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Abstract

Electric vehicles (EVs) charging swapping stations (CSSs), as well as multi-functional inte-
grated charging and swapping facilities (CSFs), have become important to reduce the
impact of e-mobility on the electric power distribution system. This paper presents a coot-
dinated planning optimization strategy for CSSs/CSFs and active distribution networks
(AND) that includes distributed generation. The approach is based on the application
of a specifically developed spatial-temporal load forecasting method of both plug-in EVs
(PEVs) and swapping EVs (SEVs). The approach is formulated as a mathematical pro-
gramming optimization model that provides the location and sizing of new CSSs, the
best active distribution network topology, the required distributed generation, and sub-
station capacities. The developed model is solved using CPLEX, and its characteristics and
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1 | INTRODUCTION

In recent years, growing concerns on environmental pollution
issues cause a steady increase in the penetration of electric vehi-
cles (EVs) in active distribution networks (ADNs). The power
requirements due to the use of EVs has strong spatial-temporal
uncertainty, which proposes a new challenge to the planning
of ADNSs. This paper focuses on charging and swapping sta-
tions (CSS), also called charging and swapping facilities (CSF),
composed by both a charging system (CS) and a swapping
and charging system (SCS), able to satisfy the load demand of
plug-in EVs (PEVs) and swapping EVs (SEVs) simultaneously.

Accurate forecasting of EV load is the premise of optimal
planning of CSSs. The literature on the subject mostly focuses
on the PEV load forecasting [1-22]. Some approaches aim at
providing the medium-long-term forecasting of EV load, for
example, the overall load change of PEVs in different years
[1-4]. Deep learning method ate used to obtain PEV load
curves [5—12]. Some approaches propose a forecast of the PEV
load curves based on the EVs travel chains analysis [13] or queu-

performances are evaluated through a realistic case study.

ing theory [14]. Spatial-temporal EV load forecasting is also
documented, which can provide the curves of PEV loads [16—
18, 20-22] or a fixed PEV load spatial distribution [15, 19].
Locating and sizing new CSSs needs both the EV load curves
and the EV load spatial distribution.

SEV load forecasting is dealt with different approaches:
PEV data are used to forecast the SEV load or to obtain
the load curve of SEVs [23, 25-29] or fixed SEV load spatial
distributions are assumed [24].

Differently from the typical long charging duration of PEV
(from half an hour to several hours), the swapping process of
SEV is completed in a few minutes [23]. The traditional PEV
load forecasting method is no longer applicable to predict the
load of SEVs and a new specifically developed approach is
needed.

Currently, studies on stations with a single function (charg-
ing or swapping) are relatively well documented (e.g. [30-32] for
charging station and [24, 33] for swapping station). To satisfy the
requests associated with the use of PEVs and SEVs (i.e. differ-
ent types EV loads) in a region, it is usually necessary to build
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various types of stations [34-37], which may involve multiple
investment stakeholders. Therefore, it is difficult to unify the
planning and the coordinated operation with the ones of ADNSs.
The CSS is a new type of EV multi-functional centralized sta-
tion, which combines the charging system and swapping system
in one station. CSS can reduce EV load fluctuations through the
complementary operation of CS and SCS.

Within this context, the integrated planning should appro-
priately consider the coupling between CSFs and ADN. Whilst
in [34, 35, 38—42] new charging stations are planned in a fixed
ADN configuration, a better coordination of the charging sta-
tion planning with the one of distributed generation (DG) and
ADN is proposed in [43—49]. In addition, several comprehen-
sive planning methods for CSFs adopt the load forecasting for
PEVs explicitly [50, 51].

The above-mentioned papers show the advantages of coor-
dinated planning that can improve power supply reliability,
power quality, EV adoption, operation efficiency, as well as
reduce planning investment and waste. Furthermore, inade-
quate coordination between the planning and operation of
charging stations and ADN could impede the construction
of additional charging stations and may require large capacity
energy storage systems to prevent vulnerabilities.

In addition, with the process of rapid improvement of smart
grid technology and electric transportation systems, the net-
work may experience the negative effects of cyberattacks [52],
such as congestions, power shortages, and other technical issues
[53]. Power outages due to cyberattacks ate documented in
[54, 55]. While the paper is not focused on cybersecurity, the
following considerations could serve as a preliminary introduc-
tion. Detailed information on the power system configurations,
electrified transportation systems, and applied smart grids tech-
nologies favour successful cyberattacks [53, 56, 57]. Therefore,
the planning and operational data of most utilities are not pub-
licly available. Distribution system operators can take advantage
of EVs as mobile energy storage units to mitigate the impact
of cyberattacks. For example, they can use CSFs as emergency
power supplies to alleviate the consequences of false informa-
tion injection, by providing support to the affected load nodes,
reducing overload disconnections of power lines, and facilitating
fault recovery. In addition, the development of CSFs, which pro-
vides the control of charging operations for a large number of
EVs and for energy storage swapping, could overcome the chal-
lenge of coordinating dispersed low-power EV charging devices
(e.g. household EV chargers) through the use of aggregators,
local electricity markets, and demand response techniques [53].

This paper presents a coordinated planning approach of CSS
and ADN. The approach involves the development of an EV
spatial-temporal load forecasting method for PEVs and SEVs,
followed by the construction of a configuration model of CSS
and ADN. Using these models, the coordinated planning model
is obtained, the effectiveness of which is validated through case
studies.

The main contributions are summarized as follows.

