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Abstract: To address the issue of insufficient flexibility in integrated energy systems (IES) caused by output uncertainties
on both supply and demand sides, this paper constructs a hydrogen-enriched compressed natural gas (HCNG)-based IES
with deep gas-hydrogen coupling, and proposes a distributionally robust capacity optimization strategy considering a
flexibility penalty mechanism and a tiered carbon trading mechanism. First, based on the characteristics of HCNG, a
cooperative optimization framework for HCNG units, gas turbines, gas boilers, and natural gas pipelines is established to
fully exploit hydrogen utilization potential. Second, to facilitate low-carbon system transition, a tiered carbon trading
mechanism, featuring energy users and carbon operators as the main participants, is constructed within the carbon trading
market to effectively constrain system carbon emissions. Finally, by quantifying source-load uncertainties using
probability distributions, a flexibility supply-demand model is established, and a distributionally robust capacity
optimization model is developed. Through scenario-based comparisons in an IES consisting of the IEEE 9-bus power
system, a 7-node natural gas system, and a 6-node thermal system, the proposed model’s effectiveness in improving the
low-carbon performance, economic efficiency, and flexibility of IES is validated.
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Fig. 1 Structure of IES containing HCNG coupling
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00:00—07:00 0.456
07:00—11:00 0.816
10:00—12:00 1.44
12:00—15:00 0.72
15:00—18:00 1.44
18:00—24:00 0.456

4.2 EHERITEE
HNAWTELEG R RGP I HCNG R Gl
BB 52 AL RIS SR se ], ASCRE T 4 Fi
Wy T LT 5 12 SRR Z AL
PREFESEERER RS Wi 20 B EEMBEIRAS Z 0L
HI B A REIR RS 5 3: RS HONG %
RN REIR RS, AR S0 5
4: FHREMERIAE HLHII S HCNG RELZEA AR
ARG, ANER RIS SRR 3 Fk 4 Pior.
R 3 FIER 4 Bl f3, M T35 1, Y
T BN BRI A Z L, (RS R R R R D
X —HLH SRR LA 13T, 7RIS 5 i3k
W—milas, BT 1 REPHRERS
3.11%, FERARGERCD T 12.43%, SEAR TR T
5.5%. XTE3g 5 3 Ayt 1 AT4N, & HONG #& &
Rl AR RETR 71 5 HONG et B 11396 BTt
TREARIRTFHFNRE R IR A H A& i A g 7+
REVSR FH 2R, MU R T ROBTH YN, B
WA g e ThAE, HEmE> TR AR, 53
51 ML, & HONG #i& RANIMREAE % T
12.64%, BJRAFEIET 7.01%, FEATERD T
28.06%, RIGVERETT AR T 16.91%. HIZ5t 4
5751 KX LA A, & HONG ) RS 5 ReRAs
SN S, — T, BERERATEEA
Sy e, R DA 5 — 5T,
HCNG R4l & W A i e, LA & i
R T HEZU RS, 17T RAMEAETE. NSLELE
mEGHE, WA 5 s B iR THEE R
RWEIhER, KifE—DEm T o] AR IR XL
g, BEAR T ORI AR, AT R T BT R I i
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Table 3 Capacity optimization configuration in different scenarios
MW
775 PV  WT ESI ES2 ES3 ES4 HFC CHP EL GB EB MR
1 409 404 440 260 340 257 195 316 387 201 76 180
2 431 448 392 242 324 237 177 305 400 182 54 150
3 447 450 375 225 308 225 154 322 411 191 67 80
4 478 481 352 196 281 217 130 337 420 203 40 100
Fz 4 FRIZEAMRILERTEE
Table 4 Comparison of planning results in different scenarios
Wkt RGP T R A T SERRHE R/ RS2 SR AR/ 7T G e 0% N SRR A G SRR/ G
1 85.7x10° 4.02x10° 0 275.15%10° 421.48x10° 819.72x10°
2 70.9x10° 3.52x10° 48.68x10° 224.49%10° 416.76x10° 765.16x10°
3 62.9x10° 2.84x10° 0 201.11x10° 403.63x10° 753.03x10°
4 52.7x10° 225%10° 79.47x10° 171.41x10° 398.9x10° 727.11x10°
RERE. BT 1, st 4 P ROCHIAATRERR
SR REITT T 11.6%, ftfesm TR T 19.35%, 4
NS Ry N . 0%
FERRHECE D T 44.2%, RIEMEE T RAwRD T 0%

