Energy Economics 135 (2024) 107638

Contents lists available at ScienceDirect = Energy
Economics

Energy Economics

journal homepage: www.elsevier.com/locate/eneeco

ELSEVIER

t.)

Check for

Transition towards a hybrid energy system: Combined effects of renewable &
portfolio standards and carbon emission trading

Q. Su®, P. Zhou", H. Ding®", G. Xydis®

2 College of Economics and Management, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China
Y School of Economics and Management, China University of Petroleum, Qingdao 266580, China
¢ Department of Business Development and Technology, Aarhus University, Denmark

ARTICLE INFO ABSTRACT

Keywords:

Hybrid energy system
Low-carbon energy transition
Policy mix

Evolutionary game

A hybrid energy system (HES) utilizing complementary energy sources allows for high-quality development of
renewables. It is a viable pathway in achieving the low-carbon transition of the power sector. Both Renewable
Portfolio Standards (RPS) and Carbon Emission Trading (CET) regulate the low-carbon behavior of conventional
power enterprises. This highlights the importance of investigating how the policy mix can drive the transition
towards hybrid power generation. This paper develops an evolutionary game between local governments and
power enterprises to explore the influence of policy-related parameters on the transition to a hybrid energy
system. We find that implementing the policy mix is imperative to the transition when the technology cost of a
hybrid energy system is not competitive. Power enterprises can control investment costs through the structure of
multi-energy power generation, but are also limited by the lack of renewable absorption capacity. We also find an
additive effect between RPS and CET, albeit with differences. Raising the price of tradeable green power cer-
tificates (TGC) can effectively facilitate the transition under either a single RPS policy or the policy mix.
Reducing initial carbon permits makes sense only under the policy mix. Moreover, the coordinated imple-
mentation of multiple policies can contribute to the transition more efficiently, but it deserves attention to
avoiding policy redundancy.

1. Introduction maximized, and electricity curtailment can be reduced (Mu et al., 2020;
Jiang et al., 2020). Constructing a hybrid energy system by investing in
renewable energy projects on existing coal-fired power generation fa-

cilities creates significant avenues for a low-carbon transition in the

Developing such variable renewable energy (VRE) as wind and solar
power in the power sector has turned into a promising strategy to reduce

carbon emissions (Creutzig et al., 2017; Cherp et al. 2021; Zhou et al.,
2022). However, the power output from VRE is not flexible enough as it
varies with weather conditions (Fleten et al., 2018; Helm and Mier,
2021). Coupled with limited grid transmission capacity, blind incre-
mental development of VRE can create a supply-demand mismatch and
the curtailment of large-scale renewable energy sources (Burke and
O’Malley, 2011).

A hybrid energy system (HES) that utilizes clean renewable energy
sources in tandem with flexible conventional energy can effectively
address this problem (Upadhyay and Sharma, 2014; Llobet and Padilla,
2018). The synergy of multiple energy sources with complementary
characteristics contributes to the efficiency and the dispatchability of
the power generation system, and provides capital cost savings (Powell
et al., 2017). Local renewable energy endowments can be fully
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power sector. However, already-constructed energy facilities normally
create a strong lock-in effect in the power sector (Seto et al., 2016).
Especially in China, there are significant amounts of inexpensive coal
and many massive coal-fired power plants (Cui et al., 2021; Zhao et al.,
2023). The uncompetitive capital investments incurred by engaging
with renewables may hamper the transition to a hybrid energy system
(Huang and Zou, 2020; Yang et al., 2022).

To encourage the deployment of renewable power generation and
decrease carbon emission, the governments of many nations have widely
adopted Renewable Portfolio Standards (RPS) and Carbon Emission
Trading (CET). RPS mandates that power enterprises generate a portion
of electricity from renewables (Carley et al., 2018; Feldman and Lev-
inson, 2023), accompanied by tradable green power certificates (TGC).
Power enterprises have the option of investing in renewables or
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purchasing TGC to comply with the RPS regulation. It has been
demonstrated that RPS policy effectively promotes the diffusion of re-
newables (Bento et al., 2018; Joshi, 2021; Deschenes et al., 2023). CET
limits free carbon emission permits for power enterprises (Zhou and
Wang, 2016; Jarke-Neuert and Perino, 2020). As such, power enter-
prises invest in clean energy technology such as renewables or carbon
capture technology to lower carbon emissions, or must purchase extra
carbon allowances. CET mechanism can increase the power output from
clean energy technologies such as renewable energy (Meng et al., 2018;
Morris et al., 2019; Roach and Meeus, 2023). However, some re-
searchers also pointed out that the CET mechanism cannot support in-
vestment in renewables independently (Mo et al., 2016; Yan et al.,
2022). When investing in clean energy, power enterprises may have
excess TGC or carbon quotas to sell for more profit. Therefore, the RPS
policy and CET mechanism can be regarded as both policy regulations
and incentives for jointly facilitating power enterprises to transition to a
hybrid energy system.

Many studies have investigated how policy impacts the transition
investment decisions made by the power sector using the real option
method (Boomsma et al., 2012), goal programming (Kok et al., 2016),
and simulation method (Peng et al., 2020). However, these methods lack
a consideration of the interactions between different agents. Strategies
implemented by power enterprises and governments may interact
(Hopkin, 2004). Power enterprises make trade-offs about whether to
engage in the transition to hybrid energy system based on the cost-
benefit of the technology and policy intensity. The main purpose of
RPS and CET is to promote the diffusion of low-carbon energy facilities
and to control carbon emissions (Tsao et al., 2011). Governments also
regulate and optimize RPS and CET implementation based on the
enforcement effect (Ding et al., 2020). Effectively establishing and
coordinating these policies is critical because of the intersection be-
tween implementation measures. Policy redundancy can cause market
failure and should be avoided (Delarue and Van den Bergh, 2016; del
Rio, 2017).

