Data-driven Robust Design of a Closed-loop Supply
Chain Network for Time-dependent Uncertain Carbon
Tax Rate
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Carbon emission regulation issues

2 n% X Q1 2, cLSC network design = EH4SHA| A E| 0 U3

= A= 7 E & 112{5}= closed-loop supply chain (CLSC) =H| 0|

AT

Supply chain network design (SCND) problem

- DI A MO WA O 2 MH|AE

25 HEot7| ?I5h HIERR =& F2lot=s =X

=

Closed-loop supply chain (CLSC) network problem

» SCND =AX|0| A &= -9 =5 (forward and reverse logistics) & &A|0| 12{5t= &X|
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Figure 1. Closed-loop supply chain network structure




Carbon emission regulation issues

Figure 2. Global warming issue, carbon emission and tax rate
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Carbon emission regulation issues

=S EH =
» 25EY SRol ot S EEO| a2 5+ AUAS

» EIAHIS YOI R2 EH2 2SHIE0 =3

» 25H[E0| XMEet EY2 BAHIEEO0| =2 (H2)

Table 1. Characteristics of road transport options.

C02 issi fact
o Transport mode © ((egn})lcs;rlfl?;)ac or Cost (S/ton-km)
Greenhouse Gas Emissions = X| W |[Xx
Model 0.062 $0.47
(Heavy-duty truck) ' '
D = The distance your shipment has traveled (in miles or kilometers) . Mgdez 0.122 $0.32
: _ _ _ (Mid-size truck)
W = The weight or amount of your shipment (in pounds, kilograms or tons when data is
available, or volume metrics such as number of twenty-foot equivalent unit [TEUs]) Mode3

. 0.459 $0.19

ER = specific emissions factor. (Light truck)

Figure 3. Greenhouse has calculation



» Multi-period CLSC network design problem

Minimize D fy, D> D CinXim + 2, AT

ieF teT meM ijeA teT

Subjectto T, =w) B > 7, Xjn, VteT

ijeA meM
Z Z Xkt :dktl vk e K,t eT
weW meM
Z Z Xgmt = Te» VK e K, 1T
leL meM
Z Z Xijmt _Z Z Xiim =0, VieWUL,teT
ieN meM ieN meM

DD Xy — Ay, <0, VieF teT

jeN meM

D Xom—AnY, <0, VpeP,teT

leL meM

ye{0 xe R (1)

» A|EEX HE, 2SH|E, BtAMZ |22} A|7|= Multi-period CLSC network C| X}l = X|| (Gao and Ryan, 2014)

Table 2. Notations.

Symbol

Description

Sets

2N TR~ U

Set of potential factories

Set of potential warehouses

Set of potential collection centers
Set of retailer

Set of transportation modes

Set of time periods

Set of all the arcs in the network

Decision variables

Xijme The amount of product transported from node i to j at time t
Vi 1 if facility i is opened, 0 otherwise,i € P UW U L
Parameters
fi The investment cost for building facility,i E PUW U L
Cijmt Unit transportation cost from node i to node j using
transportation mode m in period t
dpt Demand for retailer k at time t
Tt Return for retailer k at time t
At Maximum capacity of facility i in periodt,i € PUW U L
Bij Distance (km) from node i to node j
Tim Carbon emission factor (g/ton-km) for transportation mode m
w Unit weight of product (ton)

Carbon tax rate at time t




7| Y2 cLSC network design 2| AIZ™H S L E U EtA MO E=H4l/d

IIIIO

1 2{s}ofsl=

= X0 Z|H

,_

Minimize > £y, +> > > cXim +

@
‘*H
\_‘_l
Ao

ieF teT meM ijeA
Subjectto I, =wY 4, " 7%, VteT }- ------------ HIQHAl1: B b5 AHA
ijeA meM -
Z Z Xkt = dier VK€K, 1T
waW MM S RO 3: ARt 40 g |
Z Z Xgmt = Te» VK e K, 1T
leL meM
3D Ky~ D K = OVEWULWT}- ----- ROkl HE B2 4 H ot
ieN meM ieN meM
DD Xy =AY, <0, VieF teT
jeN meM — - X|QkAlsQt6: 5= S|
D Xom—AnY, <0, VpeP,teT
leL meM -
y e {01, x e R4V (1) e motsrats ol el

Hele: A dEX B E + HME2S H|

Uncertainty
parameter

8+ EtAN|

A

=13

3 55 1o

X< (y), HI= A 2(x)

* Gao, N., and Ryan, S. M. (2014). Robust design of a closed-loop supply chain network for uncertain carbon regulations and random product flows. EURO

Journal on Transportation and Logistics, 3(1), 5-34.




