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ABSTRACT In low latitudes, ice storage air conditioners (ISACs) have been widely used to cool while
locally responding to the distribution network demand. However, due to the lack of the direct cold energy
exchange between ISACs, the cooling load could only be shifted on the time scale instead of the space
scale, resulting in an unsatisfactory regulation result. To address the above problem, this article proposes a
novel collaborative expansion planning scheme for integrated cooling and power system. Firstly, to increase
the regulation flexibility, a novel cold energy supply system is designed, where ice making stations and
trucks are used to produce and deliver ices to multiple terminal ISACs. On this basis, taking the capacity
of the wind turbines (WTs), large ice makers (LIMs), and trucks as configuration decisions, an optimal
expansion planning model is established considering wind generation uncertainties. This model is converted
into a classic mixed-integer second-order cone programming (MISOCP) problem using linear techniques,
and efficiently solved by the Benders decomposition method. Finally, Shapley value method in economics is
used to fairly distribute the revenues between the grid operator (GO) and ISAC owners. Simulation studies
on IEEE 14-node distribution network indicate the proposed expansion model is effective and beneficial.

INDEX TERMS Low-latitude distribution network, ice storage air conditioners, expansion planning,

integrated cooling and power system, Shapley value method, Benders decomposition method.

I. INTRODUCTION

With the awakening of energy crisis and environmental
awareness, more and more renewable generation is con-
nected to the distribution network [1]. It is found that the
multi-energy systems which integrate multiple energy carri-
ers and provide various energy services can further develop
complementary advantages (e.g. efficiency improvement,
cost savings, and so on) while accommodating renewable
energy resources [2]. As an important form of the multi-
energy systems, the integrated cooling and power system
is believed to be more and more popular in low latitude
region [3]. Therefore, it is worth studying the expansion
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planning of the low-latitude distribution network on inte-
grated cooling and power system.

More recently, many researches have focused on the
coordinated planning of the integrated electricity, heat and
cooling multi-energy systems, including the system struc-
ture optimization [4]-[6], location, type, and capacity con-
figuration of the common units [7]-[13], energy storage
characteristic development [14]-[17], and uncertainty anal-
ysis [18]-[20]. For example, in [4], a generic structure plan-
ning and operation optimization scheme is proposed to obtain
both the optimal structure configuration and energy man-
agement strategies of combined heating and power. In [5],
a graph-theory-based optimal configuration planning frame-
work for a community level integrated electricity-heat system
is presented to determine the selection and connection of
energy converters and devices. In [6], a two-stage model
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for integrated heat and electricity system is established to
optimize the connection relationships between the invested
system components in each two adjacent layers and system
component types for each layer. Additionally, an optimal
planning model for a coupled combined cooling heating and
power system is proposed in [7] to optimize the location and
capacity of units. A comprehensive model for integrated heat
and electricity system is used in [8] to find the best size and
operation for elements of these systems according to histor-
ical analysis of utility demand. A new composite indicator
for optimum sizing and operational strategy of combined heat
and power plant is introduced in [9] to give a more compre-
hensive assessment of the performances. An optimal plant
configuration approach for a specific commercial building
is presented in [10], [11] to select the sizes and the number
of cogeneration systems and the auxiliary equipment based
on the annual demands of electricity, heating and cooling.
A two-stage planning and design method for the integrated
heat-electricity systems is proposed in [12] to obtain the
optimal type and capacity of the equipment using the system
parameters and load data. In [13], combined heat and power
plant is optimally planned (placed and sized) at the network
by considering the operation costs, power loss, network reli-
ability, and voltage penalty. Moreover, a planning problem
of the multi-energy systems considering the thermal storage
capacity of the heating network and heat load is formulated
in [14]. A mathematical model is developed in [15] to calcu-
late the optimal capacities of the combined heat and power
system and a storage tank and a back-up boiler. A thermal
inertia aggregation model is established in [16], [17] for
the planning and operation of integrated electricity-heat-gas
systems considering the heat storage dynamic characteristics
of district heating network and buildings. In addition, a com-
bination of robust and stochastic optimization approaches
is used in [18] for integrated electricity-heat-hydrogen sys-
tem planning to address the generation-load uncertainties.
A data-driven two-stage stochastic programming model is
discussed in [19] for energy hub capacity planning. Con-
sidering the uncertainties of the heat load, ambient temper-
ature and heat dissipation coefficients of heating pipelines,
a two-stage robust integrated electricity and heating system
scheduling strategy is studied in [20]. However, focusing on
the integrated heating, (cooling) and power system planning,
the existing literature rarely discuss the low latitude regions
with strong cooling demands almost all year round. Unlike
heating systems designed to supply the thermal loads of
several or more kilometers, cooling system planning is gen-
erally limited to the community or building level due to eco-
nomic factors and operation efficiency. Therefore, we cannot
learn much from the existing works. Additionally, DC power
flow model is widely used in the above literature to depict
the electricity supply, which may result in planning scheme
error, especially for distribution networks with serious power
losses.