1. An EV spatial-temporal load forecasting method is devel-
oped. This method includes the analysis of the temporal

and spatial characteristics of EV’s travel patterns, considering
the type of region, the departure time, the driving dura-
tion, and parking time. Driving carbon emissions are used to
guide EVs for charging and swapping. Coupling EV charging
and swapping processes with driving and parking processes
provides the forecasting of EV spatial-temporal load, consid-
ering EV load distribution, CSS layout, planning area roads,
and other factors.

2. The configuration models of CSS and ADN are developed.
The configuration models of CS and SCS are obtained from
their operation, setrvice, and structure characteristics. The
analysis of the coupling between CS and SCS in terms of
planning and operation provides the configuration model of
CSS, considering its multifunctional and integrated charac-
teristics. The configuration model of ADN network includes
the analysis of DG penetration.

3. A coordinated planning model of CSS and ADN is devel-
oped, considering the EV spatial-temporal load forecasting,
The aim is to minimize the annual planning comprehensive
cost considering location and size of CSSs, the ADN con-
figuration, the size of substations and DGs, as well as the
carbon emission of EVs.

The rest of this paper is organized as follows. Section 2
describes the EV spatial-temporal load forecasting method. Sec-
tion 3 is devoted to the configuration models of CSS and ADN.
Section 4 presents the coordinated planning method. Section 5
illustrates the analysis of the case studies. Section 6 provides the
conclusions.

2 | EV SPATIAL-TEMPORAL LOAD
FORECASTING METHOD

The travel patterns of EV are analysed from the temporal and
spatial aspects. The EV driving carbon emissions are used to
guide them to the charging stations. The flow chart of the EV
spatial-temporal load forecasting method is shown in Figure 1.

2.1 | Analysis of EV travel chains
2.1.1 | The temporal characteristics analysis of
travels

National household travel survey (NHTS) data is used to model
the EVs charging demand [9, 58, 59]. The EV daily initial depar-
ture time is represented by the gamma distribution (1). The EV
parking durations in the working regions (WRs) and commer-
cial regions (CRs) can be represented by the generalized extreme
value distributions (2) and (3), respectively. The driving process
of EV is divided into three types:

a. Type I—EVs drive from a residential region (RR) to a non-
RR (e.g. WR, CR);

b. Type II—EVs drive from a non-RR to a non-RR;

c. Type III—EVs drive from a non-RR to a RR.
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FIGURE 1 The overall flow chart of EV spatial-temporal load
forecasting method.

The duration of the above three types of driving processes
follows lognormal distributions (4).
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where #_is the EV initial departure time. Az is the EV parking
duration in a certain region (e.g. WR and CR). zis an intermedi-
ate variable. Az is the EV driving duration between two certain
regions. 4 and o are the probability density function parameters
of EV driving duration.
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FIGURE 2 The EV typical travel chains.

212 |
travels

The spatial characteristics analysis of

The charging and swapping load demand of EVs depend on
the driving distance between the arrival and departure sites and
the remaining battery level. There is a strong coupling between
EV load demands (i.e. charging and swapping processes) and
travel demands (i.e. driving and parking processes). The depat-
ture sites, parking sites, and destinations of EVs travel chains
can be classified into WRs, CRs, and RRs. Commonly, a daily
trip of EV starts from an RR and finally returns to the same
RR. The purpose of daily trip is often for work or entertain-
ment. The EV travel chains are divided into four typical types,
illustrated in Figure 2:

a. Type I—EV departs from the RR to the WR in the morning
(i.e. parking a period of time, and mainly to work etc.) and
return to the RR later;

b. Type II—EV departs from the RR to the CR in the morning
(i.e. parking a period of time, and mainly to entertain etc.)
and return to the RR later;

c. Type HI—EV departs from the RR to the WR in the morn-
ing, and then driving from the WR to the CR, and return to
the RR later;

d. Type IV—EV departs from the RR to the CR in the morn-
ing, and then driving from the CR to the WR, and return to
the RR later.

2.2 | Driving guide to charging and swapping
To fully consider the environmental protection factors of EV
charging statin planning, the driving carbon emissions between
the EV load demand site to the charging station are used.
The EVs’ daily total carbon emission £, for charging and
swapping in the planning area is represented by (5).

il SEV
T Ness N, N

PEV,min SEV,min
Ecop = Beon Z Z wry 2, D7 ey Z Dy, ®)
=1 /=1 J=1 =
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FIGURE 3  The coupling between EV charging and swapping processes
with driving and parking processes.

whete B¢y, is the carbon emissions per unit of electtic energy of
traditional generating units; 7'is the total hour per day [33]; Ncss
is the number of CSSs; ]\gﬁv and ]\G?ZEV are the load numbers
of PEVs and SEVs of CSS 7 at time 4 respectively; eppy and
espy are the energy consumption per unit driving distance of
a PEV and a SEV, respectively; Df;:lv’mm and DZ.S’ZY’mm are the
minimum driving distances of PEV ;jand SEV £ that drive to
CSS 7, respectively.

2.3 | The EV spatial-temporal load
forecasting

Figure 3 illustrates the integration of EV charging and swap-
ping processes with the driving and parking processes. Due
to the significant charging duration of a PEYV, it is impracti-
cal to charge the PEV during the travel (the extreme scenatio
of completely depleting the battery charge is not considered).
Thus, the charging of PEVs typically occurs during parking peri-
ods. Simultaneously, to ensure that the battery level can meet
the driving demand at the end of the parking petiod, the PEV
is generally charged immediately when parked. Conversely, the

SEVs can swap batteries both during the travel or initial park-
ing (i.e. a SEV generally does not go to a charging station for a
battery swap after the initial parking).