Optimization under uncertainty

mj2to|E o] EtM Mo L2715 st titH o 2 ZEAHX| X3} (robust optimization, RO):= O 21 X O X| X 5} titH

_l

» B ZE|E 3t (robust optimization, RO)= =2H & oF T2} 0[ E{ Of| CHSH worst-case approach= =2 0] CH S

» Robust optimization (RO) » Tractable Robust counterpart (RC)
Minimize Zc X -
A Zaijxj <h
Subject to Zc’iﬂxj <b Vi (2.1)
- =N Za X, + > &d;x; <b (2.2)
[ <x,<u, Vj jed;

Nomlnal term Perturbatlon term

a. e [a.. -¢,a,, a, + ..&.}, | <r & AN Ay
y y ij if [/ g?j a X. _|.Ima)( Zé’” ij (2 3)
—ad;=a;+¢,a;, VjeJ, ff.“.-.’fﬁ\_ ______ '
. \\\___’ Worst-case in
> Uncertainty set uncertainty set
1“{2 1“{2 > Box uncertainty set
U, = (eI, <¥)
] < ol - ) {1_1 > o] > {1 » Ellipsoidal uncertainty set
N R | g Val
U, ={¢:|¢], = |¢], =¥}
Y Y
-1 -1 -1 » Polyhedral uncertainty set
Box set Ellipsoidal set Polyhedral set .
i Uy ={¢:[¢], <T. J¢]], =¥

Figure 4. The uncertainty sets U for a constraint with two uncertain parameters



CLSC network problem with uncertain carbr‘\]‘r_eg_ulatj_gn

[ = —II_

Gao and Ryan (2014)= & 2Hal 8 Bt M| 0of| CH 5l CH S 71S St Multi-period Robust CLSC 28 S H|A|

» 2% (2)= S=HA S EEA M Of CHSH Box uncertainty set= & -2 2F Multi-period robust counterpart

» BY )2 2 (1) ECE AN ST AR THE HAHEYO0| M2 REEYH S UEE Vs =03

> Robust counterpart with box uncertainty set (RC)

Minimize. 2 7 T e, BEMBEAo
Subject to Z fy. +Z Z Zcumt it +Z a, +5 <z CH 2t worst-case
ieF teT meM ijeA |\t_eT_ _________
I, = WZ ﬂij Z T Ximt VieT Table 1. Characteristics of road transport options.
ljeA  meM CO2 emissions factor
T d C *
Z Z X, = dkt, Wk e KteT ransport mode (g/ton-km) ost (S/ton-km)
weW meM
Model
Z Z Xgre =Fe» VKEeK T eT (Heavy-duty truck) 0.062 20.47
leL meM
Mode2
Z Z Kijmt _Z Z Xjm =0, VjeWUL,teT (Mid-size truck) 0122 2032
jeN meM ieN meM Mode3
ode

Z Z Xiimt -AY, <0, VieFteT (Light truck) 0.459 50.19
ieN meM
D> Xom —AnY, <0, VpeP,teT
leL meM
ye{0,0)F x e RIHMHT (3)

* Gao, N., and Ryan, S. M. (2014). Robust design of a closed-loop supply chain network for uncertain carbon regulations and random product flows. EURO
Journal on Transportation and Logistics, 3(1), 5-34.
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» Multi-period

2 -10| A worst-caseZ} & (| £

Multi-period RO problem with time-dependent uncertain parameter

=sAEe 71 =

= 2

> Box uncertainty set 7|2t2| RC
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AMAE 2 & X172 M2 (autoregressive process, AR)= 1t 410| Xl Zi0f =S == Al A€ 1bd