As a further study, the cooling and electricity combined
scheduling of the distribution network have also received con-
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siderable attention recently. For example, [21], [22] establish
a hierarchical control framework for distribution networks
to management the refrigeration power of air condition-
ers. [23], [24] propose a planning scheme for ultra-deep
mine cooling systems using chilled water and ice. Ref-
erences [25] and [26] discuss a planning and operation
approach for data centers and telecommunications systems
to achieve a multi-time scale cooling and electricity man-
agement. Reference [27] designs a cooling energy storage
system in smart building based on phase change material,
together with its corresponding cooling-electric combined
two-stage dispatching strategy. Reference [28] develops an
integrated cooling and power system based on cogenera-
tion of a concentrating solar power plant and buildings with
phase change materials. References [29] and [30] study
the ice-storage air conditioners (ISACs) to carry out cut-
ting peak and filling valley. Although the advantages of
combined supply of cooling and electricity have been ini-
tially demonstrated, the energy-saving opportunities have not
been fully exploited due to the disadvantages of not being
able to exchange energy directly between cooling systems.
In addition, considering that multiple cooling systems as
well as the power system belong to different stakehold-
ers, how to distribute the collaborative benefits is worth
studying.

With the above observations, it can be speculated that
more energy interaction among cooling systems and stronger
coupling between cooling and power system can significantly
increase the operation economy of low-latitude distribution
networks. Motivated by the existing research gaps, a novel
integrated cooling and power system expansion planning
scheme for low-latitude distribution networks is proposed in
this article. Firstly, without loss of generality, it is assumed
that multiple ISACs have been used for refrigeration, and no
renewable energy has been connected to the grid. To increase
the collaborative optimization opportunities of distribution
networks, not only wind turbines (WTs), but also a large
ice maker (LIM) would be installed, where the ices pro-
duced would be delivered to the tanks of multiple ISACs
to support cooling loads. Taking the uncertainties of wind
generation into account, the expansion planning model of the
novel integrated cooling and power system is established.
On this basis, this model is converted as a classic mixed-
integer second-order cone programming (MISOCP) problem,
and solved by Benders decomposition method. Finally, sim-
ulation studies are conducted on IEEE 14-node distribution
network. According to the optimization results, Shapley value
method in economics is used to distribute expansion planning
revenues fairly between the ISAC owners and grid operator
(GO). The main contributions of this article are summarized
as follows:

1) A novel integrated cooling and power collaborative
expansion planning framework for low-latitude distribution
networks is proposed. To promote the cooperation between
ISAC owners and GO, Shapely value method in economics is
used to distribute the planning revenues reasonably.
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2) An integrated cooling and power system expansion plan-
ning model integrating robust method is established. Linear
techniques and Benders decomposition method are used to
solve this model efficiently.

3) Using realistic wind generation and load, the effective-
ness and benefits of the proposed strategy is verified.

The rest of this article is organized as follows: Section II
presents the framework of expansion planning of integrated
cooling and power system. Section III introduces the novel
expansion planning model. Solution algorithm is depicted in
Section I'V. Results and discussion are conducted in Section V.
Finally, the conclusions are drawn in Section VI.

Il. FRAMEWORK OF EXPANSION PLANNING OF
INTEGRATED COOLING AND POWER SYSTEM FOR
LOW-LATITUDE DISTRIBUTION NETWORKS

A. COLLABORATIVE EXPANSION PLANNING OF COOLING
AND POWER SYSTEM

Figure 1 depicts a diagram of the ISAC. As observed from the
figure, the ISAC includes a refrigeration pump, an ice maker,
an ice melting unit, and an ice storage tank. Assume that the
arrow represents the direction of the cold flow. The ISAC
could store or melt ice while satisfying the cold demand of
communities or buildings. By regulating the grid-connected
power, ISACs are able to carry out demand response accord-
ing to the time of use tariff price. However, due to the lack
of the direct cold energy exchange between cooling systems,
the cooling load could not be shifted on the space scale.
Therefore, the effect of peak cutting and valley filling may
be limited.

gd
&

y - Ice
il @melting

| Release unit

Ice
maker CO

Refrigeration pump

Ice storage tank

FIGURE 1. Diagram of ice storage air conditioners.

To operate the low-latitude distribution network better,
this article proposes a novel collaborative expansion plan-
ning framework for integrated cooling and power system,
as depicted in Figure 2. To reduce the energy demand of the
local electric loads, WTs are installed to generate electricity.
Meanwhile, in a light load area, a LIM is configured to
produce ices. The ices produced are transported by trucks and
then dropped into ice storage tanks of ISACs. By this method,
not only the electricity, but also cooling energy could be
directly exchanged. Therefore, the novel integrated cooling
and power system would be better operated. Note that the
it is common that ices are delivered based on trucks to cool
residents and keep supermarket meat fresh [31]. Therefore,
the proposed novel expansion planning strategy is technically
feasible.
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FIGURE 2. Collaborative expansion planning framework for integrated
cooling and power system.

