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Abstract

With increasing of environmental awareness for dramatic climate changes, energy
policy for cutting greenhouse gas emissions is urgent and critical for every country in
the world. Using electric vehicles (EVs) to replace conventional gasoline cars is one of
critical aspects to reduce the gas emissions to enhance the energy transition. To increase
the use of EVs, an EV-user friendly charging infrastructure and attractive charging price
are two important factors. With the consideration of the capacity of electrical power, the
sites of charging points, and the numbers of AC/DC chargers, this study determines the
pricing strategy and the amount of charging points based on the demand forecasts for EV
charging infrastructure. The proposed model is to develop an optimal pricing strategy
for charge point operators (CPOs) with the maximization of total profits. In this thesis,
a spatiotemporal model is used to forecast the EV charging demands for parking lots. A
Mixed Integer Nonlinear Programing (MINLP) model is constructed and formulated to
calculate the best charging price of different types of EV charging in each charging station

. A case study is presented to demonstrate the effectiveness of the proposed model.

Keywords: Electric Vehicle, Charging Station, Pricing Strategy, MINLP
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BT R R m AT P B ATEANA S EsT AR A v 2
PER o B ariE o b o BAe h BB B AL ¥$%ﬁ@ﬁ$&’ﬁi
BATEARA PR AT c BRFAL AR AEFu PR EOR RS LT T 2K
® Z(u,t) PRI B 74 fie

{

R —w

Z(u,t) ~ STGP(n(u,t),0?) 3.1)
19 02 5 B TIE g(ut) B
0 (u,t) = o+ BrPOI (u) + BoPop (u) + BsPrice (u,t) + H(u,t)  (3.2)

Nu,t) 7 AT 6 3 ARy FRITHTE AT F S RERE (BT
2020) 5 Bo, .., B3 5 HoA] S8 5 POI(u) B4 4 A1l u ch @ 4B 2L B 8 5 Pop(u) 2%
Rtk u iht v i Price(u,t) 2R Atk u~ PRt O %8k ¥ H(u,t)
Rt Al u s PERY £ 0P P2 2 B eRNE o o B S BEA PR A - K

H (u,t) = aH (u,t — 1) + & (u,t) (3.3)

B 5 t=2..T>|a| <12 H(u,1) ~ Normal (0,0/(1 —a?)) » £ (u,i) % B3k pF
BF b bz ® T35 5 F ahg 273 (gaussianfield) > § u A v F2Z FRE 2 F s §
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£ . dic (covariance function) &

. |
Cov (€ (u, ) € (v,7)) =4 S (3.4)

Cov (guagv) ) Zf t=r

T AEEY B IS LS HTR R feo? 0 BRI L SlcdeT
2

F(v)Qv—1<K”““’U DK (llu —w'l]) (3.5)

B v F AR ¥ R E R AriGfnT AR 0 F AR A AR 2
Nk R APM T L R s T 5 #o3% Sk (Gamma function) » H I'(v) & £
fev enied§ Sfici® 5 K, Bl 5 Abramowitz and Stegun (1972) #& J1ch% = a3 & b

v

% I # (Bessel function) ; ||u — o | % et u % u 2o R R N pEdR (Euclidean

distance) ; 02 % i# "% % £ # (Marginal variance) » 3+ & & ;8 4cF
I'(v)
2
=2 3.6
7 T TQ)(r)R2r? (36)
AT d Ry BANEAR IR L R TR R AT R A
Ale FHIGAT D2 L F RREF - BRE A8 5 2 FHF2Z A0 i B
Bpfr PREFE D FIRSLEADDFL LT FTRY T L mFpaEfl
é®ﬁ7iﬁf?¥%ﬁa%ﬁ%&’?“%%ﬁ7lﬁ@§\?”ﬁa%%ﬁ

32 AEREREMAHERN

AERA TR T R0k N AT S RS A - X ke
DR B e FIAT R e 2 R B HeE § 2 AT L AT
wE % ;é.ft,ﬁ‘:‘_hf%:}’_}_(fgg%[;,pﬁ‘:é ikéﬁﬂ@./uﬁ‘v‘@.)’ /uﬁ‘vé:.f%f’} 2 fgﬁg‘;/;fp?:

