pw,t,q,i, Uw,q,i,
Ss,t,q,i, Ps,t,q,i, Prateds,q,i , S

rated
s,q,i , Pdisc,t,q,i, Pchar,t,q,i, Bdisc,t,q,i,

Bchar,t,q,i, Pline,l,t , Pover,l,t , and θ . Solving the source-
network-storage joint optimization model can determine the
WPIP scheme, the ESSP scheme, and the TNEP scheme.
Particularly, the wind farm integration location can be deter-
mined through Lw,q,i, and Uw,q,iPratedw,q can determine the
optimal installed capacity of the wind farm at the same
time. The integration location of the ESSs can be determined
by Ls,q,i. Moreover, Prateds,q,i and Srateds,q,i are the rated power
and capacity of the ESSs respectively. The line expansion
plan is achieved by the non-zero value of the xl . In this
paper, the GUROBI solver is called by YALMIP toolbox
on MATLAB to solve the proposed source-network-storage
joint optimizationmodel. The simulations are carried out with
i5-2.6 GHz CPU and 8 GB RAM memory.

III. CASE STUDY
TheWood&Wollenberg 6-bus system [38], the IEEE RTS-24
test system, and the modified IEEE 118-bus system are used
to verify the validity and adaptability of the proposed model.
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The thermal power units data is shown in Table 9-10 of
Appendix. Battery ESSs are used as the example. The
parameters of ESSs and transmission lines are shown in
Table 11-12. The maximum load of each node is shown
in Table 13-14. The transmission lines data of each system
is shown in Table 15-16. The rated power of ESSs varies
from 0 to 300 MW, and the initial energy stored is 50% of
the rated capacity. The charging efficiency and the discharg-
ing efficiency are both 0.9. The esTC,min and esTC,max are
0.4 and 0.6, respectively. The basic installed capacity of the
wind farms is 200MW, the cut-in wind speed is 3 m/s, the
cut-out wind speed is 26 m/s, the rated wind speed is 14 m/s.
The wind curtailment price and the heavy-load operation
penalty coefficient are both 0.0722 $/kWh, and the heavy-
load limit factor is 0.8. The number of segments of the
piecewise linear generation cost function is 5. The important
levels of five components in objective function are considered
as sameness so that the weights of the components are set to
1. In order to explore the influence of wind power fluctuation
characteristics and anti-peak characteristics, the typical wind
power scenes are reconstructed by the ‘‘equal-kwh following
load’’ method [39]. The amount of electric quantity generated
by the reconstruction wind power scene is the same as the
corresponding typical wind power scene. The fluctuation
characteristics of the reconstruction wind power scenes are
as same as the load characteristics.

A. COMPARISON OF MILP AND BLP MODELS
The joint planning bi-level programming (BLP)model solved
by the GA, which is similar to [40], is used to compare with
the proposed MILP model. Furthermore, the parameters of
GA is set as follow: Population size is 100; the maximum
generations is 300; the migration percent is 0.2; and the
crossover percent is 0.8.

FIGURE 1. The convergence characteristics of the BLP model.

The convergence characteristics of the BLP model is
shown in Fig.1. The solution of the MILP model and the BLP
model in theWood&Wollenberg 6-bus system are both shown
in Table 2. The optimization results of the MILP model and
the BLP model are highly close, which means that, the plan-
ning result is credible. Particularly, the largest error comes

TABLE 2. The solution of MILP model and BLP model.

from the piecewise linear generation cost.Moreover, the solv-
ing time of the BLP model is much more than the MILP
model. The solving effectiveness of the BLP model is highly
depended on the inner layer model solved by GUROBI.
In summary, the effectiveness and precision can be guaran-
teed according to the MILP model, and the MILP model is
better than the BLP model.

B. THE WOOD & WOLLENBERG 6-BUS SYSTEM
The Wood&Wollenberg 6-bus system has 11 transmission
lines and 3 thermal power units. The power generation-side
and load-side of the system are relatively independent. Hence,
it is conducive to catch obvious effects by changing transmis-
sion lines and load. A wind farm and an ESS connected to the
grid are considered.

