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Abstract: Emissions trading schemes (ETS), as a policy
tool, are widely used to control and reduce carbon emissions
under the market mechanism in many countries. At the same
time, renewable energy certificates (REC) are also regarded
as an important mechanism to promote the development of
renewable energy in the world. However, how to improve
the purchase motivation of REC to achieve its design goal is
a problem concerned by the government and researchers. In
order to explore whether the combination of two mechanisms
can improve the purchase motivation of REC to realize further
emission reduction, a bi-level model of the trading of REC
based on game theory is proposed in this paper. Under the
oligopoly electricity market, thermal generators can purchase
REC and convert them into carbon emission quotas, while
renewable energy power plants and emerging power-to-gas
(P2G) stations can cooperate to further increase the profit.
Taking the actual REC, electricity, and natural gas markets in
Australia as the background, the above model is verified on the
IEEE 30 bus system. The simulation results reveal that the REC
trading between thermal generators and renewable energy power
plants can increase the total social welfare and reduce carbon
emissions, and the cooperation between renewable energy power
plants and P2G stations is proved to be cohesive. In addition, the
influence of carbon price on REC price and emission reduction
effect is discussed through sensitivity analysis.
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certificates; game theory; power-to-gas; large-scale renewable
energy
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Table 2  Participants’ revenue and net profit
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Fig. 4 Output of thermal generators and renewable plants (Case 1)
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Fig. 5 Output of thermal generators and renewable plants (Case 2)
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Fig. 6 Output of thermal generators and renewable plants (Case3)
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Table 3  Sensitivity analysis based on carbon price
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Table 4 Sensitivity analysis based on carbon allowances

%
ABLLEES RECH:
wEE  PcEEs oA ey amE
7‘:£’H’,ARPZG' RNB* ﬁﬂlﬂ:AR ATEGC
90 0.61 -17 0 -0.24
85 0.88 54 0 ~1.34
80 12 —6.4 14.5 —4.56
6 it

ETS5REC /& b _L A% Ui s HE 1 2 Fh 32 2211 45
PEECR T H o A SCHEH T —FP I ETS 5 RECH FiL
il 51 AP2GZ 5 & AL Gy AL, I LI A FIE Y
SR AT 3 75 SEEIEEE 30795 1 2% B kAT T 7 2L,
WA F 458 .

1) Gl SR F K T AT W SERECHE i HE ik i
&, FERECH) 2L SE# L T IH P 728 hy K 1 %
B, ATLUEIMRECHIIASESIHL, [Hitk, AUAIETS
ATUESIRECTI A & i, FELRBEAS I ss 1 B0
SIS HE -

2) ERAEIESE T, A5 AP2G S W AR RER &
IR RV =N T AP S N E = S8
NG, #L T T AEFFR B2 AR,
FREBEENSSEWGRKRMA, F)EERZISO
RYARA /N B KK TS 3 SRR A 4L,
H3AFREEAL, AT LU AT AR ORI g i i
It AL AT EA T R G TR

3D DIBCRFNEBOR AT % 15 5tAIEEE 3077 i
RGHIGEATERY, H%IEREC 5 M n] FiARER &
HL T S5P2GAER B PRI A, b k) & HLL
s, fREE TR TR IR 34, B BUER
PP AE R T BRI R RECAE 5 T () 540

4) WAEASCHETE, WK AT LA ETS SRECTH
Y2 & DA B RECHINIG R, JE—2 R Ak

L RGe 850 s RIS A5 22 5,
NI [ R b IX ETS 5 REC f HAR KL A %5k 22 1)
YR A R A RS S T Y, IR ALE
RECIARARMCAY ], A SCHESE n] Lok R EETS S
RECAMa] HpFFEHEE 7R o

Sk

[1] SEH, kAR, fash. 2EReR A LR E R A

F TR B AR RS20 S AT ], e RREIR EIK R, 2020,
3(1): 27-33.
WENG Yuyan, ZHANG Xiliang, HE Jiankun. Impacts of
the linkage of global carbon markets on the achievement
of emissions reduction targets in nationally determined
contributions[J]. Journal of Global Energy Interconnection,
2020, 3(1): 27-33(in Chinese).

[2] SHAO M, JEWELL W T. CO, emission-incorporated AC
optimal power flow and its primary impacts on power system
dispatch and operations[C]// Proceedings of the IEEE PES
General Meeting, 2010.

[3] ZHANG N, HU Z G, DAI D H, et al. Unit commitment model
in smart grid environment considering carbon emissions
trading[J]. IEEE Transactions on Smart Grid, 2016, 7(1): 420-
427.

[4] SHABANPOUR-HAGHIGHI A, SEIFI A R. Multi-objective
operation management of a multi-carrier energy system[J].
Energy, 2015, 88: 430-442.

[5] XENOPHON A K, HILL D J. Emissions reduction and
wholesale electricity price targeting using an output-based
mechanism[J]. Applied Energy, 2019, 242: 1050-1063.

