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Abstract

Driven by the dual carbon goals and the high penetration of renewable energy, the low-carbon tran-
sition of industrial parks is confronted with the severe challenges of dual uncertainties in supply
and demand and mounting pressure for emission reduction. This study proposes a two-stage distri-
butionally robust optimization (DRO) framework for capacity planning of park-level integrated en-
ergy systems (IES), incorporating a deeply coupled carbon capture system and power-to-methanol
(CCS-P2M) system and a tiered carbon trading mechanism. To characterize the stochastic temporal
fluctuations in wind and solar power outputs and multi-energy loads, an improved K-means clus-
tering algorithm combined with Cartesian product reconstruction is employed to generate multi-
dimensional extreme joint scenarios. A probability distribution ambiguity set is then constructed
using 1-norm and co-norm constraints to quantify the risks arising from prediction deviations. Un-
der the physical spatio-temporal coupling constraints among heterogeneous energy carriers—elec-
tricity, heat, hydrogen, and methanol—a capacity planning model is formulated with the objective
of minimizing the annualized full-life-cycle cost, and solved efficiently via the column-and-con-
straint generation algorithm. Case study results demonstrate that, the integration of the CCS-P2M
system yields annual methanol revenues of 26.4 million CNY, reducing the total annualized cost by
36.4% and net carbon emissions by 55.2% relative to the CCS-P2M-free baseline, fundamentally
transitioning the system from passive regulatory compliance to proactive resource valorization.

Sensitivity analysis of carbon market parameters reveals that an interval length of d € [l 000, 3000]
kg and a price escalation rate of o € [0.25,0.35] represent the recommended parameter ranges for

jointly achieving economic viability and deep decarbonization, providing actionable quantitative
guidelines for the fine-grained energy-carbon co-optimization planning of zero-carbon industrial
parks.
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ARG B SAHES Be VR A 5 kg R E A, Tl XA A REIRTE FE S iR ) B AR A,
IR B 38 %o} 2 WL ks B EE R, AH DG 2R RE VR R Si(Integrated Energy System, IES)fE#& FHEHR I
e 22 AR D7 TH 7 77 CAF BT Z R [1]-[3]. 78 B SO0 T Z il [X 8 W SR Re TR AR Bt & K e 1Y)
BUR S 17 R [4] [5], Kbkl 58 R 4i(Carbon Capture System, CCS) 5144t H 5% S (Power-to-Gas, P2G) i A HE
& ORI 2 R G 51847 BUAR A Bk A2 6] [7].

SR, R4 ) L R Bl S A AE IR A itz 5 v B IME R A D7 T s — 2 R R . K RS (8]
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KH 150 oo -VEE A MR M BHIEE, 0 15010 B # L1k (Distributionally Robust Optimiza-
tion, DRO)AEME A AP 1A B2 5 RGBSR T . 7EH B 442 Be i & R e A E Lo e LRI AL
LA Y 20 AN 5 PR A 22 BRI R) A A% 0 B, [ R UE SR At AR S SRR, AT 2 T R A SR 1Y) 9%
PEEORMERE[11] [12]. FEV)BRARS 2 41, L i Zh A A 8 RGN 51N T 59 SR (R A 5 XU
B [13]. Horhr, B Bt a8 2y WL a8k 1 AR IE SERR S A AL 5| 5 R G I IS B e AR A% 5
A 58 e B2 B S AR Pt A K 7 5 () E S [ 14] [15]

ZE PR, ASHECHR H — bt SRR XU AN G 1 e AR 52 B 1) el X £5 A R VR AR G I I B AT
ERARMERL, MAWESH -H -4 - EZ2RRNEAIIERR, HHENEERREE 5L LLVE
TARARZAT A bRk 2t o 383 Btk K-means SRRFEIIA 5, R 1968015 oo -JEHUIEME SR 70 AT R
£, AW TS UL R A S /Ny B BR 43 B TR SREANIZ AT LA B Bt DRO AR AR AL

