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Differential game models for joint carbon emission reduction and
promotion in three-echelon low carbon supply chain

Xiang Xiao-dong', Li chong
(School of Economics and Management, Fuzhou University, Fuzhou 350116, China)

Abstract: This paper studies differential game models for the joint carbon emission reduction and promotion in a three-
echelon supply chain consisting of a supplier, a manufacturer and a retailer under the low carbon environment. Based
on twice cost accumulation, considering product demand affected by the amount of carbon emission reduction, retailer
promotion efforts and product retail prices, the dynamic equilibrium strategy and optimal emission reduction track are
abtained under conditions of decentralized manners and centralized manners. Numerical examples and sensitivity analysis
show that, the amount of carbon emission reduction, the wholesale price of the product and the effort level of supply
chain members will gradually increase to a stable value with time, whether it is under the decentralized manners or the
centralized manners, but the stable value under centralized manners is larger than that under the decentralized manners. If
the impact coefficients of the supplier’s and manufacturer’s emission reduction efforts to the rate of emission reduction and
the impact coeflicient of the retailer’s promotion efforts to product demand are increased, the amount of carbon emission
reduction, the wholesale price of the product, efforts level of supply chain members, profits of supply chain members
and the whole system will increase accordingly. The total profits under centralized decision are larger than that under
decentralized manners. Finally, the multi-objective cooperative decision method is used to distribute the total profits in
this multi-player alliance game model, which improves the overall performance of the whole supply chain system.
Keywords: three-echelon low carbon supply chain; emission reduction; promotion; differential game; centralized
decision; multi-objective decision
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= ; (29

v 8?73U26)3(1 — ’U,l) — 9%(1 + ug — 2’1,1,1)2 ( )

. 2(2a5 — af)x + (203 — b’f) (30)

57 2(2a5 + a)x + (205 + b))’

—ug — 2
3up T AU ou <3
AL = ¢ T+uy — 2uy (31)

0, U + 2ug; > 3.
12 (26) ~ (31) AT 4
1) £ 57 P R 1) 3 7 () 9RHE 5% 0 A2 B 5 1t I8 s A

132 P AR AR AR SR B s~ g DURH G, 55 B8 N R A
1) 3 P PRI RHE S S0t P s HE R R i R o, B IE
IS FHEE R EAERE S IEES TE /B
AR np WRFEMEBURREG; UK, 5
H BRI dn 75 SR 50 R E 0, WIGRTH
W75 3R Do~ JlcHE R0 5 75 5K 1) 500 22400, 1IEAE G,
AR ) 3 R SR R 3 B R S B kA
z BB AR

2 ER ™ i LR N 5 W6 T 7 3R Do~ 9HE
B TR AR R0, . BRI E AR5
JIREFEXRE = i 75 SR ) 52 R A0, IEAHOC, 5 ¥
A BUR R 3005 . TE T BEAL R A R % H1AH
5%, FARE ™ S At & At Bl = it s HE & o AR B4
k.

3) il 3 7 A9 A 8 0 I ORHR BRAS N o o il A
x AN A AR A, 138 7 65 7 40 0 ) EAL (2
JRAS A g ANBEI TR AL, H AR 5wy~ up FUHSE (753
JRHFAF w4+ 2wy < 3). B A 41T SR R B I [R) AR Ak
T AR A R L E () Bh A S, T A STk o = AR At
IS 53 1 2 240 167 SR DR 22 B30 AN B I TR) AR A4 1)
A TR, 2D H 53 SCHER Can SCHR [301) & A 3048 oy 1 3K
W&, (H SRS 2 R B BA— . REUX—Z R
) Ji DR A A ST A S0 AN T AR 15 5 O SCERA
—FF, (H F 877 1 5 T S PR (n, B T R = it
JRLEE, 77 i e SR ) s R 3R 2 PR AT B A T 5F).