B. REVENUE DISTRIBUTION METHOD

Generally, the GO is responsible for distribution network
expansion planning, while the community property owns
ISACs. They belong to different stakeholders. Although the
WTs and LIMs as well as trucks could be invested and
operated by the grid operator, ISACs must participate in the
integrated cooling and power system schedule. Therefore,
the grid operator and community property shall be cooper-
ated. To fairly distribute the revenues according to partic-
ipator’s contributions, Shapley value method in economics
is used in this article [32]. More descriptions are given as
follows:

Define that set N ={1,2, - - -, n} stands for n members
involved in an economic activity, S means a subset of N,
V(§) denotes the cooperative revenue. Their relationships are
written in (1).

{V(qs) =0

S1NSy = 1
VEIUS) > V) +visy D 02=e M

Assume that ®;(v) represents the revenues of member i,
O = (P1(v), Pr(v), - - -, D,(v)) indicates the revenue distri-
bution vector, as follows:

P;(v) = ZW(|S|)(U(S) —vS\)), i=12,....,n (2)

1

w(|S]) = (n— ISDIIS| — D/n! 3

where |S| and n stand for the subset number and member
number, respectively, and v(S\i) is the contribution of mem-
beriin S.

Without loss of generality, assume that the grid operator
(i.e., GO) and two ISACs (i.e., ISAC1 and ISAC 2) are
engaged in the integrated cooling and power system. In this
case, there are seven possible economies, i.e., S = ({GO},
{ISAC1}, {ISAC2}, {GO, ISAC1}, {GO, ISAC2}, {ISACI1,
ISAC2}, {GO, ISACI, ISAC2} ). The revenue space and
distribution vector can be represented as V = (v({GO}),
v({ISAC1}), v({ISAC2}), v({GO, ISAC1}), v({GO,
ISAC2}), v({ISACI1, ISAC2}, v({GO, ISACI,ISAC2})),
and @ = (P1(v), P2(v), P3(v), Pa(v), P5(V), Ps(v),
®7(v)), respectively.
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IlIl. EXPANSION PLANNING MODEL OF THE INTEGRATED
COOLING AND POWER SYSTEM FOR LOW-LATITUDE
DISTRIBUTION NETWORKS

A. OBJECTIVE

The expansion planning costs consist of investment costs and
operation costs. The investment body includes WTs, LIMs
and trucks, while the operation costs come from the truck,
load shedding (LS), and external grid (EG), as follows:

cTotal _ (CIWT +CHM C[Truck) +(C£rltc'k +CEC 4 C(L)S)
“

where C7?@ indicates the total expansion planning cost,
C IW T cC IT ruck and C [L[M represent the investment costs of the
WTs, trucks and LIMs, respectively, Cg”‘d‘ s CgG, and Cés
denote the costs of the truck driving, purchasing electricity
from the EG, and LS penalty, respectively.

The detailed explanations are presented as follows:

wTr
r(l+r)”
= (PP ) x ———— 9
Z( ") (a+m" —1)
LIM
r(1+r)
CILIM _ Z ( PiLIMpLIM> % L (6)
i ((1 ™ 1)
’ (1 + r)mick
C]Tmck — CTmck % (7)

((1 + r)mick _ 1)
T

S
C(I)‘ruck — ZZ Zlglpfuel + CLabor )

s=1r=1 \ i#j

N
50 =33 (pFOPES) ©)

s=1 t=1

s T
DI (i) (10)

s=1 t=1

where p , and y"T mean the investment prices, con-
figuration capacity, and service lives of WTs, respectively,
r represents the interest rate, pM/M prM , and y“™ are the
investment prices, configuration capacity, and service lives of
LIMs, respectively, CT%* and yT* indicate the sale price
and service lives of trucks, respectively, S and T express
the scenario number and dispatching cycle, respectively,
S denotes the hourly truck fuel cost, binary variable T means
the truck driving flag from station i to station j at time ¢
in scenario s, CL4°r is the driver labor cost, P‘SE? and PEC
represent the EG power and price, respectively, PsL? and PLS
stand for the LS amount, and penalty price, respectively.

To ensure the economy of the expansion planning scheme,
the impact of the uncertainties must be considered. With
regard to the proposed integrated cooling and power sys-
tem, compared with the load power, the prediction error of
wind generation is larger. For simplicity, only wind gen-
eration uncertainty is analyzed. Define P:f/gt denotes the

T pWT
W ’Pi
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grid-connected wind power, it can be expressed as follows:

P} <ol x P (11)

where Prvft denotes the wind generation per unit of installed
capacity, respectively, PIWT represent the installed capacity of
WTs at node i, respectively.

