2026 FRIBL K AETBETEF AL

Contribution ID: 88 Type: [I2KIRE

%E%ﬁﬁ@ﬁﬁ%ﬁﬁﬁpﬁﬂgﬁg/%?ﬁ?LWK%@E%@K A

HES

FHEAKTES] 2060 FSEIHRTHI, IXFRERES 5000 = 8000 &5 FLAYAI AT FAEREIR, AIREXT B NARE M
HRATFTAREHIPEER, AFTFERA E AR ZEE O HRIEE, MRS KESERANERY KRS
BITHATIRE L, BT BN HKER (PHS) FMBSSUKERRIEER K, 4REH, §E
205 & FLAYFF MK E RE AT (R GUF BUARRK 810 {ZTC AR, [RINSRF AT 28 AT FAE RE TR AR BEAX 11%
o RN PR REM TR BRI AR AU, RATAI, 505 R b T REERHR LIRsiTHIR
iEE, RGOS T 30% AEFRR, HIMEBEMARES 360 (LTTARM, XBET, MATHE
RETRON £ SRR A TP RINEESIE A R BHIEA R, FHKEREEFANGRTA] Bl a]fT
M—X— RN RRERENMBE EAREERESE N 1A, OKEBIETEEIsTE
1160 {ZTEARMHIRA, ZERBRBUHE—DIESE TIZRFHEZ LIRS TR, MHvKERE
MK RTEEETERERE, W TR ARIUEI S RGRERBKAIAT A TR EE X EE,

X A
B MOKERE ; BOUKE ; DRGSR ; AR | RYIRIEH

Abstract

China’s commitment to carbon neutrality by 2060 requires 5000-8000 GW integration of variable renewable
energy, which may pose unprecedented grid stability challenges. Using spatial-temporally resolved model-
ing to co-optimize capacity expansion and system operation for hybrid wind-solar-hydropower systems, we
quantify the flexibility requirements of pumped hydro storage (PHS) and cascaded hydropower in a decar-
bonized grid. We demonstrate that deploying 205 GW of open-loop PHS reduces system costs by 81 billion
yuan (about 11.6 billion USD) annually while decreasing VRE curtailment by 11%. Through reservoir-level
modeling of closed-loop PHS, we reveal that conventional approaches systematically overestimate capacity
requirements by 30% and inflate costs by 36 billion yuan (about 5.2 billion USD) annually by failing to cap-
ture operational flexibility. Crucially, price volatility in renewable-dominated markets generates arbitrage
revenues sufficient to enable the commercial viability of PHS without subsidies—a finding with global im-
plications for financing energy transitions. Optimizing hydropower cascade operations yields an additional
116 billion yuan (about 16.6 billion USD) in annual savings. Multi-year climate simulations confirm system
resilience across diverse weather conditions. Sophisticated modeling of pumped storage and hydropower flex-
ibility is essential for designing economically viable pathways to deep decarbonization in large-scale power
systems.
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