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Abstract: Integrated power generation systems effectively manage distributed energy resources and reduce greenhouse gas
emissions. However, current research predominantly prioritizes economic viability, with limited consideration given to
energy conservation, emission reduction, and related market-oriented mechanisms, and lacks adaptive modeling of
existing mechanisms in response to recent policy changes. Additionally, the stochasticity and volatility of renewable energy
sources remain critical challenges to be addressed. Consequently, an optimal dispatch strategy for a wind-solar—thermal-
storage combined power generation system considering a combined renewable energy certificate and stepped carbon trading
mechanism was proposed, where mechanism design and model construction were deeply coupled. From the perspective of
market-oriented mechanisms, renewable energy certificates were categorized into tradable and non-tradable types,
followed by their deep integration into the trading framework. By leveraging stochastic chance-constrained programming to
characterize renewable energy output uncertainty, a joint dispatch model comprising gas turbines, photovoltaics, wind
power, and energy storage systems (ESS) was established. Furthermore, a hybrid artificial protozoa optimizer (APO) —
particle swarm optimization (PSO) algorithm merging the APO and PSO was developed to enhance solution accuracy and
convergence speed. The results demonstrated that the proposed method significantly enhanced renewable energy utilization
and reduced carbon emissions. Moreover, the strategy fully mobilized the ESS to smooth power fluctuations, achieved peak
shaving and valley filling, and exhibited improved stability and economic efficiency in power system operations.
Keywords: renewable energy certificate trading; stepped carbon trading; carbon emissions; optimal scheduling; stochastic

chance-constrained programming; artificial protozoa optimizer ; wind—solar—thermal—storage combined power generation
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Table 5 Solution results of different algorithms under scenario 5

Al A BE IR R

BNIRES HOEEITC ey, DRI
APO-PSO 693.57 1.74 280.48
APO 453.14 3.44 539.29
PSO 517.16 2.65 417.50
GA 488.64 3.01 440.11
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Fig.7 Convergence curves of four algorithms
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Table 6 Operation results of five scenarios

Al RARILE PTIEREIRR L WRVEREIRA N MEERSIE UL

BRI CETY SCTY#s/ RECT 738% REC

WS U5 T s BEast  AMAST At st ot ot Wt
1 254.88 99.55 768.97 3.95 21.54 147.17 1296.06
2 465.02 72.95 768.97 3.24 31.08 151.29 131440 178.15
3 545.13 66.55 768.97 3.12 36.09 166.72 1334.17 252.41
4 581.61 57.12 768.97 2.68 35.34 170.29 1339.52 191.97 84.52 59.40
5 693.57 34.11 768.97 1.93 33.30 183.63 1363.50 262.41 89.60 62.97
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Fig. 9 Optimal scheduling results of scenario 5
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Table 7 Carbon emissions of five scenarios kg
5t AR
1 422.50
2 387.40
3 331.64
4 332.12
5 280.48
RS ZFusE
Table 8 Economic benefits Jt
E RS IGER SCT 4 RECTH#: s
1 254.88
2 178.15 464.02
3 252.41 544.53
4 191.97 84.52 581.61
5 262.41 89.60 693.57
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