Considering the prediction errors, we build a robust model

to construct an uncertain set of PfVl.Tt, as follows:

wr WT Wry . gWI.1
ps,i,t = 'Os,i,t (1 +Te ) . Ew,]{ ) (12)
wrT WT % WT . .
Ps.it z Os.it (1 —Te ) . Es,i,t
where pSWth* represents the prediction power, "7 express the

maximum deviation of WT output, I is used to control the
conservative of the robustness of the problem.

According to duality theory, we can use feasible dual vari-
ables SAWZ 1, and Srf;’z to deal with the robust problem [33].
The objective function of expansion planning model consid-
ering uncertainties is represented as follows:

min CTw! (13)

WT,1
Ei Poiy (14 Te"T) o PIT

WT.2 wr« wr wT wT
sto 4 wr _Es‘% fs,i,z (1-Te") x P < =Py
Es,i,t’ _%.s,i,t, > -1

WT,1 WT,2
Es,i,t ’%_s,i,t = 0

(14)

B. CONSTRAINTS

1) TRUCK TRANSIT CONSTRAINTS

Trucks are used to transport ices between LIMs and ISACs.
Define H/¢ and HSICf[ represent the rated and real-time ice
throughput capacity of the truck, respectively, E,,C’”Ck and
E ST ;""’k denote the rated and real-time ice loading capacity of
the truck, respectively, £%" represents the ice retention rate
considering the cold leakage. Note that I ;; ; denotes that the
EV islocated at station i. The location and loading constraints
are presented as follows:

Y Lyi=1 (15)

ij
D Lt = i (16)
j
D st = L (17)
ki
le,zj,l = L0 (18)
i
Liiit = Is,ii0 (19)
—Hp iy < Hshl‘t < HI[ 4 (20
B = EJIe + 3 HE @
0 < EsY:;t’uck < Eﬂ];ruck (22)
ESY:’;MCk — ESYI)uck (23)

where (15) constrains the uniqueness of the location of the
truck in time and space, (16)-(18) express the continuity of the
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truck trip sequence, (19) requires the truck to return to initial
location, (20) indicates the constraint of the ice throughput,
(21)-(23) stand for the ice load limits of the truck.

2) OPERATIONAL CONSTRAINTS OF LARGE ICE MAKERS
LIMs are established to produce ices. Define Pf’l”t[ and Pﬁl”:’l
denote the real-time and rated ice making power, respectively,
n® is the ice making efficiency, EYLfA;I represents the amount
of ice storage. The operational constraints are presented as
follows:

0 < Pt < P (24)
EgY = EG 6 + PO —H{E, (29
0 < ELM < gl (26)
E; = E{l§ @7

where (24) denotes the ice making power limit, (25)-(27)
express the ice storage constraints.

3) OPERATIONAL CONSTRAINTS OF ICE STORAGE AIR
CONDITIONERS

Define P?‘ ?;c’”ller and Pﬁfi’d’ iller a5 the actual and rated refrig-

eration power of ISACs, respectively, Pﬁf;lce and P‘:fi’me”
stand for the real-time and rated ice making power, respec-
tively, P? E;meh and denote the real-time and rated ice melt-
ing power, respectively, n</er pice and n™e represent the
refrigeration, ice-making and ice-melting efficiency, H Sl, ;18
the cooling load, Eﬁft’ice and E::l)ci’ice express the real-time
and rated ice storage capacity, respectively. The relationship

between variables are given as follows:

C,chiller C,chiller
0 < PG < P
(28)
C,ice C,ice
0= P?,i,t = an,i (29)

0 < PAC,melt < Pﬁﬁ,mell (30)

Pg\‘%meltnchiller + Pﬁﬁ_,melt el — Hllllt[ (€28
EJL = EJ e
+HSI’L;‘{5, _'_Pﬁg;icenice
_Pﬁg;melt nmelt (32)
0= B[/ < E,Z 33)
R

where (28)-(30) express the constraints of refrigeration, ice-
making, and ice-melt power, respectively, (31) denotes the
cooling power balance limit, (32)-(34) represent the ice stor-
age limits.