[6] LUZG, FENGT, LU CY, et al. Carbon dioxide capture and
storage planning considering emission trading system for a
generation corporation under the emission reduction policy in
China[J]. IET Generation, Transmission & Distribution, 2015,
9(1): 43-52.

[7] ZHOU X, JAMES G, LIEBMAN A, et al. Partial carbon
permits allocation of potential emission trading scheme in
Australian electricity market[J]. IEEE Transactions on Power
Systems, 2010, 25(1): 543-553.

[8] HUANG J, XUE Y S, JIANG C, et al. An experimental study
on emission trading behaviors of generation companies[J].
IEEE Transactions on Power Systems, 2015, 30(2): 1076-1083.

[9] LI X R, YU C W, XU Z, et al. A multimarket decision-
making framework for GENCO considering emission trading
scheme[J]. IEEE Transactions on Power-Systems, 2013, 28(4):
4099-4108.

[10] LU S'Y, WU Y W, LOU S H, et al. A model for optimizing
spinning reserve requirement of power system under low-
carbon economy[J]. IEEE Transactions on Sustainable Energy,
2014, 5(4): 1048-1055.

[11] WANG J, KORITAROV V, KIM J-H. An agent-based
approach to modeling interactions between emission market
and electricity market[C]// Proceedings of the IEEE Power &
Energy Society General Meeting, 2009.

[12] OLSEN D J, DVORKIN Y, FERNANDEZ-BLANCO R, et
al. Optimal carbon taxes for emissions targets in the electricity
sector[EB/OLY]. 2018. https://arxiv.org/abs/1804.06464.



Vol. 4 No. 1

M) 1% EFEZCHNYBERRIERRZZWENHIRE 75

[13] YANG Dechang, HE Shaowen, CHEN Qiuyue. Bidding
strategy of virtual power plant considering carbon-electricity
trading[J]. CSEE Journal of Power and Energy Systems, 2019,
5(3): 306 -314.

[14] CHENG Y H, ZHANG N, LU Z X, et al. Planning multiple
energy systems toward low-carbon society: a decentralized
approach[J]. IEEE Transactions on Smart Grid, 2019, 10(5):
4859-4869.

[15] CHENG Y, ZHANG N, KANG C. Bi-level expansion
planning of multiple energy systems under carbon emission
constraints[C]// Proceedings of the 2018 IEEE Power &
Energy Society General Meeting (PESGM), 2018.

[16] CHENG Y H, ZHANG N, ZHANG B S, et al. Low-carbon
operation of multiple energy systems based on energy-carbon
integrated prices[J]. IEEE Transactions on Smart Grid, 2020,
11(2): 1307-1318.

[17TPOURAKBARI-KASMAEI M, LEHTONEN M,
CONTRERAS J, et al."Carbon footprint management:
a pathway toward smart emission abatement[J]. IEEE
Transactions on Industrial Informatics, 2020, 16(2): 935-948.

[18] WANG Y Q, QIU J, TAO Y C, et al. Carbon-oriented
operational planning in coupled electricity and emission trading
markets[J]. IEEE Transactions on Power Systems, 2020, 35(4):
3145-3157.

[19] 2R, B, MR, % REHIE T & OMEDL

IR IR ) RG], BT RGEA B, 2014,
38(17): 91-97.
LOU Suhua, HU Bin, WU Yaowu, et al. Optimal dispatch
of power system integrated with large scale photovoltaic
generation under carbon trading environment[J]. Automation
of Electric Power Systems, 2014, 38(17): 91-97(in Chinese).

[20] 845, XIWRAR, EHF, % FETHEH ML —#H—=

LA R RS IBRATT L], T RS A B, 2018,
42(14): 8-13.
QIN Ting, LIU Huaidong, WANG lJinqgiao, et al. Carbon
trading based low-carbon economic dispatch for integrated
electricity-heat-gas energy system[J]. Automation of Electric
Power Systems, 2018, 42(14): 8-13(in Chinese).

[21] HF&. hEBRAS S i E ], TP ERETR, 2014, 36(6): 9-12.
ZHENG Shuang. China’s carbon trading market
construction[J]. Energy of China, 2014, 36(6): 9-12(in
Chinese).

[22] Al it ity 4 2 b B e HE O SE 2 i 0 4R 101, v I RR 2,
2013(9): 10-22.

HE Jingjing. Legal considerations on establishing China’s
carbon emissions trading law[J]. China Soft Science, 2013(9):
10-22(in Chinese).

[23] HULSHOF D, JEPMA C, MULDER M. Performance of
markets for European renewable energy certificates[J]. Energy
Policy, 2019, 128: 697-710.

[24] APARICIO N, MACGILL I, RIVIER ABBAD J, et al.