1) Analysis of affecting by HLPC
In order to avoid the transmission line running under

heavy-load, the HLPC is introduced to reduce the number
of heavy-load lines and heavy-load level at the planning and
operation. Two scenarios are set to compare the effect of
HLPC as follows: scenario A is the source-network-storage
joint planning considering the HLPC, and scenario B is
the source-network-storage planning without considering the
HLPC. Particularly, the installed capacity of wind farm in
scenario B is set as same as scenario A.

The planning scheme under each scenario is shown
in Table 3. The construction operation cost (COC) is the
sum of TLEC, ECOC, and UOC. Compared to scenario B,
line 7 (3-5) is expanded in scenario A. And the HLPC is
reduced by about 53.98% in scenario A. The time chart
of HLPC is further shown in Fig.2. Obviously, the time of
HLPC peak is consistent with the load peak, and the HLPC
in scenario A is lower than scenario B at each time. Therefore,
it can be believed that considering HLPC can effectively
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TABLE 3. The comparison of planning schemes considering HLPC or not.

FIGURE 2. The time chart of the HLPC.

FIGURE 3. The accumulated heavy-load quantity and cost changes.

reduce the heavy-load level, and make the planning scheme
and operation schedule more reasonable and reliable.

Furthermore, the heavy-load operation penalty coefficient
is increased from 0 to 0.3 to investigate the influence of
the penalty coefficient. The accumulated heavy-load quantity
and various cost changes are shown in Fig. 3, where the accu-
mulated heavy-load quantity is the sum of the electric quan-
tity exceeding the heavy-load limit of all lines at all times.

With the increase of the penalty coefficient, the accumulated
heavy-load quantity presents a significant downward trend,
and the TLEC and total cost show an overall growth trend.
Compared to the penalty coefficient which is 0, the accumu-
lated heavy-load quantity decreases by nearly 56.23% when
the penalty coefficient is 0.0722 and decreases by nearly
84.45% when the penalty coefficient is 0.1445. In summary,
the value of the heavy-load operation penalty coefficient has
a significant influence on the planning result. According to
considering the HLPC, the power flow distribution and sys-
tem safety margin can be effectively optimized during plan-
ning and operation, and a more rational planning result and
operation schedule can be obtained by balancing economic
and safety.

2) Planning schemes in different scenarios
Several scenarios are set up to discuss the role of expansion

lines and ESSs, i.e., scenario I is the source-network plan-
ning considering TNEP and wind farm locating; scenarios II
and III are the source-network-storage planning considering
TNEP, ESSP, and wind farm locating; scenario IV is source-
network-storage planning considering the TNEP, ESSP, and
WPIP which determines the installed capacity and location
of the wind farm. Besides, the installed capacity of wind
farm in scenarios I and II are 300MW, and it is 500MW in
scenario III. The planning content of each scenario are shown
in Table 4 and the planning schemes solving in different
scenarios are shown in Table 5.

TABLE 4. The planning content of each scenario.

TABLE 5. The planning schemes solving in different scenarios.

First, scenario I and scenario II are compared. The
TLEC, UOC, WCC, and HLPC in scenario II are reduced
by 42.86%, 7.82%, 88.38%, and 14.73% compared with
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TABLE 6. The planning schemes under different wind power scenarios and load factors.

scenario I, respectively. Meanwhile, line 3(1-5) does not
need to expand in scenario II. ESS is helpful to alleviate
transmission congestion and enhance transmission capacity.
Furthermore, by comparing scenarios II and III with
scenario IV, the TLEC and HLPC in scenario III are the
largest. It indicates that excessive installed capacity of wind
farm may aggravate transmission congestion and construc-
tion cost. Besides, the capacity of ESS increases with the
increase of wind farm capacity, which indicate that ESS has a
greater effect on wind power consumption. Overall, the total
cost, WCC, and HLPC in scenario IV are the smallest. The
appropriate installed capacity of wind farm is beneficial to
avoid the excessive planning of TNEP or ESSP, and it can
relatively improve the economics and security margin.