Based on the above assumptions, the two steps of the
proposed EV spatial-temporal load forecasting method are:

Step 1—simulation of travel chains, charging, and swapping
demands of EVs.

Firstly, regions (i.e. RR, CR, and WR) and road nodes in
the planning area are numbered. The roulette method [37] is
adopted to simulate the travel chain types of EVs, as well as
the region numbers where EVs are located at different times.
The duration of parking and driving processes of EVs are rep-

resented by (6). The EV battery level E;iV,S that accomplish the

driving process I is represented by (7). If the EZ,EV’S

than the minimum battery level [60], the EV will request a
load demand for charging and swapping. Thus, the PEV ini-
tial charging time ZEEV meets (8), and the SEV swapping time
tSSEV satisfies (9). The probability of an EV requesting a charge
demand in a specific region is represented by (10). Based on
this, the probability matrix of EVs charging demands at road
nodes is constructed, according to (11). The relationship among
region / EV load probability and the EV load probabilities
of road nodes in region 7 is represented by (12). Specifically,
the EV load probabilities of road nodes are calculated by the
roulette method [37] based on the region 7/ EV load probabil-
ity. Then, based on the travel chain types of EVs, the Monte
Carlo method [44] is used to sample the specific travel chain
information.

is lower

f=n4 ) B +AP) ©)
Vi

BV 2 S < VAP AR, Vi EV € PRV, SEY)
M
PEV.S
PV = /P ! < SOC,i, ESEY
| , Vi ®
tghV = [], others(PEVdoesnotcharge)
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In (6)—(12) #p is the initial parking time that EV just arrived
at a region; Az‘jp and Atl.D are the parking duration 7 and driv-
. . . . EV,D . EV,R EV,R EV,R EV
ing duration / of an BV, respectively; I, ™ is the EV average N1 N2 N, T LY N,
driving speed of driving process 7 E,EE,} is the energy storage
(ES) capacity of a PEV; 227V and £V are the SEV possible
S,a S,b N N N ~ .

o ) SEV - ) EVR = [LEVR (1), EVR () SEVR ((AEV.R
swapping time a and b, respectively; £, is the ES capacity it 't Wy e Wy 1) ,
of a SEV; P/ and P} are the EVs load demand probabilities
matrixes of regions and road nodes at time 4, respectively; 7, EV € {PEV, SEV}, V¢
and Pf/ , are the EVs load demand probabilities in region 7 and N N (14)
in road node ; (belonging to region 7) at time # respectively; O, — .
is the set of road nodes that belong to region 7 IV, and IV, are NE1Vz N1E1Vt ]\flEZVf 1E¥

. . . 1, 51 e st
the numbers of regions and road nodes in the planning area '
respectively. BV NEV NEV EV

The EV load probabilities relationship between region and 72 | Mapping| = 21 2,2, 2Npst
road nodes are shown in Figure 4. EV driving and parking =
processes with different types of travel chains are illustrated in
Figure 5.
EV EV EV EV
. . . . NN ]VNC,l,t Ne2ut NNt
Step 2—Multi scenarios forecasting and scenarios cluster- - -
ing,
. o NC
By repeating the step 1 above, 7" X Ny EV load disttibu- : -
tion scenatios are obtained (7 are the coordinates of EVs that NEV
. . . . 1
request charging and swapping according to (13) and /Ny is the !
number of scenarios simulated at the same time slot). The K- RV
means clustering method [24] is used to obtain a reduced set Mapping N, 2t
of typical scenatios, according to (14). EV load number set N , BV € {PEV,SEV}, V¢ (15)

for all road nodes at time #is obtained by using (15). EV load

mapping matrix N;’C between road nodes and CSSs at time 7is
constructed through (16). EV load number set Nt(‘ for all CSSs

NEV

Nt
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In (13)—(17) W;Elv is the EV spatial-temporal load scenario
7 at time 4 CO},EZV(/) and ()(IEZV(/) YEV(/)) are the load coor-

>t
dinates of EV ; at time # SW};:;/ and SW%V are the total and

typical scenarios of EV load distribution, respectively; SWEV

is the mapping matrix between EV load coordinates and road

nodes; W R is the BV load coordinates that belong to road

Jit
node ; at time # COEZ;

to road node /at time % ]\/;IE/Y,R is the number of EV load coordi-

is the EV load coordinate 7 that belong

nates that belong to road node j at time 7 IV, gz , is the EVs load

number at road node £ and time # ZV/ EZ[ is the EV load num-

. . . . A7EV .
ber mapping between road node £ and CSS ; at time % ]\7/ L s
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the EV load number of CSS ; at time 4 Lf P is the EV driving

distance from road node £ to CSS ;.

3 | CONFIGURATION MODELS OF CSS
AND ADN

3.1 | CSS operation and configuration models

The typical structure of a CSS is shown in Figure 6. The CS is
equipped with chargers of specific type (indicated as charger-I)
to meet the PEV charging demands and the SCS is equipped by
the swappers, the swapping batteries ES and chargers of specific
type I, indicated as charger-II.

As the redundancy and margin of the system need to be con-
sidered in the planning process, the presence of energy storage
in CSS is evaluated so to meet the needs of EV load demands
in normal times. The internal energy storage of CSS can also
be used to help the ADN in case of congestions or after faults,
serving as an emergency power source.