1%?@%%@,ﬁiﬁ%ﬁﬁﬁiéﬁﬁﬁ&&ﬂfyﬂ,ﬁgﬁmﬁmi?
BEcE 3 NUTREBE LT 2 3 E o

R -i?é@ﬁ%M#%ﬁ i B 4 s Ba ) B B B R AT 02 e b 2
T] ’\‘ miur;: ’ :‘—; /ﬁ‘ > éﬁ,%"l ;‘L N m%} $E‘& d\ﬁg‘ﬁ mlﬂdi * ﬁ&‘/u ﬁ_‘%"—-}:

ﬁs&r

__Efy*)l LJQ U/"E/FL “‘!:vm/ug“ Ep ’ I’U I#;‘—!—/ug_‘ ,E,L:_B'E’J;,\l/;!%_g’ j’;“‘:‘ o K/ZTT‘E ?]J’}}
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D1+w-1)>71m ZZZZ AQY, B —M(1->Y) VI=1,.,L=1

(3.10)
Dl4+w-(I-1)] <™ ZZZZ AQL; EY) =M1 -Y) Vi=1,..L

(3.11)

D>0 (3.12)

YV, >Y Vi=1,..L-1 (3.13)

v, € {0,1} (3.14)

He g N GA3) N A - A RBAEIER 5 o Vb AR ST 9 E D

Brr s peng e e

PR RO U AT RE AT FRFELF DM G2 L
R KB AR SRR 30E F R R Sl S (3.2) 1 £ éim,%
RE R F R PR DN o Aok 31E T RARIECA R (B E L et
Bfhur R LHTHDATERER Z(ut) RAF HA f2) > 3 32
KB nlut) B R Ry R IRETE AT TR T A

LRB S BB EY EHAT TR AT WS £R L AT T Reng > &
ﬁ%ié%ﬁﬁﬁiéﬁ e e @ AL FLTHUNT b A f T o
Flt o SR G FIARHIAAR LG ARFRRE T &KESNCLIOR T R
PRIBCR Y BF N (3.2) i R, Price(u,t) > » Rk e R FE DT
B8 LR F E R (e, t) R L g &I _(u,t)k’ KA AT K e
feRtru PR LHTH D LRTE HEEG16) FiF B F fE2L o80T

o

_a s

au

Qb =a - (u, )" Vt,Vk,Vu (3.15)

7i(u, t)* = By + B1POI (u) + By Pop (u) + BsPrice (u,t)* + H(u,t) Vt,Yk,Vu

(3.16)
Price’ e 1 S k
rice (u,t)” = () g (Fruj + Prj) Y, VE, Vu (3.17)
Y
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HY #%E NG 16) TR $ ¥ Price’ (u,t)" 2. b e B2 Sl 430 F 35
ﬁﬂﬂﬁﬁﬁﬁmmﬁaw%,ﬁéaﬁu LRk hG R G RE G

P BB SNGISR EFE A L R R RE RS L A AT gD
ﬁ%$&ﬂ’“‘P”TF“wW1'i" Rl Rfe A5 1 Bl £ G105 E
RENE RS e ATHA K PAF RF R R g R Pl 5L AT
s E R AT AT W e AR E BT RE PRk BEY
Blcs A v R F AR E AT UROEREE D AR BREY LT bR

1+

AR BB BHE Al R BPE AT R LG R R ARG
Rl 7RG RIFELTERELFL TR DT RN E LTS o A
FEEAr G R R A TR F g, P 2 e
T

Ju

> qf; =QF, VL VE Vu (3.18)

J

NGy = Praje - APy Vi, € J,Vk, Vu, Vi (3.19)

rpiﬁ“l%’fé.l"ﬁ’»b?%’ ]‘\%w;&;ﬂ*m ?,}E{,Q?’ »m =7

)i RV A LR Y ER IRIF ‘%”—‘F}{”ﬁ o W LT R BE

FURELRIRGE > 2 EFATHREOIE SRR ELERFRFEL I F
+

=]
FOHEE R E CRE AT R R E B LR
ﬂ"’,’l] ;\. ,ﬁ\-_—v'T

ST ldk - 1< et vk, Y (3.20)
J

e Sl b ¢ AT HUNLEAF AR > VU RATHFEFREL L e

Bois b Mty o & F R TR ol b2 B enilh BB s &
i PE B e i Eﬁﬁ;’lé’ﬁfﬁﬁ,f’ﬁg g, b E q‘x%ﬁ_&%ﬂtmm# EE I