4) POWER FLOW CONSTRAINTS
Define P; ; ; and Qé! ;. Tepresent the active and reactive power
of the load at node i, respectively, Ps;; and O ;; denote
the node injection active and reactive power, respectively,

r;; and x;; stand for the resistance and reactance of branch ij,
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respectively, £ ;;; and Eij mean the square of the real-time
and rated currents of branch ij, respectively, Py j; , and QO ji ;
indicate the active power and reactive power of branch ij,
respectively, v ; s, Vi, and v; denote the real-time, maximum,
and minimum voltages of node i, respectively. The power
flow constraints are given as follows:

_ pl wT IM C,ice
Psir = Ps,i,t - Ps,i,t + Pl{i,t + PsA,i,z
+P§X’E;melt _}_PﬁlC_:;chlller (35)
_ wr LIM Cice
Osit = Qyir — Qs + Osis + Ot
C,melt C,chiller
+Cir 1T (36)
Poiv ==Y Py (37)
J
Quiv =~ Osijs (38)
J
Ps,ji,t = Ps,ij,t - rijes,ij,t (39)
Osjit = Os.ijit — Xijls,ijt (40)
2 2
Coia = (P + Q) [vsi (41)
Es,ij,t = Eij (42)
Vi < Vi <V 43)

where (35)—(36) indicate the node injection power con-
straints, (37)-(38) express the relationships between the node
injection power and branch power, (39)-(40) represent the
relationships between the injected power and outflow power
of the branch ij, (41)-(43) mean the nodal voltage and branch
current limits.

IV. SOLUTION ALGORITHM
A. LINEARIZATION STAGE

The optimization model includes several nonlinear con-
straints such as E;ﬁ’l X PlWT and 5;‘;?2 X PIWT of (14),
which makes it difficult to be solved. To address this problem,
linear techniques are used as follows:

First, assume P"7 denotes the rated capacity of a WT,
N is the maximum possible installation number of WTs,

binary variable uXVIT (n=1,2,...,N) represents the installation

mark of nth WT, PY7:! and P"7:2 expresses uZVT WIT and

n,s,i,t n,s,i,t 0 9s,0,t
WT «WT,2 . . . .
u,; &, »respectively. The corresponding relationships are

presented as follows:

N
Wr WT pWT
P = Z u) i P (44)
n=1
WT.1 WT.1 pWT
OWST[;n,s,i,t = Es,i,t p WT 1 (45)
L pWT wT s wTr
és,i,t p —-M+ Uy i M = Pn,s,i,t = “n,i
WT,2 WT.,2 pWT
OWSTI;n,s,i,t = Es,i,t P WT 2 (46)
2 pWT wT s wTr
és,i,t P -M+ Uy i M = Pn,s,i,t = Uy i M

where M is a large positive number.

VOLUME 9, 2021



B. Yang et al.: Optimal Collaborative Expansion Planning of Integrated Cooling and Power System

IEEE Access

According to (44)-(46), (11) can be replaced as follows:

wr
ps i, t* (1 +Te n,i,s,t

N
WT,1
V1) ds 21 P
n=

wr
_'Os,i,;‘< (1 —Te
WrT,1 WT,2
%-stt _gsit e

N
W1 WT,2
)ds ZIPnlsl—_PszTt 47
n—=

WT,1 JWT.2
'i:s it Es,i,t z 0
Additionally, in the distribution network, (41) can be
relaxed to the inequality (48) according to [34], and then is
equivalently treated as the second-order cone limit in (49).

Ciavie = Py + 054 (48)
2Pjj i
20ij,it < Ly +Vis (49)
Eij,t — Vit |,

Through the above process, the optimization model is con-
verted as a classic MISOCP problem.

B. BENDERS SOLUTION STAGE
Define x = [ wr PWT pLiM IS’,-J-,,] and

nt’ m,i

y = [Psn, pWI pLIM _pAC.ice pAC.melt pAC.chiller

S, 0,10 7 s, 1,10 " s,0,t s,1,t S,1,t

Cice C,melt C chiller
Q”f’Qslt’ Ylt’ 5,0t ’Q? s K Ps,ij,t,

QS ij,ts ZS ij,ts VS its E_SAlCtl “ Egc,e,, ETVMCk ch;ep é_gu;’];,l ’
WT,2
Ss,i,t ’ ]
, the MI-SOCP problem can be denoted as follows:
min kT x + cTy (50-1)
s.tAx <b (50-2)
Bx+Dy <d (50-3)
Ey <e (50-4)
IFyllo <fy (50-5)

where k,¢,A,b,B,D,d, E, e, F, and f are the coefficient.

To solve the MI-SOCP problem efficiently, Ben-
ders decomposition method is used in this article. The
sub-problem SP1 can be denoted as follows:

min ¢y

s.tDy <d — Bx
Ey <e
IEyll, <fy

(S

where x can be obtained from the main problem.
On this basis, we can obtain sub-problem SP2 according to
duality theory, as follows:
max [d — Bx|" u +ev
stDu<Ev+F0 —frn+c¢c=0
01> <= (52)
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where u, v, 0, and & are dual variables.
By solving (52), the upper bound Up of the optimization
problem can be expressed as follows:

Ug=k"%+[d —Bx]" u+ev (53)

On the other hand, the main problem can be denoted as
follows:

min Z
st.z2>klx+[d—Bx]"u+ev
Ax <b (54)

where u and v are obtained from sub-problem.
Define Lp as the lower bound of the optimization problem:

Lp=z (55)

The bounds Up and Lp are solved iteratively until the
following termination conditions are satisfied:

Up—Lg<e (56)

where ¢ stands for errors.