20 (26) A1 (28) AR T7 B2 (1), AT SR 4573 1L
TR B AL B B R HE B o 1 S A a2

a(t) = (wo + Ag/Ar)e™ — Ay /A (32)

Hor
A, = Mol +20) 285
UL M
A, QC0T2) B
2ns s

B2 (16) (32) & Ji(x) = e P Vg(x) AT 13 e ARl

HEHIEESE A
Ji(z) = e PVs(x) = e (a2’ + biz + ). (33)

[ B A] 45
Ji(x) = e PV (z) = e P (aja? + bix + c3), (34)
Jr(x) = e PVr(z) = e P (ajz® + bix +c3). (35)

A (33) ~ (35) F 2 3 (32) e,

g5 b, BRI T N LN R G SR R
(@) = Jg(x) + Ty (2) + Jp(x).  (36)
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2.2 EHRRER

SEAE I T, =7 At R B AR 4 i A e D0 TR
WL, 3EFHE 25~ 2 ~ zr Mlw KA. BEIS (N5 R
GLH R A EN

max J¢ =
ZS,2ZM,ZR,W

IOOO e [UQUJ(DO + 012 + 022 —

1 1 1
Ozusw) — 57752% — inMZ%/I — 5773212%] dt. (37)
c ¢ I %1 DLJE Ak B B 2 40K AR 1) s A A A
BRECN JO* (2) = e PV (2), MV (2) X FAER2 > 0
WU /2 HIB 5 7%
pV(x) =

max |:’U,2’w<D0 + 91%‘ + GQZR_

ZS3ZM yZRR,W
1 1 1
O3usw) — 57752129 - 5771\/12%/1 - 5771%21234—
V' (2)(azs + Bzar — ’yx)} : (38)

ﬁ(38)ﬁj\%UXﬂ‘25\ ZM~ZRN wj%#lgjl\'fﬁ@ﬁ, j'JFé’\
FONZE WIS

= oV (z)7
Ns
V/
- @X
v
’UQ@QU}
ZR — y
R
_ Do + 91.%’ + QQZR
3 (39) 2 Mw (IFRIE R, 7715
o= Do+ 617)
e 2nrOs — 63
nr(Do + b1z) (40)

W= —F—F o -
U2(2T]R93 - 9%)
B (39) H 1 25 2ar 2 (40) RN (38), BEFRAT

N nR(DO + 91$)2 aQ[V' (x)]2
V) = oty —03) T s
BV ()] /
MR HE = (41), 1%
V(z) = ax? + bx + ¢, 42)

Hra. by e N5 E R ¥ (42) S HT o ) F AR
AN @) A X He X (41) 555 70 45 WA G R 2R 00 &R 4,
15X TF a b c I FEH AT Frow:

92 2 2,2 2 2.2
pa=——1E0 o’a” 24T o @3)
2(2nr0s — 03) ns v
_ nrth Dy 2a2ab  2B%ab b (44)
B 2nr0O3 — 9% ns Ny ts

RDQ a2b2 2b2
Pe= 2(277717%93 O— 03)  2ns " gﬁM. )

KAR(43) ~ (45), T3 Z 8 a. b, cHE. KA
B

1) HH 20 (43) fifE H a T1E;

2) i th o OB, TR 3K (44) fif H b BME;

3) 32 bfE i, 7 (45) AT gt e IR

WH R 43) ~ @5 IS EEH o*\ b K
N

32 a* b* . WA, 3 (39). (40) F1 (42) AT 1§
LT B = AR A BB K A B0 7 25 4 SR
FHTR (R 2nR05 — 63 > 0):

a(2a*z 4 b%)

zg = 7775 , (46)
B(2a*z + b*)
oy = Bee 2t ) 47
M - 47
02(Dy + 01 )
e S S R 4
“n 2ngOs — 03 5

. _ nr(Do + 0:1)
U2(277R93 - 95)

H1 70 (46) ~ (49) AT 41

1) AR R | A B L R I S R B S AR
i A R AN B D HE B o 184 B SR AL, Xt 5
A SCHR A AR TR B LB A AE o 12 (B b sk
15 T2) 251485 TR e A il s 51 A2 A4 1 i &S SRS AN [R] Ok
[30] 73 Bk S5 I A Zh A S, (H A S SR N A,
W22 SCHR A AR TP R SR A I N R AS SRR,