» = AR A= BEEAMIZF A[ZH0]] S5X 0|0 1Kt X}7| 2| 71 2HE (autoregressive process, AR) 121d = [} [
AAGE E/d 2 HHAD Robust approach 2212 K| A

- 2A (22)001M g, 7k AlZHO| AR O|BH, ¢ & 7, 2 THHIBIM AL

» Autoregressive process (AR)

> QHOFg Jh Al (4.1)0 B S DIESID, 7, = BRO| 40l pkt Xb7| 8] I AR(p) S -

s~ Hy :¢”1(§”’5‘1_'UU)+ iJZ(éiJ,S—Z _f“ij)J""Jr ip (gij,s—p — K )+5ijs (4.1)
, where &, ~WN N(0,0;,)

» OFQ t@,ﬂf HrZ 2 0] Sgfs oM, {;s= AR(1) 28-S [HELT D 5HH, 4] (4.2)2 £0] F2f &
> AR(1) X _I|-I-| 2 O3 I (Markov) & 8oz %E|7|E St
éVijs — Hjj :¢ij (é’us 1 ﬂ”)+g
 where |E(&y, )| =|uy| <o || <1 &5 ~WN N(0,07,) (4.2)

= Cijs = PiCijsa T i (Where Hij = 0) (4.3)
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AREHO| O ZT7HS S84

F

boj2to|E{ 7t Ojelof =2 & E= EXY

> AR(p) 2H9| oS gkt of| 52t

>

v

v

v

v

v

kA Z=L fzjs» Jijs—1 - Cijs—p+1 (P 7H)
(ijs(t): AME s 2 H t-A|Xt 22| o =2k

BEEIX %L 0l G152 g0 2 24 (5.0)3 20| Hol.

é/ijs (t) =E (gij,s+t | é/ijs’é/ij,s—l""’ é/ij,s—p+l) (5.1)

(s AR(IPE S 2D, 5 + £ A|RO| ¢, 3t S O Fote gk

é:/ijs (t) = E(é/ij,sﬂ |§ijs) :(¢ij) é/

Al (5. 2)9|- Zo| M9

(5.2)
ijse 2l 1—a% Ol Z 72 =4] (5.3)t 20| Fl:
Gis ()£ Zz;"ij (t) (5.3)
Gijs(1) - Z%O'ij(l) {ijsl(l) Gijs(1) +. Z%O-ij(l)
| i< — o >i i Sujs

-1 0
Figure 7. The predictive value and interval of {j; ¢4



= A0 A = AR(1) 2HO| 0| 51 7HS 0| 2510 M| 22 uncertainty set@l Markov uncertainty set= M| A

> Markov uncertainty set
» 4 (5.3)2 O[2HEL §jj o482l 1 — a%2 &ES
> s /FAR(L) APE S S M AL S 2 ¢ 402l Box uncertainty set 2 2 5|4 75

» = AFOM MEA MLUSH= ¢ 5462l 1 — a% ST LHS 2E T uncertainty set2 4] (6)2F 20| 2|

0 ZotE F7hs Q|0

o Mo

N\

é/ijs = ¢ij é/ij,s—l + gijs’ ijs WN N (O ug)
Z/[Mkv (t) =9 gij,s+t : e (6)
Cisn €| S ()= 2,03 (1), & (1) + 2,05 (1)

» AR(1) IE 2 Markov IH O ZE E2|7| = StEZ,

= AR M= 4! (6)2 E =l uncertainty= Markov uncertainty set & 3

Cijsst €| Cigs (t)_ 2,0 (t)' Ciis (t)+ 2,0 (t)

2 2

= Cij.sst = Sis (t)inijtzaqj (t). M € -1, 1]

2



1 — a% Markov uncertainty set= X -& o} tractable Markov robust counterpart= 2! (7)1} Z0| =&

» Tractable Markov robust counterpart

j
<:>Zaijxj+24“Ijsl H J+Zz o (D&y; <b, -y, <x, <y, @
J jed; jGJ
Nominal term Perturbatlon term