The detailed solution steps are given as follows:

Step 1: Initialization. Input investment price, common
load, cooling load, wind power, electricity price, unit oper-
ation parameter, distribution network, u, v, &

and so on.

Step 2: Solve main problem (54) and then calculate Lp
according to (55). The optimization result of x is written as X,
and then transferred to the sub-problem.

Step 3: Solve sub-problem (52)-(53) and update Up.

Step 4: Check stopping criteria. If (56) is satisfied, the iter-
ative process is terminated. Otherwise, go to step 2.

Step 5: The optimal planning results are obtained.

The flow chart of Benders decomposition method is
depicted in Figure 3.

Initialize parameters

v

Solve main-problem with (54)-(55) and update Lp |

v

| Solve sub-problem with (52)-(53) and update Up ‘

FIGURE 3. Flow chart of the Benders decomposition method.

V. RESULTS AND DISCUSSION

A. TEST SYSTEM

To verify the superiority of the proposed strategy, an IEEE-14
node distribution network depicted in Figure 4 is tested [35].
The reference voltage and capacity are 22 kV, and 100 MVA,
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Subsation

@ Substation O ISAC — Electric flow f Load A Candidate ice making station
- — - Candidate cold flow @@ Candidate ice truck @ Candidate WTs

FIGURE 4. Diagram of the novel integrated cooling and power system.

TABLE 1. Distribution network parameters

Branch R (p.u.) X (p.u.) Branch R (pu) X (p.u)
1-2 0.30 0.4 8-9 0.32 0.44
1-3 0.44 0.44 8-10 0.44 0.44
1-4 0.44 0.44 3-11 0.44 0.44
2-5 0.36 0.72 4-12 0.36 0.48
2-6 0.32 0.44 4-13 0.16 0.44
5-7 0.16 0.16 13-14 0.16 0.16
3-8 0.32 0.44

respectively. The nodal voltages are allowed to vary between
1.07 and 0.93. The distribution network parameters are shown
in Table 1. Two ISACs are connected to the distribution
network. Candidate WTs are allowed to install at nodes 3 and
10, while candidate ice making station is required to locate
at node 3. The distances between the ice making station
and ISACs are set to 20 km. A candidate truck is used to
transport ices.

The EG electricity prices are 0.36 yuan at 0:00-7:00 and
23:00-24:00, 0.7 yuan at 7:00-10:00 and 13:00-18:00,
1.05 yuan at 10:00-13:00 and 18:00-23:00, respectively [36].
The annual power of common loads, cooling loads, and wind
generation are collected from South China’s low latitude
regions. On this basis, they are clustered into three scenar-
ios using the scenario reduction method [13]. Figure Al in
Appendix depicts the profiles of the electric load based on
100 MW, wind power based on 0.5-MW installing capacity,
and cooling power based on 100 MW. The rated refrigeration
power, ice making power, and melt power of ISACs are
7 MW, 20 MW, and 2 MW, respectively. The refrigeration,
ice-making and ice-melt efficiencies are 4.2, 2.8, and 42.5,
respectively [29]. The wind generation error and ice retention
rate are 10%, and 98%, respectively.

The investment costs of WTs with a 30-year service life,
LIMs with a 30-year life, and trucks with a 10-year life
are 5100 yuan/kW, 1000 yuan/kW, and 400000 yuan respec-
tively [37]. The driving speed and transportation cost of
trucks are 20 km and 600 yuan per hour. According to
China’s market prices, the annual driver labor cost is set to
200000 yuan.

To verify the superiority of the proposed strategy, three
cases are set to compare the operation results of the distri-
bution network, as follows:
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Case 1: Nothing would be configured in the distribution
network.

Case 2: Only wind turbines would be installed in the
distribution network.

Case 3: Not only the wind turbines, but also the ice making
stations and trucks would be configured collaboratively.

Based on a 64-b Windows-based PC with i7 CPU @
4.3 GHz, and 16 GB RAM, all numerical simulations
are coded in MATLAB 2019b and solved using yalmip
with Gurobi.

B. NUMERICAL SIMULATION RESULTS

Based on simulation parameters in subsection A, section IV,
the expansion planning results of the integrated cooling and
power system are obtained. The detailed explanations are
presented as follows:

1) CASE 1

In this case, no equipment is added to the distribution net-
work, where the external power grid and ISACs are the
only power and cooling sources, respectively. Figure 5 shows
the operation power and costs of integrated cooling and
power system in typical scenarios. As observed from the
figure, according to the time of use tariff price, the ISACs
make every effort to consume more low-valley electricity and
less high-peak power to satisfy the cooling demands. Even
though the external grid can provide more power, due to the
constraints of power flow and voltage level, 56.49 MWh,
58.69 MWh and 53.54 MWh electricity have to be cut off in
three scenarios, respectively. It is indicated that the original
distribution network needs to be transformed with regard to
the reliability of power supply.