2) PR R 3 RS BRSSO R S AR R
T B AR A R s« mag AR, S BENIR | i
PR FRIRHESS 000 77 Bt I 22 () 52 R 3 o B IEAH G
TER M EALIRE S RS TE R S L8 A
REnr BB NMHBURRE0; 1A, SFRERE
FEARBSBE 700 72 i 75 SR 52 R EL 0o« WIURTH 9 T
3K Do JCHE RN i 75 3K (R R0 22 286, TEAH G

3B i LR S HIUE T 34 75 5K Do« Ikt
B TR AR R0, . BRI E AR
JIHE B 7= i 7 SR 52 e R AL 0o 1EAH R, 5 A
MUK R 05 FER SR RA R g
R IR R E g FAH R,

)R BR = db IHERA 5 ug TEO%, RIS AR A4
BHE R A TE O, 1R 2 R A, 2 e i x0T (B S5 A
BHEE A AN TT LU R 2 A1k 7 il 07 2 1] (1) 3 S AT, 6t
PeSEAS = A g AR it AN (B wgw) A 72 5210
N B TR S B L R

W =X (46) 1 (47) FRANIRZETT R (1), T RAG 4
e ARBIAL BB DR & oo 1) S L e

(49)
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x(t) = (wo + Il /I1))e™! — IT,/IT,.  (50)

Hor
202a*  2B3%a*
Hl = + /3 -
Ns nm
a?b* 2p*
= P
Nls v

30 (42) (50) & JC*(x) = e PV () A {54 B

B R Gt A A R £
J(x) = e PV (x) = e P (a*2® + bz + ).

3 HBISHT
3.1 AMERTRERKERREE S

T RSO i KR 2 IS4, S 80— A &
R SR AR PR IO, 255 1 — 25 (R 73 BT i R 1 — 5 10 TR K
N THVH A A G 2 B AR, XT3 HC R SR RN 4R HR e o
HITE AT X LT, BEup = 0.6,uy = 1.2,20 =
0,0 = 8 =05,7vy=08Dg =10,0, = 0y = 03 =
Lns =nu =nr = 1,p = 0.8. HX LS HUEAANHT
PP R ARG T, AT A5 B = A R T A I 2R A 50
U % 350 1T RS

X T o R SEAE T, & R /N T T 0. )
TR NG J 17K 570 3 A 1o, vl 45 2]

a; = 0.0888, a3 = 0.0484, a} = 0.0232,

b} =2.7216, by = 1.5147, b5 = 0.718 2,

c; =28.1011, ¢} = 15.7350, ¢ = 7.5318,

Ay = 0.6,

z(t) = 1.5048 — 1.504 8¢ 0-729 4

25 = 15774 —0.1396e~ 07294,

Zh = 0.8302 — 0.0728 ¢ 07204t

25 =3.2409 — 0.4239 ¢~ 07204

w* = 6.4818 — 0.847 8¢ 072941,

. 0.3319 —0.024 1e 07294
57 6.3096 — 0.558 6 0-7294t
ESJlie)

Vs(a(t) =

32.3977 4 0.201 1e 4988 — 44977707204

Vi (2(t)) =

18.1239 +0.109 6~ 14955 — 2.498 570294

Vr(z(t)) =

8.6650 + 0.0525¢ 149880 — 1.1857¢ 07294,
HETT, AT J5(zo) = 28.1011,J5,(z0) = 15.7350,
J(z0) = 7.5318. K

J*(20) = J5(x0) + T3y (x0) + J(w0) = 51.3679.
Xf TR SE T, & RN T T 01—
Tt oL, vl 453
a* =0.2305, b* = 7.3019, ¢* = 79.1618,

z(t) = 6.4109 — 6.4109 ¢ 0-569 5%,
25 = 5.1287 — 1.4777 e 05695

2y = 51287 — 14777705095,
25 =16.4109 — 6.4109 e~ 5095
w* = 13.6758 — 5.3424¢70-5695¢,
ESpe s}
Vi(x(t)) =
135.4471 +9.4735e 11390 — 65.758 7009951,

W JC* (x) = 79.1618.