@Za X, + max {Zé’rfsaﬁxf}ﬁbf

7 Sty (1) (e,

o
J JjeJ, 5
QZQU J+Z§U51 a; j+ZZC, O, )&fj|xj|£bf
Jed; jeJ; 2
@Zav ﬁzélu() Uj+zzao-y()a;jv]—b y, £x; 2y,
jed; jedJ; 2

Nominal term Perturbation term




Proposed model — Data-driven Markov uncertainty set

Markov uncertainty set2| {;;(t)2} g;;(t)= Historical data 2 3=%d ¢t data-driven Markov uncertainty set 2 2

> Markov uncertainty set (6)| A ¢;;5(¢)2f 0y (£)= historical data 2 =8 7ts
> (s (82 6;;(£)E historical data2 FZ T ;;(£) 2 0y (1) EF OHH,

data-driven Markov uncertainty set= =4l (8)1t 20| H2| =

» Data-driven Markov uncertainty set

gijs:¢|jé/ij,s—1+gijs’ ijs WNN<O ug)

Z/?Mkv t)=1 é/ij,s+t: A
( ) é/ij,s+t €|:é/ijs (t)—Z




Proposed model — CLSC problem with Markov uncertainty,sef .

=SS EFA M 7L AR(1) 2HE 2 U}E U Markov uncertainty set2 2% robust T8 2 2 (9)2} 20| Ho|

> Robust counterpart with Markov box uncertainty set (MRC, proposed model)
Minimize z

Subject to D iy, D> > > CinXim

ieF teT meM ijeA

+Z[&t +(§o (t)+ zaa(t)Jétjrt <z

teT 2

I'= WZ b Z T X, VEET

)3 Z”;/:vkmt mjtﬂzlkt, vkeK,teT
EvmzeMxkumFrkt, vkeK,teT

IZL:EA Xijmt _Z D Xim =0, VieWUL,teT
ZN‘,mZM‘, Xijmi —Ize\Nitr;/eiMs 0, VieF,teT
grnzd:jxupmt—/\ptyp <0, VpeP,teT

=T e

ye {00 x e RAMHT (9)




» Experimental setting

» Time periods:t =1,2,...,6 > T =6

» # of potential factories: |P| = 10

» # of potential warehouses: |[W| = 15

» # of potential collection centers: |[L| = 10
» # of potential retailers: |[K| = 30

» Carbon tax rate o;: o; € [5,15]

Table 3. Experiment data

» The candidate facility =«
locations are randomly
generated in a [0, 5,000]

3000

x [0, 5,000] square. ¢

m

2000

1000

W Factory
f e’ Warehouse
™ [ J A Collzction center
@ Retailer
o @ .
® o n
A |
] ® | ]
¢ [ ]
A L]
L]
u ®
ue
L] A
A A g ] [ ]
o ,m L4 P
[ ]
A
[ o4

]

1000

2000 3000 4000 5000
km

Figure 8. Customer locations and potential locations for facilities

Parameters for potential facility

Notation Factory (p) Warehouse (w) Collection center (k)

fi $ 5,000,000 $ 500,000 $ 125,000

Ajt Uniform(100,000,160,000) Uniform(25,000,75,000) Uniform(6,200,25,000)
Parameters for demand and return

Ayt dyxe~Uniform(800,10,000)

Tht Upe e, Uge~Uniform(0.05,0.12)

Parameters for transportation and carbon emission

Transportation mode Model (m=1) Mode2 (m=2) Mode3 (m=3)
Tm 0.062 0.122 0.459
tem 0.47 0.32 0.19




A2 F CHY 2 L O A T8 51, experiment 12 DLPRL RC CHH| mRc2| H & =55
Experiment 2= AR(1) B S 2= EEA N2 X}7| 2| A= ¢0f| [} E dS E7I& SHo=2 &

> Numerical 2 &0 AL E|= 2¥2 3 A M 71X|0|H, MRc= XH2| 2| H A= 90l 2 671X REoZE &
> DLP: Deterministic linear programming (2& 1)
» RC: Robust counterpart (& 2)