Table 2 illustrates the comprehensive operational cost
of distribution network. As observed from the table,
total expenses of integrated cooling and power system
are 196666000 yuan, which includes the load shedding
cost of 28026000 yuan, and purchasing electricity cost
of 168640000 yuan. In this case, the daily operational
cost constitutes the comprehensive cost of the distribution
network.

TABLE 2. Costs of distribution network in three cases.

Annual depreciation Annual operation cost (yuan)

cost (yuan) Total cost
Load Purchasing Truck and  (yuan)
WT LM shedding  electricity  driver
Case 1 0 0 28026000 168640000 0 196666000
Case 2 44240000 0 0 5551500 0 49791500
Case 3 30083000 2115200 0 3497000 970000 36665200

2) CASE 2
In this case, wind turbines are configured in the original
distribution network, where both the wind generation and
external grid could support the electric loads. Table 3 and
Figure 6 depict the capacity configuration and operation
results of integrated cooling and power system.

By installing 150-MW WTs, the power flow constraints
of the distribution network can be satisfied more easily.
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TABLE 3. Results of unit capacity configuration in three cases.

WT at node 3 (MW) WT at node 10 (MW)

LIM at node 3 (MW)
0

Case 1 0
Case 2 102 48 0
Case 3 96 6 37

Therefore, the load shedding does not occur. Additionally,
benefiting from the wind generation, the purchasing elec-
tricity from the external grid are reduced significantly com-
pared with that in case 1. However, the operating power
of ISACs is basically unchanged with the same cooling
system.

According to Table 2, the annual depreciation expense,
annual operation cost, and comprehensive cost of the
distribution network are 44240000 yuan, 5551500 yuan,
49791500 yuan, respectively. Compared with that in case 1,
the total annual operation costs of integrated cooling and
power system in case 2 are reduced by 146874500 yuan
(74.7 %). The results demonstrate that the common expan-
sion scheme can improve the economy of the distribution
network.

3) CASE3
In this case, both the WTs and LIMs as well as truck are con-
figured in the distribution network, where multiple sources
could supply the electric and cooling loads.

Figure 7 and Figure 8 show the operation results of the
novel integrated cooling and power system. As observed from
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the figure, the electric load demands are satisfied totally
with the support of the WTs and external grid. Meanwhile,
the LIM is utilized to carry out peak shaving and valley
filling while producing ices. Suppose — denotes the driving
direction, trucks transport these ices and dropped them into
ISACs along ‘LIM —ISAC 2—LIM—ISAC 1—LIM’ in
scenario 1, ‘LIM—ISAC 1—LIM—ISAC 2—LIM’ in sce-
nario 2, and ‘LIM—ISAC 2—LIM’ in scenario 3. By this
means, the working power of ISACs are reduced signifi-
cantly, and the power flow can be better optimized. Note
that although fewer WTs are installed in case 3 than those
in case 2, the difference between the grid-connected wind
power and network loss is larger, implying the power flow
distribution in case 3 is better.

In case 3, the annual comprehensive operational cost of
the distribution network is 36665200 yuan. Compared with
that in case 1 and case 2, the operational cost can be saved
by 160000800 yuan (81.4%), and 13126300 yuan (26.4%),
respectively. The results show that the economy of the pro-
posed expansion planning scheme is the best.

C. COOPERATION REVENUE DISTRIBUTION

Based on the simulation parameters in subsection A, section
IV, the comprehensive costs of the seven economies engaged
in the expansion planning of the distribution network are stud-
ied. The results are shown in Table 4. Note that as illustrated
in section II, this article assumes that ISACs only participate
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TABLE 4. Costs of economies engaged in the expansion planning.

(b) Scenario 2

(c) Scenario 3

TABLE 5. Cost distribution based on the Shapley value method.

Economies Expansion planning cost S (GO}  {GO,ISACI} {GO,ISAC2} {GO,ISACI,SAC2}
{GO{’GI%A?SIAE:SSCZ} 3823,57(2)83 nS) 49791500 40627000 43099000 36665200
{GO, ISAC2} 43099000 (S\GOY) 0 0 0 0
{ISAC] . ISACZ} 0 (S)-M(S\{GO}) 49791500 40627000 43099000 36665200
{GO} 49791500 s | ) N 3
gzig;{ 8 W(S|) 1/3 1/6 1/6 1/3
W(SDIAS)-(S\{GO})] 16597000 6771200 7183200 12222000
in the novel integrated cooling and power system scheduling, 0
regardless of the unit configuration. Additionally, for sim- 557 y g g
—Case 2 —o— Case 3

plicity, the electricity usage costs of the ISACs and common
loads (i.e., the grid operator income, which can be traded
separately) would not discussed in this article. Therefore,
the expansion planning costs of {ISAC1, ISAC2}, {ISAC1},
and {ISAC2} are 0.