30.38%, HRA TR T 102%. %5 ol s, &
HCNG HIZEA REIR RS0 25 FEB BRI A 2 L, %f
PETH RGO RIS M AV A AR A
4.3 & HCNG ARG BITER D

RNEAAFBEA S R, RigE. &
Gt B SR s ma U, AN A AE I = 4 IR |
g T AEB AL ez 5, kIS B 5 fl
Kl 4 Fros o

HE 5 2l mT I, & RSB A RS T,
FERRHERCE S R M TR Ay S I B2 1 AR
Kila#y, DEAFZEIG SR, HONG &5 =
5BA L2 IEMKHEKER.

K 4 XA HNARRBAL T A K. £
RUESRZARN, BRGNS 8O0 SR E BT, A
AARHURER T e, IRASRE LG, MRAER A
1R, YA TE R, T e B2 A8 T
Kl 4 BR&FRAHTARERR, BEIRES
SMEAREL, BEREMNESSEL BT, 5
Kl 6 HAZEBA IR EH L.

#= 5 TRIBSHHMBIZER

Table 5 Planning results of different hydrogen mixing ratios

BA SERRHE RUEMEAET]  HONG &% -
L% et AT /MW A
0 3.52x10° 70.9x10° 0 765.16x10°
2 3.20x10° 61.6x10° 437 739.05%10°
6 3.02x10° 59.4x10° 463 737.01x10°
10 2.88x10° 57.1x10° 487 735.23x10°
14 2.61x10° 55.3x10° 504 732.56x10°
18 2.44x10° 53.8x10° 522 730.30x10°

B4 £FABPAREBELTHEHNSE
Fig. 4 Node gas pressures at different hydrogen blending

ratios on a typical winter day
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AT (B S IH AN IE A S P A e FE . LAk
M5, ShABA T f AR ) ) 2R FE D D
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4.3.2 RARRETBIBEN KRR 08T

RRREEBEDNE MK 6 SR, EEH
IR LBEZERD 20.83%, KHEZXOLH 1%, 1]
FAERRUR M AN, MWoA e TBE, HaiET,
Pem T ROGTHNRIL DA . £FBEThRL
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Fig. 5 Hydrogen-blended power of HCNG equipment

and its heat-electricity load
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Fig. 6 Hydrogen-blended heat map for natural gas pipelines
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Fig. 7 Flexibility margin of hydrogen-blended

REHEHEMW

natural gas turbines and boilers
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Table 6 Economic planning outcomes under different models

Ay SERRHEBGR W38 5 /G RIEVEIE ST A/ TG HCNG ¥ 4% 7 /MW RRAR/ TG
SO 2.05%10° 84.79x10° 62.5x10° 505 674.52x10°
RO 3.26x10° 4291x10° 40.6x10° 580 857.85x10°

DRO 225%10° 79.47x10° 52.7x10° 540 727.11x10°




- 130 - B 2GRy 524

800

w0

HCNGZ & il H/MW

0.70 0.80 0.90 0.95
BfE1E
8 FREIBIEE T HCNG 2R BLERIEL
Fig. 8 Comparison of HCNG capacity configuration results

with different confidence levels
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Table 7 Influence of flexibility penalty mechanism

on system planning

75 W5t 6
SRR HE R/ 2.25%10° 2.09x10°
LGN Z NI 79.47x10° 82.78x10°
RIETESRAUMW 1353.18 2427.5
HCNG # % & #/MW 540 350
SRR AN TG 398.45x10° 358.84x10°
SEIBYERA TG 171.45%10° 157.47x10°
REATG 727.11x10° 677.52x10°
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Fig. 9 Annual carbon emissions, total cost and cost of carbon

benefits under different base prices
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Fig. 10 Annual carbon emissions, total cost and cost of carbon

benefits at different price growth rates
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