» MRC: Markov robust counterpart (22 9)
» MRC_N9 (or 7 or 5): EFAM|2| AR(1) 22| ¢ 7t S %=(negative)O|H, 1 2£0] -0.9 (or -0.7 or -0.5) 2! A0f| CHE MRC
> MRC_P9 (or 7 or 5): Et2M|2] AR(1) ZE Q| ¢ 7} 2= (positive)O|TH, 1 Z40] 0.9 (or 0.7 or 0.5)21 A0 CHEF MRC

> Experiment 11} Experiment 20| M H| &= 2 2 & 40 2|0 Y Z

Table 4. Experimental comparison model

Experimentl Experiment2
Model Description Experiment1-1  Experimentl-2 Experiment 2-1  Experiment2-2
1 DLP Deterministic model o 0 0 o
2 RC Robust counterpart with Box uncertainty set 0] 0 0] 0]
3 MRC_N9 Markov robust counterpart with ¢p =-0.9 o o
4 MRC_P9 Markov robust counterpart with ¢ =0.9 o o
5 MRC_N7 Markov robust counterpart with ¢ =-0.7 o
6 MRC_P7 Markov robust counterpart with ¢ = 0.7 o
7 MRC_N5 Markov robust counterpart with ¢p =-0.5 0]
8 MRC_P5 Markov robust counterpart with ¢p = 0.5 o]
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Experiment 12| MRCO{|A| Zt A| & B Markov uncertainty set2 7| = box uncertainty set2.C}

ot

-
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2~ M| 2] historical dataO| ™, historical data0j| CH

o
[S)

MRC_N92 MRC_P90| CH

o
—

» 2l g

|
=]

T7+2 Markov uncertainty setO|

62| 0ll=

— H
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b. ¢ = 0.9
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Figure 9. Historical data of uncertain carbon tax rate when ¢ = —0.9 and ¢

a. p =

=09

2

Table 6. 95% prediction interval of the {s_4 (t) when ¢ = —0.9 and ¢ = 0.9.

2

Table 5. Estimation of {_, (t)

¢ =09

¢ =—09

{s-1(8)

¢ =—09

N

95% ub

95% Ib

95% ub

95% Ib

$=09

0.4488

0.3066

-0.4248

-0.5963

0.3777

-0.5106

1

0.4387

0.2467

0.5795

0.3478

0.3427

0.4636

2

0.4233

0.1984

-0.2852

-0.5567

0.3109

-0.421

3

0.4064

0.1577

0.5324

0.2321

0.282

0.3823

4

0.3892

0.1225

-0.186

-0.5082

0.2558

-0.3471

5

0.3724

0.0918

0.4847

0.1456

0.2321

0.3152

6




MRC= RCE.LC} =}

» H 72} 82 DLP,RC, 12|11 MRCO| XX S™ st Zrat 0|0 2 EtAHIZ 20| HE|Z| /JUS
» MRCE RCECIZE2 %X 2X &4 7t (total cost)2 EO0|H, DLPELCH M2 EtAH|E2FE H 0|0,

O| = DLPE L= E=MO|HAM RCELt=E optimalityE 2 U= A= E0F= A2 Y=

92 numerical experiment2| A|E8|0|M |O|H & st

Table 7. Comparison of the optimal objective function value.

H
22 M0f T3} A|22] 0|4 B|O|Ef Datal, Data2-1, Data-3-12 X &

UL, experiment 10{| A|= DLP, RC, MRC2| Z| &

Al=20]d Z0tE Hl g

Table 8. Comparison of carbon emissions.