H bR 4 AT A

1) TE V8 A2 43 B SR 1 T 2 4 Wk SR A% T, (1
e Ok I T I ) A 3 T 4 K 21— FR o EL (R AR
HH SR TR R R B A A I 2 v T B SRS T
(1 R HE B A L, 1X 3% B A v o3 (R) =5 6 AF) B R
THEN R, 5 O = AR B SR 518 2R
1L

2) To il & 73 B HE AR T30 A2 B rh TR SR T, AL B
i T3 T 2 T )% 0 7K ST o s T A % 3
KB H, (B AN B o =07 % B E S TR SR T
(5% J17K - e e 4B B S v T 20 B SR T AH . 1Y) 3%
JIK PR EE;

3) TR A 73 HILUR SR A TR 30 2 4 P W SR T, IR
72 it B HE R AN w* BARER = i 1 BB wgw™ #18 BE B
() HE AL 3 T 14 K 31— A AE, (AR T I S TR (AR e
B PR 5 1 T 2 B SR AR T A B B AR e

) S ECRFAE T & O AL R /R 5% )
FSCAR i B 170) 50 25 A A, T o3 7 Dl 2 B 7 2 FHL IR 53
FA R — 8, X 5 O AR A N BE Sk 4
Eb A8 AN i o [ A8 A (1) 58 A 58 A A TR

5) 43 BUR S AG T T B AL S E SR T (20) B R
ANT AR PG T T AR SR T (20), 1X 5
OV AR b At N B SCHR 0 2518 2R L.

DA 3R 2 B AR A 2 v, ol 148 7 e A0 A s 7 4%
(IRHESS S0t S ke HE R R 5 R B o B (s B I3
HEAB A 0.5) FH 22485 78 B A% AR 8 55 00t 72 i 75 R 11
S 200 (0o FEHEAE v 1) BEAT REUE 3B, 45 T an
F1FR O WERN0.6, EABE v B+ 0 B HIAE AL
A, A AER 1 T RIR).
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®1 REEHHELE

BH Z500/250  FMeo/Zje  Zeo/Zhe wo /WS Asos oo /2C, J* ]I

R 1.58/5.13 0.83/5.13 3.24/16.41 6.48/13.68 5.26 % 1.50/6.41 51.37/79.16
a=0.3 0.88/2.55 0.77/4.26 3.05/13.62 6.09/11.35 4.44 % 0.81/3.62 49.15/72.62
a=0.4 1.20/3.68 0.79/4.60 3.12/14.71 6.25/12.26 4.33% 1.09/4.71 50.05/75.30
a = 0.6 2.00/7.16 0.88/5.97 3.39/19.10 6.79/15.92 5.90 % 2.05/9.10 53.06/84.68
a=0.7 2.49/10.37 0.95/7.41 3.60/23.70 7.20/19.75 6.67 % 2.77/13.70 55.27/92.74
B =0.3 1.52/4.26 0.48/2.55 3.14/13.62 6.27/11.35 5.73% 1.13/3.62 49.97/72.62
B =0.4 1.55/4.60 0.65/3.68 3.18/14.71 6.36/12.26 5.13% 1.29/4.71 50.60/75.30
B = 0.6 1.62/5.97 1.02/7.16 3.32/19.10 6.64/15.92 4.98 % 1.78/9.10 52.39/84.68
B =0.7 1.68/7.41 1.23/10.37 3.42/23.70 6.83/19.75 4.64 % 2.12/13.70 53.66/92.74
6, = 0.8 1.32/3.22 0.72/3.22 2.25/8.25 5.64/8.60 9.03% 1.27/4.03 43.23/54.15
0, = 0.9 1.43/3.91 0.77/3.91 2.70/11.26 6.01/10.42 7.30% 1.37/4.89 46.74/63.62
0, = 1.1 1.78/7.82 0.92/7.82 3.91/27.54 7.11/20.87 2.90 % 1.69/9.78 57.60,/108.82
0, = 1.2 2.07/18.45 1.03/18.45 4.77/70.85 7.96/49.20 0 1.94/23.06 66.27,/188.32

F U 2500n Zaroon Zhoo S BIF R A B HENS
BT, %t — ool BERIRE. Bl ZER RIS
TR R R wo s Asoon o FI T 43 BIFE T4
BORSERIE R, ¢ — ool 7= AR A0 HO
AL 5 A B T 434 1O B DR A L O R
{81« B0 B R O MR S g 0 2 S (B
T (20)): 25 25y 25 A T F TS R
Wt oo, BERIRT B R DB RS KT
R 52 (8w 28, FLTCO* 4 B F T A b e T,
it ool P B HER M R E A s B R BRI
R AR BE R DR AR (B O ().