The centralized communication and control of EV charg-
ing in CSFs by the grid is of low cost and low complexity
with respect to the implementation of the aggregators, demand
response schemes, and local markets for the dispatch of dis-

Legend
7777 Residential region @ ADN node / road node

7] Commercial region [[[]] Working region

ADN candidate power line (road)

FIGURE 8 Planning arca.

TABLE 1 The basic load of ADN nodes.

Power Power Power
Node MW) Node (MW) Node MW)
1 0.5 8 1 15 0.8
2 1 9 0.8 16 0.5
3 0.4 10 0.4 17 0.5
4 0.6 11 0.5 18 0.4
5 0.5 12 1 19 0.6
6 0.5 13 0.5 20 0.4
7 0.4 14 0.6

persed EV charging. Therefore, here, the CSS operation is
considered to be scheduled by the utility.

3.1.1 | Operation model of CSS

The operation model of CSS is built based on the CS and SCS

models. Thus, the CSS 7 power Pj(jSS at time #is equal to the sum
of CS and SCS:

CSS _— pCS SCS
Pz’,/ - Pzz + ]:;',/ (18)

where PZC,S and PI.S[CS are the power of CS and SCS, respec-
tively.

1. CS operation

The CS operation model is given by (19)—(22):
(19) is the relationship between the CS power PZ(;S and
charger-I’s power PZCI in CSS 7 at time 7
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FIGURE 9 Basic parameters.

(20) provides the PEV’s maximum charging duration Azl ;

(21) is the relationship between PEV’s operating battery level
PEV,o .
E, and charging power;

(22) represents the power states of charger-1.

CS PEV pCL C l Cl
Pz’,/ = ]Vi,/ P/ ’O S Pf Pma\ (19)
FPEVo _ EPLV o ARy
— Z L0 < Apppy < At
ATﬂch l_,(l))hv
(20)
EPEVO _EPE\,O +A7P“ pCH o
PCI > O EI EV,o EIPEV,O < Erl;i(\/,o
(22)
EAVS
P — 0 EPL\ ,0 E};J;} ,0

In (19)-(22) BSL is the charger-T maximum power [43];
Er[;};,?/ © and Exii\ " are the upper and lower limits of battery
level of PEV [27]; AT is the unit duration [33]; p¢M is the charg-
ing efficiency [39, 44, 61]; 4, PEV and Asppsy are the charging initial

time and duration of a PEV respectively.
1. SCS operation

The SCS operation model is given by (23)—(28):

(23)1s the relationship among SCS 7 power PSCS and charging

and discharging power P, Clld ¢ charger 11 4,

1,75t

24 and (25) represent the states and upper limit RS [43] of
charger-II’s power, respectively;

(26) represents the coupling between battery level and power
of battery;

power P

(27) is the relationship among SCS 7 power, battery level

Eflcs’oand EV load at time #

(28) gives the number of SCS high-level batteries IV, Sesh,

\(ll
pClle _ pCILd] pClLe pCILd _
2 [ i Tl | by =00 @)

Cll,c SCB,o SCB,o
l‘,}/‘,l‘ O E’/ 7 > Ema\
) @4
CII, bCB SCB,
PI./. ; =0, E ° < E ©
CH c CI1 SCB o SCB,o SCB,o
(f) < Pmax’ min < EZ ot < Ema\
(25)
H d CIT QLB o SCB,o SCB,o
0< i ( ) < qux’ min < E,’/ < Emax
CIL,d
SCB,o__ 1-SCB,o CH »ClLe i)t =1
iy =Ei o AT (26)

i jt— 17 CH
77d

cll

. CILd
SCS.0_ 75CS,0 SCB,o N enpClle st
EXSo= +X B AT T (e St ) -

it / =1 i,],t ;,}/,1—1 CH

SCB,o SCB,o SEV
(Emax -E. ) N

min ir—=1

(27)

SCS,h

cell{(1 + Bsp )NV < N (28)

In (23)=(28) £° is the ES capacity of SCS in CSS 4 N is
the number of charger-IIs in CSS 7 S5y is the SEV load margin

coefficient; E > B ? is the battery level of battery jin SCS 7at time
Z.
3.1.2 | Configuration model of CSS

The optimal configuration of CSS is obtained from the
configuration models of CS and SCS, provided by (29)—(32).

1. CS configuration
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HE ET AL. 9
TABLE 2  System parameters. respectively.
Parameter Value Parameter Value

565
Beo (ton/kWh) 1.08 X 1073 Zen 4 ceil # <N (31)
eppy (KWh/km) 0.25 SWT/SEV (kVA) 2000 “CIL=SEV
esy (KWh /kkm) 0.25 Bs 0.6 . )

. ceil { (1 + By ) NSPY } < NSW 32
EPEY (kWh) 50 ac(m?) 25 { ( + 5SW) it =Y (32)
APEY (h) 1 S (MVA) 8

b In (31) and (32) Zyy is the number of batteries that can be
ascs(m?/KWh) 0.2 tcon (KYuan/ton) 0.13 ciI
569 . ' o o charged by a charger-II simultaneously; Zsy is the number of
Ber 0.2 xr 0.75 SEVs that can be swapped by a swapper within A7".

pp Y pp

agw (m?) 50 acyi(m?) 10
Bsev 0.5 SET/SPY (VA) 1000
Py (kW) 15 Br 0.2 3.2 | Conﬁguratlon model Of ADN
Bsw 0.2 cos Ppg 1

TABLE 3  Average driving speeds of EVs.