Model Totalcost  Facility cost  Transportation cost ~ Carbon tax cost Model Total carbon emissions
DLP 15.3234 12.25 1.3645 1.7089 DLP 170885.4
RC 16.1278 12.25 1.5608 2.3169 RC 154460.6
MRC_N9 15.4097 12.25 1.406 1.7537 MRC_N9 167671.3
MRC_P9 15.6639 12.25 1.477 1.9369 MRC_P9 160551.4
*Total cost = Facility cost + Transportation cost + Carbon tax cost
Table 9. Simulation data.
Simulation Data  Description Simulation Data  Description
1 Data 1 a,~Uniform(5,15) — Data 12| 2|0[= EtAN|7} A|ZH0] S EIX o 2 ML= AL E 2|0
2 Data 2-1 a; + {6 = Pli_1 + £;r. Where ¢ = —0.9 5 Data 3-1 a; + §:8:|¢; = $fo_1 + &ir, Where ¢ = 0.9
3 Data 2-2 ar + {:6:1C: = pli—1 + v, Where ¢ = —0.7 6 Data 3-2 a + §:6¢|¢e = plr_q1 + &, Where ¢ = 0.7
4 Data 2-3 ar + $:6¢10 = ple_1 + €ir, Where ¢ = —0.5 7 Data 3-3 a; + §:0¢|¢e = plr_1 + &, Where ¢ = 0.5




Data 1 (Et&MI7h AlZH| S X oz 4¥)0f Ot A|E2)|0]d 2| Fa BHOM pr7t 71 T2 d5E EY

» Simulation data: Data 1 (a;~Uniform(5,15))

Table 10. Comparison of the simulation results in Data 1.

Model Total Facility = Transportation  Carbon tax
Data cost cost cost cost
Datal  mean DLP 15337  12.25 1.3646 17225 > SEH2Rpp7t /M E2 E5E EY
RC 153678  12.25 1.5608 1.5569 > =EAC EATHACl w2 A" M2
MRC_N9 15.3458  12.25 1.406 1.6898 penalty 2 [ RCOI| Af 2501H{ 2| = optimality 7+
MRC_P9 15.3453  12.25 1.477 1.6183 O 2 &z n8ot= A FE /s
std DLP 0.207 - - 0.207 . RCT} PR RHS BANS HO|D,
RC 0.1871 - - 0.1871 oLp7} 7R 2 2ALS T
MRC_N9 0.2032 - - 02032 VIRC DLPE L O M S ALS 71z
MRC_P9 0.1945 - - 0.1945
min DLP 14.469  12.25 1.3646 08544 | |5 a0|M AIBIO pest case ZHEI O A
RC 14.5831  12.25 1.5608 0.7723 DLP. MRC, RC 20 2 X2 742 7}
MRC_N9 14.4944  12.25 1.406 0.8384 . RCL Optimality 7HE 7] 240{ 2
MRC_P9 14.5298  12.25 1.477 0.8028
max DLP 16.1778  12.25 1.3646 25633 > A|Z0| HHO| worst case 2 Of| A
RC 16.1278  12.25 1.5608 2.3169 RC, MRC, DLP =2 2 2t 2 IS 73
MRC_N9 16.1711  12.25 1.406 2.5151 » RCZb X HEOM 7HE M2 &51E EY

qd O

MRC_P9 16.1353  12.25 1.477 2.4083 » MRCE= DLPECI=HE2 &1 E¢




Data 2-1 (Xt71|# A% 7} -0.99! EtAM) O] LSt Al EE]|0] M &&e] Ea 2HUM Mrc7E 71 E2 5= 2Y

» Simulation data: Data 2-1 (a; + {;6:|(; = —0.9(;_1 + &;¢)

Table 11. Comparison of the simulation results in Data 2-1.

Model Total Facility = Transportation  Carbon tax
Data cost cost cost cost
Data2-1  mean DLP 15.3008  12.25 1.3646 1.6863 » HRaXMOE MRCI7IE E2HdsS2 EY
RC 15.3348  12.25 1.5608 1.5239
MRC_N9 15.294  12.25 1.406 1.638
std DLP 0.0235 - - 00235 > RCZ} 7} &2 242 HO|H,
7} 7bE 2 HALS JLE
RC 0.0209 . - 0.0209 DLPZH7HE 2 =7ts
> MRC= DLPECLCHH X2 242 7HE
MRC_N9 0.0218 - - 0.0218
AlS]0 X
min DLP 15.2246  12.25 1.3646 1.6101 > M EH 0] HEO best case B 0| A]
MRC7Z} 7} % EH2 total costS 712
RC 15.2666  12.25 1.5608 1.4557
» DLPELCE EHNOIS| EE5t=
MRC_N9 15.2239  12.25 1.406 1.5679 TZEET (AAY EA BHY O [}H2)
max DLP 15359  12.25 1.3646 1.7445
» Al EH0]M AEO| worst case 2 Of| A
RC 15.3868  12.25 1.5608 1.576 MRCZ} 7}EH Jslr_ total cost= 7}&!
= A K o5
MRC_N9 153463  12.25 1.406 1.6903 > MRCEDLPELCIESHOZ SOHHM