Comparison of wind energy support policy and electricity
market design in Europe, the United States, and Australia[J].
IEEE Transactions on Sustainable Energy, 2012, 3(4): 809-
818.

[25] WONG P K C, KALAM A, BARR R. Modelling and analysis
of practical options to improve the hosting capacity of low
voltage networks for embedded photo-voltaic generation[J].
IET Renewable Power Generation, 2017, 11(5): 625-632.

[26] NICOLOIU R, IONEL I, VODA 1. The evolution of green
certificate support scheme for promoting renewable energy
in Romania[C]// Proceedings of the 2017 International
Conference on Energy and Environment (CIEM), 2017.

[27] ZHANG Q, WANG G, L1 Y, et al. Substitution effect of
renewable portfolio standards and renewable energy certificate
trading for feed-in tariff[J]. Applied Energy, 2018, 227: 426-
435.

[28] HUSTVEIT M, FROGNER J S, FLETEN S E. Tradable green
certificates for renewable support: The role of expectations and
uncertainty[J]. Energy, 2017, 141: 1717-1727.

[291 LI X Z, WANG W Q, WANG H Y, et al. Dynamic
environmental economic dispatch of hybrid renewable energy
systems based on tradable green certificates[J]. Energy, 2020,
193: 116699.

[30] XIS g e 22 ALK AT 52T ], AR AR5,
2017(8): 16.

LIU Wenping. Trading mechanism research of tradable green
certificates[J]. Engineering and Technological Research,
2017(8): 16(in Chinese).

[31] skil, BIEH, (@, % hEgeh el S EN

PERATIEN]. A BE 5528, 2019(9): 42-45.
ZHANG Hao, ZHAO Qingsong, SHI Jianlei, et al. Research
on the trading pricing strategy of Chinese tradable green
certificate[J]. Price:Theory & Practice, 2019(9): 42-45(in
Chinese).

[32] £, WLbE, BEMN, IR T LM S E b 1k
TR A BAIT). S, 2018, 51(6):) 172-177.

WANG Qiang, TAN Zhongtu, TAN Qingkun, et al. Trading
model of green electricity certificate considering preferential
prices[J]. Electric Power, 2018, 51(6): 172-177(in Chinese).

[33] FiAm D, M. TR REVRTC A A 2k (IR 43 58 S HL T i
THRG5ED). ARG A S, 2019, 43(12): 113-122.
DONG Fugui, SHI Lei. Design and simulation of renewable
portfolio standard and tradable green certificate mechanism[J].
Automation of Electric Power Systems, 2019, 43(12): 113-
122(in Chinese).

[34] FUDENBERG D, TIROLE J. Game theory[M]. MIT Press,
1991.

[35] OSBORNE M J, RUBINSTEIN A. A course in game
theory[M]. MIT Press, 1994.

[36] MANKIW N G. Principles of economics[M]. Cengage
Learning, 2020.



76 2IREE

R BB

[37] SUN W G, ZAMANI M, HESAMZADEH M R, et al. Data-
driven probabilistic optimal power flow with nonparametric
Bayesian modeling and inference[J]. IEEE Transactions on
Smart Grid, 2020, 11(2): 1077-1090.

[38] SINHA A, MALO P, DEB K. A review on bilevel
optimization: from classical to evolutionary approaches and
applications|[EB/OL]. 2017. https://arxiv.org/abs/1705.06270.

[39] ROSEN 1J B. Existence and uniqueness of equilibrium points
for concave N-person games[J]. Econometrica, 1965, 33(3):
520.

[40] LIANG Y L, WEI W, WANG C. A generalized Nash
equilibrium approach for autonomous energy management of
residential energy hubs[J]. IEEE Transactions on Industrial
Informatics, 2019, 15(11):'5892-5905.

[41] AEMO. National electricity market: data-dashboard[DB/OL].
[2020-11]. https://www.aemo.com.au/Electricity/National-
Electricity-Market-NEM/Data-dashboard.

[42] AEMO. Wholesale gas market: data-dashboard[DB/OL].[2020-
11]. https://www.aemo.com.au/Gas/Declared-Wholesale-Gas-
Market-DWGM/Data-dashboard.

[43] COMMTRADE. Carbon price[DB/OL].[2020-11]. https://

www.commtrade.co.nz/.

s HER: 2020-11-24; {EEIAHR: 2020-12-16,
EE BT :

BB (1995), %, HMEHR
A, TEHMRIT@AFERER, B
LT

M (1974), B, BFR R, AF
Ry w6 A AR AL IR R HE o

28 (1982), B, HAR, #F
G T7 o1 AR A TR R HE

Bk E (1994), %, HEHE
*, TR TEBATY ., AL BITES,

BR3E (1986), B, MW, #IF, AR, HRAFTE
AR RENR] . EARRAGEE, RRZFFF,
#@1EE4, E-mail: qiujing0322@gmail.com.

Ryl

(FTESREFE KF)