3) Planning schemes under different load factors and wind
power scenarios

It is necessary to explore the influence of load growth
under existing thermal power level, and the impact of wind
power fluctuation characteristics or anti-peak characteristics.
Hence, the planning schemes under different load factors and
wind power scenarios are shown in Table 6.

In the same wind power scenarios, the COC increases with
the increase of the load factor. When the load factor is 0.5,
it is not necessary to construct ESSs and expansion lines
because the transmission capacity and regulation capability
are relatively abundant. When the load factor is 1, the system
cannot be operated without wind farms, ESSs or expansion
lines because the total demand is greater than total ther-
mal power. After joint planning of WPIP, TNEP, and ESSP,
the system can operate under acceptable WCC, HLPC, and
wind power curtailment rate (WPCR).When the load factor is
1.5, the installed capacity of wind farm and WPCR of typical

scenario are 816.73 MW and 36% respectively. The system
demand cannot be guaranteed at demand peak if the installed
capacity of wind farm is less. Hence, this installed capacity
can be considered as a security capacity to ensure system
operation requirement rather than an economic capacity.

Furthermore, when the load factor is 1, the installed capac-
ity of wind farm, the ESS capacity and the various cost
of typical scenario are larger than reconstruction scenario.
Particularly, the difference between the COC of the typical
scenario and reconstructed scenario can be defined as a fluc-
tuating cost for wind power integration. Hence, when the load
factors are 1 and 0.5, the fluctuation cost is 15.41 million
dollars and 2.19 million dollars respectively.

On the whole, a reasonable source-network-storage plan-
ning and operation schedule can improve the load acceptance
level under the existing thermal power level. But the excessive
load may causes unacceptable COC and WPCR. On the
other hand, the transmission congestion and the wind power
consumption difficulty will be aggravated because of the
fluctuation and anti-peak regulation characteristics of wind
power so that more lines and ESSs need to be built for wind
power integration.

C. THE IEEE RTS-24 SYSTEM
The IEEE RTS-24 system has 38 transmission lines and
10 thermal power units. It is more favorable to discuss the
difference between the centralized and distributed arrange-
ment of ESSs and the impact of generation cost. Hence,
four scenarios are set as follows: scenario 1 is the source-
network-storage planning under distributed ESSs; scenario 2
and scenario 3 are the source-network-storage planning
under centralized ESSs; scenario 4 is the source-network
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planningwithout ESSs integration. The total ESSs capacity in
scenario 2 and scenario 3 are set as same as scenario 1.
Moreover, the coefficients of the quadratic generation cost
function of all units are set as Table 10 in scenarios 1, 3, and 4,
while the coefficients of all units are set as unit 1 in scenario 2.
The power cost and energy cost of ESSs are set to half of the
original.

The planning schemes in different scenarios of IEEE
RTS-24 system are shown in Table 7. First, compared to
scenario 4, the TLEC in scenario 1 and scenario 3 are reduced
by 21.43% and 23.43% respectively. In scenario 1, the HLPC
is reduced by 0.31 million dollars while the installed capacity
of wind farm is increased by 36.71%. It is shown that ESSs are
beneficial to reducing expansion requirement and improving
wind power accommodation.

TABLE 7. The planning schemes in different scenarios of IEEE RTS-24
system.

Furthermore, the impact of generation cost can be obtained
according to the comparison between scenario 2 and
scenario 3. Particularly, the actual UOC in scenario 2 is
331.22 million dollars if the coefficients of the quadratic
generation cost function of all units are set as Table 10.
As compared with scenario 2, the TLEC is increased by
27.62%, while the UOC is decreased by 49.40% in scenario 3.
Therefore, it can be believed that the thermal power output
distribution and power flow distribution is affected by gen-
eration cost, that is, the heavy-load level and transmission
congestion will be aggravated in local areas because lower
cost units tend to generate more power. Hence, it is necessary

TABLE 8. The planning schemes of modified IEEE 118-bus system.

to consider the generation cost and unit commitment to obtain
a more practical planning scheme.