RCEC} optimalityE & 215
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» Simulation data: Data 3-1 (a; + {;6:|(; = 0.9(;_1 + €;t)
Table 12. Comparison of the simulation results in Data 3-1.
Model Total Facility = Transportation  Carbon tax
Data cost cost cost cost
Data3-1  mean DLP 15.5766  12.25 1.3646 1.962 YaH2ZE MR/t 7HE E2 dsE EY
RC 15.5842  12.25 1.5608 1.7734
MRC P9 15.5704  12.25 1.477 1.8434
std DLP 0.1136 _ _ 0.1136 RCZL 7MY &2 24t2 20[,
7} 7}AF 2 HALS J1A]
RC 0.1029 - - 0.1029 DLP7} 7HS 2 2 S 715
MRCE DLPELHEH {2 E4t5 7Hd
MRC_P9 0.1067 - - 0.1067
min DLP 152413 1225 1.3646 1.6268 A E2{0| M HEO| best case 2T Of A
202 Ao 7+S JLXI
RC 15.2808  12.25 1.5608 1.4699 DLP, MRC, RC &2 2 H2 &S 715
» RCE OptimalityS 7t 3| &401H &
MRC_P9 15.2554  12.25 1.477 1.5284
max DLP 159178 1225 1.3646 23033 Al E2f0] M HHE | worst case ZHH O A]
7} 7}E EH2 2 7}xI
RC 15.8931  12.25 1.5608 2.0822 MRC7} 7S &2 total cost S 7HE
» MRCE DLPELCIEFHMOZ TIZSIHME
MRC_P9 15.891  12.25 1.477 2.164

RCE L} optimalityS & S4Z
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Table 13. Estimation of {;_; (t).

{s-1(®)

t $=-09 ¢=-07 ¢=-05
1 -05106  -0.4306  -0.3908
2 0.4636 0.3169 0.2178
3 0421 -0.2333  -0.1214
4 03823 0.1717 0.0676
5  -03471  -0.1264  -0.0377
6 03152 0.093 0.021

Table 14. 95% prediction interval of the {;_; (t) when ¢ = —0.9,—0.7, —0.5
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Figure 10. Historical data of uncertain carbon tax rate when ¢ = -0.9,-0.7,-0.5

¢ =—09 ¢ =—07 ¢ =-05
t  95%Ib 95% ub 95% Ib 95% ub 95% Ib 95% ub
1 -0.5963 -0.4248 -0.5663 -0.2948 -0.5761 -0.2056
2 03478 0.5795 0.1483 0.4855 0.0057 0.4299
3 -0.5567 -0.2852 -0.4172 -0.0493 -0.3411 0.0984
4 02321 0.5324 -0.02 0.3634 -0.1544 0.2897
5  -0.5082 -0.186 -0.3222 0.0695 -0.2605 0.1851
6  0.1456 0.4847 -0.105 0.2911 -0.202 0.244