Upper limit of EV. Lower limit of EV
average speed average speed
Time (km/h) (km/h)
Traffic restriction period 40 16
(7:00-9:00)
Non-traffic restriction period 64 32

(17:00-19:00)

TABLE 4 Different planning cases.

CSF type

(Coordinated
Case planning with ADN) CSF characteristic
Casel Two CSSs EV integrated multi-function CSF
Case2 One charging station, EV distributed single function CSF

and one swapping
station

For the CS configuration, the margin of charger-I is con-
sidered, and the number of charger-I MCI in CSS 7 satisfies:

ceil { (1 + BNV } < NI 29)

where ¢y is the margin coefficient of charger-Is; ceil {x} means
the xis rounded upper by the units of 1.

1. SCS configuration

For SCS configuration, the capacity of SCS meets:

ESEvceﬂ {NSCS,}] } < EZ'SCS (30)

it

considering that the margin of the equipment, the number of
charger-I1 Z\f/.CH and swappers Z\/[S\x of CSS 7meet (31) and (32),

The ADN network topology planning is modelled as a pro-
gramming problem with mixed integer variables. The power line
length matrix D satisfies (33). The ADN matrix Z shows the
states of the branches. The radial network constraint of ADN is
(34).

D Z
Dy Dy - Dy, Ziy g o Ay,
Dy Dy D, Mapping Loy Loy 2y,
piS (33)
_D//,l D/I,Z ot Du,fz_ _Zrz,l Zn,Z o Z//,II_
D\ Z; = Napx — 1,V V) (34)

where [; ; is the candidate power line length between adja-
cent node 7 and ; (.e. 1;; = 00 means that the line cannot
be built and D; ; = 0 means node / and node ; are coinci-
dent). Z; ; = 1/0 means that the power line between node 7
and /is proposed/not proposed. Ny py is the numbers of ADN
nodes.

Based on the power outputs of DGs (e.g. wind turbine (WT)
and photovoltaic (PV) units [47]), the capacity of DGs meet the
following limits:

S
0< PPS < pPoe < DG
cos Ppg

Soin <906 < S (35)

min max

where PZD G and [’PG’C are the DG actual power output and
upper limit [47] at time # respectively; Spg, DG and Sgh? are

the DG capacity, its upper and lower limits, respectively.

4 | COORDINATED PLANNING MODEL
OF CSS AND ADN

The coupling of planning and operation between CSS and ADN
is shown in Figure 7.
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FIGURE 10 The number of EV load forecasting results.
TABLE 5 Comparison alternative schemes. Considering the optimal configurations of DG, power lines,
Cost (k Yuan) Casel Case2 and CSS, the infrastructure cost is given by:
Annual comprehensive cost 33781.2218 33541.4203 G = M;{?GSEG + Y MJIHD}I-{-
J€D, (1A 01 €@y, (1B =1
Construction cost 8360.6060 8282.1708 (37)
Energy purchase cost 24158.630 24001.169 BU+H™ sugsu ¥ B+ (€SS ¢CsS
Operation-maintenance cost 1253.3071 1246.6071 oy, (A1 Eess €y (LA -1
Carbon trading cost of EV 8.6793 11.4731

4.1 | Objective

Aiming at minimizing the annual comprehensive cost, the objec-
tive of the coordinated planning model of CSS and ADN is:

minF =+ Cg + Co + C¢ (30)
where /7 includes the infrastructure cost Ci, energy purchase

cost Cp, operation-maintenance (OM) cost Cgy and EV carbon
transaction cost Cg.

where 8 is the discount rate [27]; Ypg, Yir1, Ysu, and Y,5° are
the service life of DG, power line, substation, and CSS equip-
ment ¢, respectively [30]; D is the number of days per year [62];
S;)G, D}“l, S}SU, and 5;(:‘655 are the capacities/size of DG d, power
line / substation s, and CSS equipment ¢, respectively; 6‘{? G, @LI,
@SU, and c[(fess are the unit costs of DG d, power line / substa-
tion 5, and CSS equipment ¢, respectively; @, @p 1, Psy, Pess,
and CI>EQ are the sets of DG, power lines, substations, and CSS
equipment, respectively.

The electricity consumption of CSS and basic load, as well as
the network losses and DG power outputs, are included in cost

Cy; given by:

G-ra{3s| T e 3 n- 3 ween]]

=1 €5 KEP oA €D
(38)
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FIGURE 11 The EV spatial-temporal load forecasting results.

where ttE is the power purchase price of ADN at time % P[C,SS

and P/CLJ are the powers of CSS 7 and basic load £, respectively;

R,,DtG is the power outputs of DG 4, ]‘}lo is the network power
loss of the ADN; ®@; o is the set of basic loads.
Considering each equipment, the system OM cost is calcu-

lated by:

Co= ¥ POPo+ 3 MDD+ ¥ S+
dEDpH; A I sEDgy
C C
Z Z or,gssf,ess

c€EDQcss c€Prq

39)

where 09 G, HI/‘I, 0§U, and 0([355 are the annual OM costs of DG 4,

power line /, substation s, and CSS equipment ¢, respectively.

0 S
X(km)
(b) PEV load distribution
at 12 o’clock

4

¥Y(km)

0
] 5
X(km)
(d) SEV load distribution
at 5 o’clock

X(km)

(f) SEV load distribution
at 20 o’clock

The annual EV catbon transaction cost is calculated by:
Ce = DiconEcon (40)

whete ¢cop is the unit carbon transaction cost.