P = P vt,Yu,Vj ¢ H,Vk (3.21)
ph,; = PLl vVt € PE,Yu,Vj € H,Vk (3.22)
ph; = PVt ¢ PEYu,Vj € H,Vk (3.23)
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P <a’- P ViV Vu (3.24)

PY? < 6" Pl Vje HNrVu (3.25)
minPy; < Py V5, VkVr, Vu (3.26)
P < mazP,; Vj,VkVr, Yu (3.27)
P >0 (3.28)

SRRl R R kG AR R 0 4 N S R EPRE R TR P 2 A PR
AT R P n AR AT AR RS - G P R Y W
RS v ph, A o A RN G2DE TR ARG L R R T
1A BB B e G 4 PP S gk e PRO & X A mend - B 1 PO
R G2 I C2)A W A FEFELTHILF 2 ATFRLFHLE > L
THAA B ARl @ LR REALTHRE A SR
Y PR o TR (G20 T I B2 B R R g B2 TR T REE g
WP AR * FROE RFEEAFL AT RO TRER L AT H AL
Z8 o ¥ b A X B TRl oI (G28) 4T 0 s xR eh
SR

B Y 2 B R RE P o B omarPy Ao & ominP)T ¢ G % Rk

AR E A1 308G KRR 2§ RE P$~:£Li?%$ic@£$
ii?”ﬁél%fépf‘é’%ffi'%fé Bt A2 TR oFEL 2T TA XA RANR L E

i@’“?%«%ﬁ%u\%iwéji%/ca%ﬁxrm'%.ﬁ»l?’%maa:P’“lTi‘}mmPko
BEY- JEAASHL AT jAER RN R 2 TR BEET BR
RS RIFRB AT HL AT R E G P E R AT O &R
BTR R 2 F MR P BE K AT k2 um,%#ﬂqwﬂi‘thTiLo’*m’
BB T TR S LR PEEZ P PFE T g G e ARIRAE A > &
LS PFR Y BT RS R BT RRE - FREEY R BT BR A
BRI L T R AR R R R R R T R R §
Hide o F 2RI ARIGR - BRI R LGB

AT G E P RS T B9G22 U iEE T LB R LT Y

Eh 2 ium%%w“’m“$%”” e;@%%&a—‘%m’#;mgm
%@ﬁﬁdwwﬂﬁaﬁﬁﬁiwﬂ ¥od F A H AU (G20 AU 25
e R g st e g %&ﬁﬁm%&w%’ﬂ&ﬁ LR R S
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SUEHCA] 0 FI g A33E Bk A2 Rfa s ok

33 RK#uix

BPEASAF RN LT B REG DR ZER B A ALY AAD
WA & 2 2 B3R A 2ha M o i 5 AL (Asghari et al., 2022) AERRF RN S 8
FitEAlant AR 0 £l 32 B4 L @2 (Spatial Branch and Bound, Spatial
BB) % gt R R R LA HCA] o gt o 30 & g RIERIECD] R PR B AT AR

A FTRAE AT EERNERER S R R P S
MR {AB N F A A F (Multivariate Normal Distribution) » gt sk j ™ #-gg v 1] #
Bk PO 32 B3t S8 s A7 3 J1* Fongetal (2010) 3% 21 e B 02 0 &k
F ¥ £ 272 (Integrated Nested Laplace Approximation, INLA ) » & - f&i7 7 b X 4&
# (Bayesian Inference ) e /2 W e R &1 2 AL T T Ko @t 2 2 v gl
* B Rk R 0 INLA 2 2§ 3 (Blangiardo and Cameletti, 2015; Illian et al., 2013;
Fong et al., 2010) -

331 BAEFFEF®

328 hn R A d A5 0R ’ffﬂi?tﬁﬂ‘h‘_*ﬁa%‘l 3l PRAGDPR ET R
T2 FREEHAQL) 7P AT 2 FRIKEZ AT EREHKE DA o
|1 & ¢ (Minimum operators) & — ?b%ﬂ'ﬁ_iﬁ » Mohammadi et al. (2020) # ! -
SR Ao M BB T S B (R LS T K e i ﬁh&rbﬁﬁﬁﬁ$’§%%
R 4 R R A TSI het 338 0 g b o B e TR

O R e e

3

AQp; < dbhy; Vi,V Vu, Yk (3.29)
AQY, < i Y4, VE Y, Yk (3.30)
FFGB29E A FCI)TFREEFET AT AT B HE )N EN L AT

2GR E 2 AT AR EEE - A o g e ¥ AQM e (U U A g
PARS S 5 - SenZbafd 2 st o 2 T s R R Bl &
R & B =t 3] (Mixed-Integer Quadratic Programming, MIQP) F* 4%