HESRECTIR Lo

1) T 45 0 S 08 T 6 5 o e T, B
v B O L FRT T, 4 57 R 7 B8 DR Gk et
TR ) T A I 2 A5 O SIS/ 80 . 35 2 TR A
o~ BRI, R HESE 3 B A 6, T S SO A,
T 52 1730 75 SR 800 0, 900, 2545 (RS 0 2805
165 7 47 76 S 0, T 1 87 76 S F0 90, 48 7
RG24 R AT A

2) TR A R SN T 2 T RN,
o e O L AR H T, 5 7 R i (820 7 00
B 35552 Fh1 T, 0, B, B PR 4 1O 2R AR B A T
T SRHI, A9 4 R G2 2R 1T, 35K S K
T BERTRE_F 3 0 IRHESS 7, 3% — #1221 7T B
PR FIE Sz, T R R . o B X IREHER OB
HUIZESS 1) SO0 R, A TR

3) B3 o B HIHIIN, 5 B S T T O3
SR 45 FELER) S5 e A LR FR R 0 Mg I
AL, EL B O (R, B R 8 A soo BT B
250 3SR, 0 B, B2 4% (R B R, (I
T T MR T 5, 7 A\ 9 SR 0
R 4348 OB PR A H 91 3 A

4) T i 4 e SR T S e o v S I, B

o B~ O (EHE TN, HENLRE L 1136 7 45 T A fL 55 7K
P ARG RE RN it i DOt A i PO A 5 {4 S 1 o,
KR IPYGIE 158 29 A A 4518, A A AR rh o
SR L A 52 (B8 KT 20 GRS TEAH B A A 78
1H.
3.2 BIREFRELSFESIE

HI A1 70 Bt S RABRE 73 vl i, dn SR A rh s
N OENITE 3 R A AR SR R B R
7y B A, KA HL e e =38 043 IR 2K 145
TR S T 1% E SR A, SEELBE N B R SE
F R FE . T DA IR S v ) B E S HORE
{50, I B v R SR SR 43 T ) ] R

A v PR SRR 73 BE T SEF A 1 T2 5 ik
i vk A0 REOCHR [43] PRI 2 N ISR £ B
PROH T, BT ERMC T % (o) J7 ik EE
A8, & — P e B R S B ) I ) B A Y —
T 5. T iR AT A 23 T, SR B2 B S 4R
HE R 2 AR AR BR BV (). T TR e R e /D R AEL SR
fERRFAE BBV (). B KB /MRS AL R AR B 1 3B
93 RS 7 AP T M 5 A 2 B T WA e B R ) i
27 IZXREE XV () BBl e 1 IR AR ) T3,
WG RHAE BR HUR) 5E L

X BERIE SRR (D LR T, A

gs =

max  min foo e Pt [ulw(DO + 012+

zs w,zaszrAs S0
Oszr — O3usw) — %(1 — /\S)nszg] dt.
R ArTi KIS BUEAN, TS
v(S) = gs(wo) = 0.
(R 2, 6F T il g M AR BT R, A
gMm =

max  min j(oo e 7t [(1 —up)w(Dy +

2M,W,AS,AR 25,2R YO
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1
012 4 O22r — Ozusw) — ianﬁd_
1 1
5)\37752% - §>\R77R512%} dt,

gr =

max min
ZR W,ZS5,ZM,AR

fooo e ”! [(uz — Dw(Dy+

1
012 + Oz2p — O3usw) — 5(1 - AR)URZ?%} dt.