2. ZERIERGENSHFERE
2.1. RGEFIERSEITINIE

AW ZEAREIE R G ES) B & - M RE E AR AR - 58k - &/ - BEEUMP R,
F 1 AT o SR FE X HLZH (Wind Turbine, WT). 64k (Photovoltaic, PV). #HLEL = #12H(Combined Heat
and Power, CHP). K HL W ; 1% BE 10 45 & Ft(Battery Energy Storage, BES). fifi #\f#(Thermal Energy Storage,
TES). i & fi(Hydrogen Energy Storage, HES); # #/l| 35 #47E (Heat Pump, HP). H f###i(Electrolyzer, EL).
i 1] %% 2 4t (Methanol Production System, MPS)Ffiifi 4 R4t -
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Figure 1. Integrated energy system with P2M-CCS
B 1. & P2M-CCS WLRERER RS
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K EEL A g el X f B A AR, 7B JXUE . GARAT CHP & HLAS S ISR A e BBV /& HP. EL. BES. CCS.
MPS FlHL fifif. CHP 433, MRS TES () #GEH T e A i . EL R AERSR, WS A
[F, ZREESS CCS M CHP HEAIIH S 5 1 — A E N MPS (4L A A B .l n] AR
JTHRKEIE S S-S A B BE ISR T LUK (R ERCE FE AR RS AR E . AT R IR S L2 RE R,
IXFhE ARFR A L 8% H I (Power-to-Methanol, P2M).
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Figure 2. Operation schematic diagram of CCS-P2M coupled system
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URZI, [RS8 REOR B AN A 5 H O TE H RIS T ASHRIE . NS R G TR R e SR AR T 1
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Figure 3. Solution flowchart

B 3. KEERIEE

DOI: 10.12677/sg.2026.162004

32 BHE


https://doi.org/10.12677/sg.2026.162004

4. HBI5
4.1. HEIHE

A T B R 7] [X — 4 1) ) S SR B AT R B S T R R B e i U ARG AR 1 745 4
B, 8IS R) K-means AN PR BAE AT RBH A, 4Ry ST LR A 365 4, RABJE R
WH2H, BEBGBKFBHN095 .

4.2. LECEHRIELTHT

4.2.1. RILEEAR

NIGAERRL ) S BRI A 20, E T 6 ARLEC B3 St AT HU L. 5t 1. A5 & CCS M MPS
VERIANRENE: 5% 2 fE35 1 A B2 BIEA A HEE: 75 3. £33 1 #92EA E25 8 CCs M
MPS; 55 4: {E95 3 BRI EHBXOCATENE: Wi 5. R 3 IR EH IS AT E N
Wkt 6: fEY5E 3 BOFERE 2% IS EAT ANH E 1

4.2.2. RUEEESEROH
KA BC B 45 Rz R EIR G W] 4 B, Hor B (o) s B A R — LA R (3R L 1

4

- S HER x10°
16000 - g N Eg —— R
S P F AT 9t
14000 [
st 79359.2
12000
Tt 66894.9 1
10000 [ 1 0=
IS 6F
R 8000 | i g
2 sl
® 6000 | &
ﬁ iﬁ 4+
4000 | 1 & 51 31201.8
2000
2t 17080.2
0 1L 100946
-2000 4519.5
L ' f L L L 0
S1 S2 S3 S4 S5 S6 S1 S2 S3 S4 S5 S6
TR ENCE75
(a) FETUSA S 5T L K (b) FEmRAR RN L
—0—8§1 —o0—S83 < S5

—0—§2 —0—S4 —O0—S6

TES HES

(c) BHRAERFEXLE

Figure 4. Diagram of optimization configuration results under different scenarios
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Figure 5. Sensitivity analysis of algorithm robustness parameters
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Figure 6. Analysis of the carbon trading mechanism
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Figure 7. Sensitivity analysis of market price
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