4.2 | Constraints

421 | ADN constraints

The ADN operation is represented by the Dist-flow Equa-
tion (41). The node voltage constraints meet (42) and the power
line capacity limit satisfies (43).
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TABLE 6 The configuring results of planning project I.

Case Casel Case2
Charging Swapping
CSF station station CSS1 CSS2
Charger-I 23 0 11 12
Charger-IT 0 11 8 6
Swapper 0 29 16 14
Energy storage (kWh) 0 2150 1200 1000
Transformer (kVA) 1250 1250 1600 1250
Land area (m?) 575 1990 1395 1260

TABLE 7  The configuring results of planning project II.

Case Casel Case2
WT (kW) 2000 2000
PV (kW) 2000 2000
Substation capacity (MW) 16 16
ADN power line length (km) 17.5071 17.5071
EV annual carbon emissions (Ton) 66.7610 88.2544
2
Y Pu.=P,-R, |1;,/,/( -,
mEQ())
Z ij,m,l:,,Q[,‘/,/ - / | )it Q/ !
mEQ())
—_pL CSE DG
_P/,f+zp/e/t ZPq/r
4 41)

CSF DG
Q Q/’ + Z /wf ;qu
7

2 2
V| =il =20k, + 0 ) + @+ X1,

2P

jit ~///

Vil

it
2 2 2
Pz',j,t +<>Q/',j,f S ‘S\z',‘/,max (42)

T/Z‘min < Vz',l < T/;max (43)

where Q) is the set of end nodes of branch that headed of
the node j; 53, ;, and (; ;, ate the active, reactive powets of the
beginning of branch 7, at time 7 respectively; 1; ;; is the current

flowing of branch 7/ at time # R, ; and X ; are the resistance

2
and reactance of branch 4/, respectively; PCSF and QCSF are the
active and reactlve powers of CSF £ on ADN node ; at time £,
- and g ,are the active power and reactive power

PDG
. Qujit
and QE;’[ are the active power and reactive powers of DG g on

respectively; P i

of basic load on the ADN node ; at time # respectively;

ADN node j at time 7 respectively; 17, 1777 and 17" are the
node 7 voltage and its upper and lower limits [49], respectively;
S}, /,max 1s the maximum transmission capacity of the power line

i

422 | Transformer capacity constraints

The capacities constraints of CSS transformer and of the main
substation are:
(A+B0)Bs B NI B N RN - or

- 7

Xt cospr (44)

max

Sub T
—2— < Ssubs 77 € Sty S50 € St
XT COoSs ¢T

where B and s are the coefficients of capacity redundancy and
load simultaneous of transformer respectively; Ry is the rated
power of a swapper; Y is the load rate; St is the rated capacities
set of the transformer [63]; 277" is the maximum active load
power of substation.

423 | Construction constraints of CSS

The constraints of CSS atea, unit area price cost, and CSS 7
coordinate ()(l.(‘ss, YI.(‘SS) are:

+aci NS+ acu N + agw NPV < AN < 43
(45)

SCS
ascs E;

A= S, (X OS5, yCss)
/ 7 7

7

(XCSSS /CSS,S)’ ()(;CSS, Y'Z_CSS) € CSS (46)

whete acy, acyp and agy are the areas of a charger-I, charger-
11, and swapper, respectively; agcg is the area of unit capacity
ES; A§ is the planning area upper limit of CSS 7 ¢ is the unit

CSS, S CSS S
area price cost of CSS candidate site j ()(/ ) is the

coordinate of CSS candidate site j; CSS is the CSS candidate
coordinates set.

4.3 | Solution approach

The coordinated planning model of CSS and ADN is a
large-scale, non-convex, non-linear combinatorial optimiza-
tion problem, which is difficult to be solved directly.
The convex relaxation method is applied to transform the
non-convex non-linear energy flow equations (as described
in [35, 49] and references therein). Then, the proposed
planning is represented by a second-order cone optimiza-
tion model that can be efficiently solved by the CPLEX
solver [49].
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5 | CASE STUDY

5.1 | Parameter setting

An actual planning area in eastern China is taken as the case
study, which is illustrated in Figure 8. The basic load of ADN
nodes is shown in Table 1. The planning profiles and parame-
ters are given in Figure 9 and Table 2. The connection nodes of
WT and PV units are node 2 and node 12, respectively. The can-
didate sites 1 to 3 for CSF installations are located at nodes 5, 8,
and 0, respectively. The unit land prices of candidate sites 1 to
3are 0.22,0.18, and 0.2 kYuan/ m?, respectively. The substation
is located at node 8.

The unit purchase costs for WT unit, PV unit, power line,
substation, charger-I, charger-II, swapper, CSF transformer,
and swapping energy storage are 3 kYuan/kVA, 5 kYuan/kVA,
500 kYuan/km, 3 kYuan/kVA, 150 kYuan, 100 kYuan,
200 kYuan, 0.25 kYuan/kVA, and 1 kYuan/kWh, respec-
tively. The corresponding unit OM costs are 0.1 kYuan/kVA,
0.2 kYuan/kVA, 1 kYuan/km, 0.03 kYuan/kVA, 0.5 kYuan,

4 4
30 A\Cssl & 3 Swanpi
— — pping
E o Css2 E station
=) = 2
>~ e >~ e
1 1 Charging
station
0 hd ® 0 b et
0 2 4 6 0 2 4 6
X(km) X(km)
(a) Casel (b) Case2
Legend
CSS ' Charging station . Swapping station
—— ADN power line @ ADN node
FIGURE 13  The planning results of ADN topology and EV CSFs
locations.