Finally, the difference between the centralized and dis-
tributed arrangement of ESSs can be achieved by comparing
scenario 1 and scenario 3. In scenario 1, line 9 (5-10) replaces
line 11 (7-8), which increases the TLEC by 118.79 thousand
dollars. At the same time, the UOC and HLPC decreased
by 0.35 million dollars and 55.24 thousand dollars respec-
tively in scenario 1. Relatively, the optimization effect of
distributed arrangement is better than centralized arrange-
ment. Distributed ESSs have larger regulating scope andmore
precise regulating way in the operation process.

D. THE MODIFIED IEEE-118 SYSTEM
The modified IEEE 118-bus system is employed to demon-
strate the practicability and effectiveness of the proposed
model used in a large power system. The modified IEEE-118
system has 186 existing transmission lines and 54 thermal
power units. The detailed parameters of transmission lines
and thermal power units are shown in [13], [14]. It is assumed
that the demand of each node in modified IEEE-118 system is
twice as much as the original. The total thermal power capac-
ity and maximum demand are 9966.20MW and 8484MW
respectively. The power cost and energy cost of ESSs are set
to 30% of the original. The transmission limit of transmission
lines are considered to be 70%of the original. Three scenarios
are set with different planning parts. The planning schemes
of the modified IEEE 118-bus system are shown in Table 8.
The UOC and total cost in scenario b are the maximum
while the installed capacity of wind farm are the minimum.
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TABLE 9. The thermal power units parameters of Wood & Wollenberg 6-bus system.

TABLE 10. The thermal power units data of IEEE RTS-24 test system.

TABLE 11. The parameters of ESSs.

TABLE 12. The parameters of transmission lines.

TABLE 13. The maximum load of each node of Wood&Wollenberg 6-bus system.

TABLE 14. The maximum load of each node of IEEE RTS-24 test system.

Contrarily, the UOC and total cost in scenario c are the
minimumwhile the installed capacity ofwind farm andTLEC
are the maximum. As compared with scenario b, the UOC is
decreased by 3.11% in scenario a while it is decreased by

15.39% in scenario c. Expanded transmission lines and ESSs
are helpful in wind integration so that the generation cost is
significantly reduced. The benefit of the joint planning with
WPIP, TNEP, and ESSP is greater than each individually.
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TABLE 15. The transmission lines data of Wood&Wollenberg 6-bus system.

TABLE 16. The transmission lines data of IEEE RTS-24 test system.

IV. CONCLUSION
A source-network-storage joint planning model which com-
prehensively considers TLEC, ECOC, UOC, WCC, and
HLPC is established for transmission congestion and wind
curtailment in this paper. Eventually, the wind power optimal
installed capacity and location planning, the transmission
network expansion planning, the ESSs locating and sizing

planning, and the unit commitment schedule can be obtained
by balancing the economy, safety, and wind curtailment.

1) Through the source-network-storage joint planning
model, the transmission congestion can be effectively alle-
viated, and the load acceptance level and wind power accom-
modation level can be improved under the existing thermal
power level. The model is not only suitable for solving
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WPIP, ESSP, and TNEP separately, but also suitable for joint
planning such as source-network, source-storage, network-
storage, and source-network-storage. The model has strong
flexibility and applicability as a whole.

2) It can effectively optimize the power flow distribution
and heavy-load level during planning and operation by con-
sidering the HLPC. Relatively, the system construction and
operation cost will increase in order to improve system safety.

3) The wind power fluctuation characteristics and anti-
peak characteristics are unfriendly for wind power integra-
tion. The fluctuating cost need to be imposed for smoothing
fluctuation or balancing power.

4) The ESSs are helpful to alleviate the transmission con-
gestion and reduce the line expansion requirement. The effect
of the distributed ESSs is better than the centralized ESSs
under the same capacity.

APPENDIX
See Tables 9–16.
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