19 doi:10.6342/NTU202201648



FHAIPP AR 2 G d M S e e A s Bl 0 2R & R i =
£ & #3] (Mixed-Integer Quadratically-Constrained Programming, MIQCP) 7 4 -
A2 #1443 (Linear Programming, LP) B 4% » MIQCP F* fZ ch R fRp R &2 pr i ¢ =+
PR A FIM R EARAE > AREL T € A BITH P b fe N
L PR AR m;ﬁ FLA] R (3.20) T T g AR 2 RS A2 o P
F(320)F FFBEEIE 0 3 BHEM I AN R AIER G R AR
e FIEE 0 F] A 3% AR F Ff"*‘T PE-BRET RALA DI RD T UEER
3 E f# -t B® 42 (Mangasarian and Meyer, 2006; Mangasarian, 2007, 2009; Caccetta
etal,2011) o & &% % 4% 40 » 45 %k (slack variable) zf,; 2 *TH|5% eh LT iR
LFIN (32008 & 5 BAE S AR 0 Ao P PN AT

- quj S quj - Cﬁj v37Vt7vu7Vk (331)
Z 2= 0" Vit Vu, Yk (3.33)

Frat— BTN (3.20) 0 B H g H 4 g B Bk zf o I 2541 BRI AR
B S RS E S ,iﬁd PR R ‘j\ﬁ’gpjﬁi\“ib ﬁg'&}»%}?}‘@_)i°

332 ZEHSXZEFE

A % Bz (Branchand Bound) 5 - A+ A F g Faug b2 > 5% k12

1 & B s 2R 4] (Mixed-integer linear programming, MILP) eR® 48 » b = 2 & 3
= n@sdﬁ.&? 4 % (Branch) 2 E# - BRI AT - FFERMEREL S HBATSE
2 B (Bound) % 3+ ¥ %73 A% 8Leht B & (Upper bound) 2 ™ % & (Lower bound)
FI*FFEZRINT F b PRETHTRE S PFBERNEFH R E S F
% (Fathoming) 5 Z|#%7&-2L8 F 5 ¥ {7 f# (Horst et al., 2000) = ~# 5 * Xk £jF L
BRGNS 2 IR AL T R2 0 £ F¥ 0 F S 28B4 (Global
optimization problems) 2_ f& Z_f% cr14 ;7% (Divide and Conquer) » fo i e94 2 2
Kz 2 e end ¢ LB~ 5§ B /] o3 B 32 (Subproblem) » £ 1] #* (L £L3%
(Convex relaxation) = % ff#+ B AL > @ (6 & chH FA P L F L hA L TR 2R
(Pozo et al., 2011; Stein et al., 2013) o

%R B i B0 Bt MINLP B AE 7 2t MIQCP R AT » 3 5 6 + o &
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s g R4 % 4 B 4o Gurobi Optimizer 2 CPLEX Optimizer & ##8 @ 1% 7 & &2 &
T R fE MIQCP R 38 » BiF 0 = 0% P 2 ¥R > R E 8 7% 3 MIQCP ¢
AR E ML £ (Castro, 2016) - 3 BF &~ &£ % 5% 4 Horst and Tuy
(2013) # 41 » Quesada and Grossmann (1995) ~ Ryoo and Sahinidis (1995) f=Ryoo and
Sahinidis (1996) #-# = 2 & # ¥R H = 2 { S 2B > 1% 1T f 1 ) v
7R g 2 e f2iE 42 (Stein et al., 2013; Pozo et al., 2011) -

QE f(x,y) (3.34)
st. glz,y) <0 (3.35)
h(z,y) =0 (3.36)
ot <ax<a¥ (3.37)
y € [yb, ... 0] (3.38)

328 R b i HEAl - LR ES 4 5 B H R (P, D) 2 FE(Y) 0 B R
-afEe HHCRRE P ETR e RS- BRERORFREE 2 LT
IRt E TRt d g RRIR A - mn Ry o R R Ry
2T R oyl ¥ S A - wiRaigERE L B - wiRe 5ot chd R
AFEH 2T AL JBFEES; f(ryy) 5 PN EREFNEGT) A
Rl i Boq] 5 s C R AL et @R B R TC R S g(w,y) B BB
BRI S RIS h(r,y) B RRREE R S F S