23
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Figure 11. Historical data of uncertain carbon tax rate when ¢ =0.9,0.7,0.5
Table 15. Estimation of {;_; (t). Table 16. 95% prediction interval of the {s_; (t) when ¢p = 0.9,0.7,0.5
{s_1(D) ¢ =09 ¢ =07 ¢ =05
t ¢ =0.9 ¢ =0.7 ¢$ =05 t 95% Ib 95% ub 95% Ib 95% ub 95% Ib 95% ub
1 0.3777 0.3702 0.26 1 0.3066 0.4488 0.1958 0.5446 0.0393 0.4807
2 0.3427 0.2566 0.1247 2 0.2467 0.4387 0.0445 0.4688 -0.1201 0.3694
3 0.3109 0.1779 0.0598 3 0.1984 0.4233 -0.0502 0.406 -0.1902 0.3097
4 0.282 0.1233 0.0287 4 0.1577 0.4064 -0.1121 0.3587 -0.2225 0.2798
5 0.2558 0.0855 0.0137 5 0.1225 0.3892 -0.1533 0.3243 -0.2377 0.2651
6 0.2321 0.0593 0.0066 6 0.0918 0.3724 -0.1812 0.2997 -0.2449 0.2581
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» Simulation data: Data 1 (a;~Uniform(5,15))

Table 17. Comparison of the simulation results in Experiment 2 in Data 1.

Data Model Total cost Carbon tax cost Model Total cost Carbon tax cost
Datal mean DLP 15.337 1.7225 min DLP 14.469 0.8544
RC 15.3678 1.5569 RC 14.5831 0.7723
MRC_N9 15.3458 1.6898 MRC_N9 14.4944 0.8384
MRC_N7 15.3410 1.6823 MRC_N7 14.4934 0.8346
MRC_N5 15.3410 1.6618 MRC_N5 14.5037 0.8245
MRC_P9 15.3453 1.6183 MRC_P9 14.5298 0.8028
MRC_P7 15.3447 1.6237 MRC_P7 14.5264 0.8054
MRC_P5 15.3426 1.6346 MRC_P5 14.5188 0.8109
std DLP 0.207 0.207 max DLP 16.1778 2.5633
RC 0.1871 0.1871 RC 16.1278 2.3169
MRC_N9 0.2032 0.2032 MRC_N9 16.1711 2.5151
MRC_N7 0.2022 0.2022 MRC_N7 16.1627 2.50393
MRC_N5 0.1998 0.1998 MRC_N5 16.1526 2.4734
MRC_P9 0.1945 0.1945 MRC_P9 16.1353 2.4083
MRC_P7 0.1951 0.1951 MRC_P7 16.1373 2.4162
MRC_P5 0.1964 0.1964 MRC_P5 16.1406 2.4327
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Table 18. The simulation results in Experiment 2 in Data 2-1 ~ 2-3. Table 19. The simulation results in Experiment 2 in Data 3-1 ~ 3-3.
Total cost Total cost
¢ =—-09 ¢ =—0.7 ¢ =—0.5 ¢ =09 ¢ =07 ¢ =05
Model Data 2-1 Data 2-2 Data 2-3 Model Data 3-1 Data 3-2 Data 3-3
mean DLP 15.3008 15.2901 15.2887 mean DLP 15.5766 15.4873 15.4005
RC 15.3348 15.3257 15.3246 RC 15.5842 15.5034 15.4248
MRC 15.294 15.2895 15.2913 MRC 15.5704 15.4856 15.4026
std DLP 0.0235 0.0233 0.0251 std DLP 0.1136 0.0808 0.0603
RC 0.0209 0.0209 0.0226 RC 0.1029 0.0732 0.0545
MRC 0.0218 0.0226 0.0244 MRC 0.1067 0.0764 0.0572
min DLP 15.2246 15.2202 15.2128 min DLP 15.2413 15.2432 15.2306
RC 15.2666 15.2626 15.2555 RC 15.2808 15.2819 15.2712
MRC 15.2239 15.2189 15.2176 MRC 15.2554 15.2551 15.2413
max DLP 15.359 15.3668 15.3760 max DLP 15.9178 15.7384 15.6041
RC 15.3868 15.3948 15.4040 RC 15.8931 15.7308 15.6086
MRC 15.3463 15.3641 15.3750 MRC 15.8910 15.7227 15.5959




Summary of experiment results
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Figure 12. Cases of confidence intervals that may arise






[Appendix] Probability Bounds of Constrainf.Violation

» Considering the Markov certification set, the probabilities bounds of constraint violation calculation is as follows.
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