I

it
v(M) = gar () = 10.5900,
v(R) = gr(zo) = 0.
A, X T HE IR S SHliE R M RN S 5
FTEM R, HIER M5 FER R, 2 5H

4

gsm =

o0
max minj et [w(Do + 6012 + O2zr—
28,Z2M ,W,AR ZR

1 1 1
Ozusw) — 517Mz12\4 - inszfq - 5)\R77RZJ2?} dt,

9dsr =

max min
ZS,ZR W,ZM A5 ;AR

oo s
1
Dw(Dy + 612 + O22r — Ozusw) — 5(1—

1
As)nszs — 5(1 - )\R)HRZ%} dt,

gMR =

(o]
max minf e ! [(ug — up )w(Do+
ZM,2R,Ww,As 25 Y0

1
01.’1) + HQZR — 93’&2’11}) — 577]\4212\4*
1 1
5771%2’12% - §>\s7752129} dt.
ol 84

K ALK B V() P, TR E BEAE 2> IE 1)

e

U= (us,up,ur),
(i = S, M, R) N N K BAE 7 FC AL LUR
N i AR KIER B TP R B SR 9w, 7
us =v(S, M, R) —v(M,R) = 57.6193,
up = v(S, M,R) —v(S,R) = 79.1618,
ur = v(S, M, R) —v(S, M) = 50.740 1.
SR 7 BAR M PE R B, AR TR [43] P 22 B

WRHIER 2 H bR o TTIE, RN 2y ik SR i 45 AR
NZH5Z 0, iR R (i agy 2
o NBERIRS | HIE R 2 R s 2 O AR
min (zg — us)? + (war — upr)? + (vr — ugr)?;
st.xg+axpy +axr =0(S, M,R),
zs+xp = v(S, M),
zs +xr = v(S,R),
xy + xR = (M, R),
xg = v(9),
xp = (M),
rr > v(R),
zs 2 J5(wo),
xan = Jy (o),
xR = Jh(zo).

FAH BB ARN BT R ISR A, AT S g =
281011,z = 39.7403, 25 = 11.3204, BI JS* ()
= 28.1011, J$* (o) = 39.7403, JS* (w0) = 11.320 4.
4 & ®

T Ik R A R e I AR, 2 R i T SR S
g TER BN L™ mEENKNLE
S, BN 2S5 I ) A FERIT AT T H A SR L
i) 32 T M BN 248 T ZHL BRI = A R P g ] D
G AE LB AR A ). A5 B [ R4S B T o)
B SR B v L SR A T 1) 30 25 2 18 SR S
e AR, 3 B AR R

1) ol 7y B S8 i A v PSR T, (AL L )
18 TR Rk HE 5% 70, 2 7 R LA R A B 0 AR
(RIAE R A BB JekcHE 2 o AR A BN A AL

2) Iy HROLSEAR T T, )3 5 fib 82 4 48 AR D
HERUA A g B RHR R o AR B 2522 Ak, T 1 3 7
T H B EAL L A A g ANBER A4, H A g
5w vuo HOHIG (FH R KM us + 2uq < 3).

3) TR 73 B S A B v TR SR, AR SC IS S
I8 N )48 A0 T AR A ) L IR I B AR SR, 1X 5 A SCHR
Hh AR B N B B o) 1 2 A 1T SR R 2 MO A
I 1) 2 A ) 7 s SR AN (). S 1 B A 1 R kR
R B 58 N SV IS T8 PRI 2R, AN [R] S 8] 8 R AN [7] (1)
178).

T4, % IR RIS HOY = G N R o R AR A
Hh AR B SRABEURRAL, 25 3 — B I 0 At ok 1 — %€ 11
PRXE, S rhod iy 2 R0 16 77 X S R B 73 #4533
TR BE R 43 B SRR R R SR B AR T T B AR
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T, SR R BE A Y 28 5 R R A4 Rk R R
3

=

AR =GR B BE K I3 S AR AORIT 7T, e A
5 3 AT 2D e B A AR — 22 WE FC I ) R AT VF
%:

1) PEAR TR (4t 2 5 v [ I =5 8 SR Rkt o i A
i T (1 B0 A8 i, 3K 5 EEAE AR SCIEA_E 39 ok 5
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