Taking the grid operator an example, Table 5 shows the
cost distribution process based on the Shapley value method.
It can be calculated that the actual cost of the grid operator
is 16597000+67712004-71832004-12222000 = 42773400
yuan. Similarly, the actual costs of the ISAC1 owner and
ISAC2 owner are —3672000 yuan, and —2436000 yuan,
respectively. Compared with the non-cooperative mode,
using the proposed expansion planning scheme, the grid oper-
ator, ISAC1 owner and ISAC2 owner can save 7018100 yuan,
3672000 yuan, and 2436000 yuan annually, respectively. The
results show that all the participators would benefit from the
proposed expansion planning model.

D. IMPACT OF THE TRUCK TRASIT TIME

Traffic factors such as congestion directly determine the
actual transit time of the truck, which may affect the economy
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of the proposed scheme. The corresponding numerical simu-
lation is carried out to study the impact.

Figure 9 shows the comprehensive operation cost of
the distribution network under different truck transit time.
As observed from the figure, as the truck transit time
increases from 1 hour to 11 hours, the operational costs of
the distribution network in case 3 are increased. However,
because the truck is required to return to initial position at the
end of daily scheduling, the costs remains unchanged when
transit time is larger than 11 hours. Additionally, when the
transit time is less than 10 hours, the operation economy of
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the distribution network in case 3 is always better than that in
case 2. In additionally, the economy of the proposed scheme
would be more obvious for a smaller transit time.

E. GENERAL APPLICABILITY OF THE EXPANSION
PLANNING MODEL

To validate the general applicability, the proposed expansion
planning model is conducted on an IEEE 33-node distribution
network, as depicted in Fig. 10 [38]. The reference voltage
and capacity are 12.66 kV, and 10 MVA, respectively. Com-
pared with those in Figure A1, the electric loads and cooling
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TABLE 6. Results of unit capacity configuration in three cases.

WT at node 11 (MW) WT at node 27 (MW) LIM at node 27(MW)
Case 1 0 0 0
Case 2 52 102 0
Case 3 36 106 5.6

loads are increased by 1.8494 and 1.2611 times, respectively.
Two ISACs are connected to the distribution network at nodes
18 and 33. Candidate WTs are allowed to install at nodes
11 and 27, while candidate ice making station is required to
locate at node 27. The wind power, EG power price, and cost
parameters remain the same as in subsection A, Section V.
The simulation results are presented as follows:

Table 6, Table 7, and Figure 11 show the expansion plan-
ning results of the distribution network using the proposed
model. 142-MW WTs, and a 5.6-MW LIM are configured to
produce electricity and ices, respectively. In three typical sce-
narios, the truck follows “ 1—-2—1", “ 1->3—>1—>2—>1",
and “ 1—-3—1" to transport ices, respectively. By this
means, the integrated cooling and power system can operate
more flexibly.

Table 8 shows the comprehensive operational costs of the
distribution network in three cases. As observed from the
figure, 298207900 yuan, 48729200 yuan, and 45598060 yuan
are spent in three cases, respectively. Compared with that
in case 1 and case 2, the comprehensive cost of the dis-
tribution network in case 3 is reduced by 252609840 yuan
(84.7%), 3131140 yuan (6.4%), respectively. The results
prove the economic advantage of the proposed strategy
again.
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TABLE 7. Trajectory of trucks with ices in case 3.

. Time 11:00-12:00 20:00-21:00
Scenario 1 Trip 1—2 71
. Time 1:00-2:00  6:00-7:00  8:00-9:00 22:00-23:00
Scenario2 ;. 1-3 31 12 21
Scenario 3 Time 5:00-6:00 12:00-13:00
Trip 1-3 31

TABLE 8. Costs of distribution network in three cases.

Annual depreciation Annual operation cost (yuan)

cost (yuan) Total cost
Load Purchasing Truck and  (yuan)
wT LM shedding  electricity  driver
Case 1 0 0 2497900 295710000 0 298207900
Case 2 45420000 0 0 3309200 0 48729200
Case 3 40842000 325460 0 3606600 824000 45598060

VI. CONCLUSION

In this article, a novel collaborative expansion plan-
ning model of integrated cooling and power system for
low-latitude distribution networks is proposed. Not only the
configuration of the wind turbine capacity, but also the opti-
mization of the size of large ice makers and truck routes are
considered in this model. On this basis, linearized techniques
and the Benders decomposition algorithm are used to solve
the optimization problem efficiently. The simulation results
indicate that using the proposed strategy, the load shedding
phenomenon can be avoided, and the operational cost of the
low-latitude distribution network could be reduced signifi-
cantly. Both the ISAC owners and grid operator would benefit
from the novel integrated cooling and power system.

APPENDIX
See figure 12 here.
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