0.2 kYuan, 0.1 kYuan, 0.01 kYuan/kVA, and 0.05 kYuan/kWh,

respectively.
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FIGURE 14

The system rated voltage is 10 kV. The per unit length
resistance and reactance of a cable are 0.4 and 0.325 Q/km
respectively. Daily total loads numbers of PEVs and SEVs
are both 200 in the planning area. The maximum wind speed
is 25 m/s. The minimum capacities unit of PV and WT are
both 200 kVA. The parameters and data of this test case have
been mainly collected from the reports of China State Grid
Corporation.

The actual driving speeds of EVs are closely related to the
actual traffic conditions. According to the traffic restriction
periods and the maximum speed limit of main road equal to
80 km/h in Shanghai, China, the average driving speeds of EVs
is shown in Table 3.

To compare and analyze the differences in planning and
operation results between EV distributed single function CSFs
and EV integrated multi-function CSFs, two planning cases ate
considered, described in Table 4.

5.2 | Simulation analysis

The EV spatial-temporal load forecasting results are shown in
Figures 10 and 11. The spatial-temporal distribution charac-
teristics of EV loads have strong uncertainty and randomness.
Since the user habits of PEVs and SEVs are basically identi-
cal, the load curves of PEVs and SEVs have a certain similarity.
However, since the SEV swapping process is more flexible in
temporal than that of the PEV charging process (i.e. the swap-
ping process can occur during both travel and parking periods,
but the charging process occurs during parking period), the
load forecasting results between PEVs and SEVs show certain
differences in time and space.

In Figure 10, the distributions of PEVs and SEVs (i.e., charg-
ing and swapping EVs) load demands have strong fluctuations

The planning results of ADN topology and EV CSFs locations.

[] Charging power of charging station

on the timeline. The peak load demands of PEVs and SEVs
mainly occur during the daytime. Around 12:00, many EVs
depart from RRs to WRs or CRs, resulting in a load superpo-
sition and an eatly peak load occurrence. The largest number
of PEVs and SEVs are 19 and 24 respectively. At about 20:00,
most PEVs and SEVs return to RRs and cause an evening peak
load. By the EV spatial-temporal load forecasting method pro-
posed in this paper, the temporal distribution curve EV load for
each road node is obtained, as shown in Figure 10.

Figure 11 (relevant to few typical EV spatial-temporal distri-
butions) illustrates the uncertainty, randomness, imbalance etc.,
of temporal and spatial distribution characteristics of PEVs and
SEVs loads. At 5:00, the PEVs and SEVs loads concentrate in
RRs mainly. At about 12:00, the loads concentrate on WRs and
CRs mainly. The EV loads are generated to randomly spread all
over the planning area (i.e. RRs, WRs, and CRs) at about 20:00.
As a result, the EV spatial-temporal load analysis and forecast-
ing method based on the travel chains theory proposed here
can reasonably reflect the spatial-temporal dynamic change rule
and uncertainty of driving, parking, and other states during EV
travel. The results of EV spatial-temporal loads are used as the
basis of the CSS planning.

Figure 12 shows the economic aspects of the planning
project. It can be seen from Figure 12, for the planning of CSS
and ADN (i.e. in Case 1), the annual comprehensive cost (F) of
planning Case 1-2 is lower than that of Cases 1-1 and 1-3 respec-
tively. Thus, Case 1-2 is the best among the sub-cases of Case 1.
For the planning of charging, swapping stations, and ADN in
Case 2, the /' of Case 2-3 is lowest. Thus, Case 2-3 is the best
scheme in Case 2. Cases 1-2 and 2-3 are considered alternative
sub-cases to be compared and analyzed.

Table 5 shows the comparison alternative schemes. Case 1-2
in Case 1 and Case 2-3 in Case 2 are indicated as Case 1 and Case
2 in the following text, respectively, for simplicity. Although
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FIGURE 15 The planning results of ADN
topology and EV CSFs locations.
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FIGURE 16 The voltages of ADN nodes.
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the types and functions of the selected CSFs have significant
differences (i.e. distributed single function units vs centralized
multi-function unit), the sizes in the two sub-cases are almost
the same. The infrastructure cost of Case 1 is higher than that of
Case 2. It has less difference in energy purchase costs between
the 2 sub-cases, which is caused by the close EV load levels in
the two sub-cases. The OM cost of Casel is higher than that
of Case 2, which is caused by the close overall system planning
scales in the two sub-cases. The daily driving distances of EVs
for energy supply of Case 1 are shorter, resulting the EV carbon
transaction cost of Case 1 lower than in Case 2. Therefore, the
planning scale and economy of Case 1 are basically the same as
those of Case 2, but the CSSs in Case 1 can reduce the carbon
emissions of EVs driving.

Tables 6 and 7 show that the total number of charger-I in
CSFs of the two cases are the same. The planning results of
ADN topology and EV CSFs locations are shown in Figure 13.
The number of charger-II, swapper, SCS ES capacity, trans-
former capacity, and area of Casel are 3, 1, 50 kWh, 350 kVA,
90 m? larger than those of Case 2, respectively. The correspond-
ing average annual investments of Case 1 are 26.1554, 17.4369,
11.8698, 7.6286, 15.3445 kYuan higher than those of Case 2,
respectively. The OM costs of charger-II, swapper, SCS ES, and
transformer of Casel are 0.6000, 0.1000, 2.5000, 3.5000 kYuan
higher than those of Case 2, respectively. Therefore, the EV
CSFs total planning scales between the two cases have less
difference.