Ao EP R AU g S f(a,y) cg(ry) B Ob(ry) 3RE AR B R
2

=

EI

34

£ SRR RRFT e s fos] A B - R (vy) &5 ¢ T RS
ooz BALt @Rz FAD I - G G2 @) TR LT g
fr(xy) < flo,y) +€ (3.39)
S L PN TREEY VRS S ER S P S
FooHARAHMOAT MES BAEATENE TR PEEHTR o AE
rz AR R E KRS MIQCP fhoe W b iz iV 03] > B L LR A
LATHAE L ATEE SR EAT R
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Algorithm 1 7 B 4 & T_} 2

Wh&ik:

c R AR HRE U =00 frd $HER EE o0 < (27,y7) <

. R AR LA €> 0
ERYH:

Step1: EH - B+ % S5

Step2: FEpHEEZTR

if 1% %3 44687 (x;gyf) rE e B[] U then

217 Step 3
else
7 | Step 1
end if
Step3: - EpiiE2 F R

fiv iz fe S0 (af yf) AR LRP REST R ou

J

Step 4: 12 T % &
if u < U then

Ry = (5,0) 2 U= X456 TR LS s

W 2

else
7 | Step 1

end if

Step 5: # & & &

if | — u < e then
U T &_>3 5 %2
if 3 F %4 A40% then

¥ 31| Step 1
else
%k
end if
else
i 7 Step 6
end if

Step 6: #-F L o = { /] ch3F Fg (& L) ¥ w3 Step 1
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FWE FHHR

AR SRR P AR A AT R S PIF R R 6
FPOINACRAZ BASBEERLFEOLLD P LEANAFERLIFL R
B XY ETH(2020) BEATY AL BB R AT E R Wiy (7
PERY S 2020 % 1 7 22 P 22020 % 3 7 20 P ) MIERE RE2Z AT E Lo £
F 5% % a2 Intel Core i7-10700 ~ 2.90 GHz #1532 B f- RAM 8.0 GB 1§ %
@ﬁ,,ﬁ@Rmmﬁfﬁ%m,mm'ﬁﬁwﬁﬂ’ﬂﬁﬁi%ﬁﬁﬂﬁ*

e BLA T F RE ¥ AT 4% Python3.7.6 B AT > ¥ A2 5
Intel Core i5-1035G7 ~ 1.20 GHz ~ 1.50 GHz /&2 % 4 RAM 16.0 GB 1% #5 + &
7 > % 18 Gurobi Optimizer 9.1.0 Kf2 2 T H A & L3 » " RALTFER EF
B flEBb 2 iR R BRERR S ZE AT HLIATER -FTHFEL
AR A Al AR S

FG &R RIERIEA T oA A v s AR B BB Y J 7

FAp M T AL s * = 3 F 3k 4L (Geographic Information System, GIS) a2 F
FLoo How -2 5E A)qbug]}g] I M,Fq F o j\pw;;z,_kgﬁ mF‘ #L1% F QGIS &
F&ﬂ’ﬁﬁ@?ﬂﬁﬁ¥ﬁ<@ﬁ%ﬁ HE R R A AR E N FA
LB AT ¥ oh o FH A LE ) PR EESFEAFRR A
FPt A #AT T R A4 2 lkm x lkm % ] et o LR E

4.1 HRER

iﬁb'ﬁ%?ij?_’é_ﬁﬁ\%ﬁxﬁ&r%fiﬁvﬁkéfﬁ—,A\_”T%}i%ﬁi%;}g
9287.70k(P\a’z—éfi,2022)’6%;%@]110&45@’iﬁ“ﬁ;‘é?;ﬂ@ﬁﬁ%{g
3z 3.8 @“ﬁtﬁi IR SRENE- el Aty 2R 4 47141,35(%%? PR fiw 2021) 0 5 2

CREAD F kBRSNS o AN D R R A p R i &
=
w

TEAE AT ERFTEERRE S TR ADLTHMREEH 0 Ra
FI* e AR ELFADE T U LB0% DT E 2 TG R 2440 T T
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236 14.71 1321 799 7.19 14.62 7.63
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F 411 7 e ot BT Pt R (B 2 NTS)

i hy, BB 40%  50%  60%  70%  80%
1 1 B g 13.46 13.46 1346 13.46 897
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7 0 2pFE 1143 12,66 1296 13.70 12.81
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