With the same construction scales of ADNs in the two
cases—that is, the PV capacity of 2000 kVA, WT capacity of
2000 kVA, power line length of 17.5071 km, and substation
expansion capacity of 16,000 kVA—the investments of ADNs
in the two cases are the same.

The planning scales of CSFs and ADN between Casel and
Case 2 are basically same. ADN optimal topologies in the two
cases are the same. The proposed planning method can meet the
power supply at all nodes. The annual carbon emission of EV
in Case 1 is 21.4934 tonnes less than that of Case 2, which indi-
cates that compared with the charging, and swapping stations,
the CSS can further improve the environmental protection.

Figure 14 shows the ADN power balance optimization
results. The operation state optimization results of CSFs are
shown in Figure 15. Figure 14 shows that the overall ADN
power balances of the two cases are basically similar. All kinds
of loads, DGs power outputs, and ADN interactive power meet
the power balance demands. Figure 15 shows that charging,
swapping stations in Case 2 have higher powers compared to
the CSSs in Case 1. CSSs can cut down the peak load power
of the local grid. The ADN has a larger operation margin. The
CSSs and swapping stations reduce the peak power demands
as much as possible during the period of high energy purchase
price. Figure 15¢ shows that the operation battery levels of SCSs
(CSSs, Case 1) and swapping station (Case 2) are not less than
the energy demands of SEV loads in each period.

Figure 16 shows the bus voltages. Various indexes of the plan-
ning project are illustrated in Figure 17. Figures 16 and 17 show
that although the EV CSFs types of the two cases are different,
the node voltages in the two cases both meet the constraints.

The minimum node voltages of Case 1 and Case 2 are 0.9498
and 0.9452 p.u., respectively. The maximum node voltages are
1.0035 and 1.0044 p.u., respectively. The voltage deviations, as
defined in [64], of Case 1 is 0.0054 lower than that of Case
2. This is because CSS can achieve the complementary opera-
tion of the subsystem in the station, improving the power flow
distribution and the system voltage profile.

Figure 17 shows that the power fluctuation index of Case
2 charging, and swapping stations are —0.6826 and 14.1692
higher than those of the maximum between CSS1 and CSS2
in Casel, respectively. The power fluctuation index of Casel is
0.0026 higher than that of Case2, which is a small difference.
The CSSs have better EV load fluctuation stabilization capabili-
ties. In terms of average and maximum power line load rate, for
Case 2 they are 0.97% and 4.21% higher than those of Casel,
respectively. The average and maximum substation load rates
of Case 1 are 0.74% and 0.17% lower than those of Case 2,
respectively. The peak valley differences of charging, and swap-
ping stations are 210.2 and 355.1 kW higher than those of the
maximum between CSS1 and CSS2, respectively. The peak val-
ley differences of Case 2 are 2.8 kW smaller than that of Case 1.
The real-time network loss of Case 1 is lower, and the daily total
value is 513.6 kW lower than that of Case 2. The total daily driv-
ing distance of PEVs and SEVs in Case 2is 59.11 and 158.98 km
higher than that of Case 1 respectively.

6 | CONCLUSION

This paper proposes a coordinated planning method of CSS
and ADN considering EV spatial-temporal load forecasting, At
first, based on the travel chains analysis of EVs, the EV fore-
casting model is developed. Then, the configuration model of
CSS is built, based on the modelling of CS and SCS. According
to the model of ADN network and DG capacities, a coordi-
nated planning model of CSS and ADN is finally developed.
The results obtained for realistic test cases support the following
conclusions.

1. The adopted EV spatial-temporal load forecasting method
can reflect the spatial-temporal dynamic change rule and
uncertainty of driving, parking, and other states during EV
travels. It describes the charging characteristics and the spa-
tial aggregation and dispersion degree in the planning area at
different times.

2. The planning method of CSS and ADN proposed in this
paper achieves the sizing and locating planning of CSSs,
and the planning results satisfy the PEVs and SEVs load
demands in the planning area. The plans the ADN net-
work topology and the capacities of DGs and substations
are obtained. The ADN satisfies the load demands of CSSs
and basic load nodes, meeting DGs power outputs and grid
radial structute constraint.

3. The CSS use can improve the ADN operation. Compared to
the single function charging stations and swapping stations,
the CSSs have the advantages of multi-function, integra-
tion, and subsystem energy complementary operation. As a

85U017 SUOWWOD AT 8|t jdde 8y} Ag peusenob a1e sooile O ‘8sN JO S8|nJ o} Akeiq18UljUO AS|IA UO (SUOTPUOO-PUE-SW.B)W0D A8 1M Ake.q 1 |BuUo//SANy) SUORIPUOD pue swiie | 8y} 89S *[£202/80/50] U0 ArIqi aulluo A8|iM ‘elfeleueiyod Ag ST6ZT ZPIB/6v0T 0T/I0pW00 A8 | Ake.djpul U0 Yo eesaie /SNy Wwo.j pepeojumod ‘0 ‘S698TS.LT



18|

HE ET AL.

result, in the CSSs and ADN coordinated planning, the peak
valley differences, ADN network loss, power fluctuation

index, power line load rate, EVs driving carbon emissions,

and power demands are reduced. The EV use convenience,

the ADN transmission margins, and the voltage quality

are increased, which improves the safety, reliability, envi-

ronmental protection and comprehensive economy of the

planning;
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