Evolutionary game theory (EGT) performs as a good theoretical
paradigm for studying interactions in social and business decision-
making process (Cai and Kock, 2009; Esmaeili et al., 2016). EGT re-
searches strategic trends of groups based on individual behaviors,
enabling an analysis of the dynamic behaviors and long-term strategic
interaction effects between different agents (Xiao and Yu, 2006; Yi and
Yang, 2017; Johari and Hosseini-Motlagh, 2022). It is suitable for
exploring the strategic interaction of power enterprises and govern-
ments in the long-term, as well as gradual low-carbon transition pro-
cesses. Some researches applied EGT to explore feasible pathways and
policy effects of low-carbon technology substitution (Encarnacao et al.,
2018; Tang et al., 2021), including the impacts of RPS (Fang et al., 2018)
and CET (Mirzaee et al., 2022). All of these studies, however, did not
explore a hybrid energy system accounting for the complementarity of
conventional and renewable energy. Only the impact of a single policy
was seized. An obvious research gap exists in the effect of multiple
policies on the investment in a hybrid energy system.

To facilitate the high-quality development of renewables and
improve policy implementation, it is important to answer the following
questions: (1) Will conventional fossil energy power enterprises make
the transition decision to hybrid energy system under the dual polices of
RPS and CET? (2) How should governments optimize RPS and CET
implementation to promote the transition of conventional power en-
terprises? (3) Can the simultaneous implementation of RPS and CET be
coordinated with each other? Are there policy redundancies? The
objective of this research is to elucidate more effective policies, by un-
derstanding their underlying mechanisms, and to devise tactics for
enhancing the transition to hybrid energy system by power enterprises.

This study contributes to the literature in the following three folds.
First, it improves the research perspective by discussing the transition
decision towards a hybrid energy system and involving the joint effect of
RPS and CET. Second, given the interaction between the transition
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behavior and dual policies, we constructed an evolutionary game model
between power enterprises and local governments. Third, the synergistic
effect and conflict relation of the policy mix are obtained through an in-
depth exploration of the impact of various policy parameters. It provides
policy enlightenment for promoting the transition to a hybrid energy
system.

The remainder of this paper is structured as follows. Section 2 con-
structs the evolutionary game model and Section 3 conducts analysis on
the evolutionarily stable strategies (ESS). In Section 4, we investigate the
effects of key parameters on the evolution results. Ultimately, Section 5
presents conclusions and policy recommendations.

2. Model

To promote the low-carbon transition, RPS and CET are deployed at
the national level or regional level, and then implemented and super-
vised by local governments. The transition of conventional power en-
terprises to a hybrid energy system can satisfy policy regulatory
requirements. This section constructs an evolutionary game model to
expose the behavioral interactions between power enterprises and local
governments. In addition to the complementary flexibility between
renewable and traditional energy, photovoltaic and wind power are also
complementary at a temporal scale (Costoya et al., 2023). Moreover, the
low-carbon retrofitting of conventional power plants is likely to be more
economical than building new renewable power generation facilities to
meet carbon regulations (Talati et al., 2016). Thus, the hybrid energy
system mentioned in this study is a stable combination of clean fossil
power generation and renewable power generation, including photo-
voltaic and wind power. Existing conventional facilities are partially
retrofitted with clean production technology and are partially replaced
with renewable energy sources. Relevant study parameters are defined
in Table 1.

2.1. Assumptions

To conduct the theoretical analysis, the following basic assumptions

Table 1
Parameter definitions of the evolutionary game model .
Notation Descriptions
n Index of renewable energy sources, n € {Photovoltaic, Wind}.
plE p? Per unit on-grid price of traditional energy generation and
renewable energy generation, respectively, where pI,p" > 0.
CrE,b1E, Cn Per unit cost of traditional energy generation, cleaner

transformation of traditional energy generation, and renewable
energy generation, respectively, where crg,brg, ¢y > 0.
Q Annual power generation of power enterprises, Q > 0.
15 TEC issi iti i
0L, e Vo, Carbon emission factors of traditional energy generation,
traditional energy generation with cleaner transformation, and

renewable energy generation, respectively, where ¢l . pée: ,

@0, > 0.

E, Annual volume of initial free carbon emission permits for power
enterprises, Eg > 0.

Pco, Unit carbon emission price, pco, > 0.

Prée Unit TGC price, prgc > 0.

u Minimum proportion of renewable energy generation to total

energy generation for power enterprises, u > 0.
Tax rate, 0 < 7 < 1.

Bl

w Renewable power waste from the limited absorption capacity,
w=>0.

an, Capacity ratio of power generation from renewable energy sources
and clean traditional energy, respectively, where 0 < @, <1, >
ap+p =1

x Proportion of local governments implementing the policy mix
concerning RPS and CET, 0 < x < 1.

y Proportion of power enterprises investing in a hybrid energy

system, 0 <y <1.
Revenue of local governments under different strategies.
Revenue of power enterprises under different strategies.

Gi(i=1,2,3,4)
P(j=1.2,3,4)
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are made.

Assumption 1. Players and strategies. Local governments and power
enterprises are two players in the evolutionary game. Both exhibit
bounded rationality and possess asymmetric information. Local gov-
ernments can choose to implement and supervise the policy mix (RPS +
CET) or take no actions (NO). Power enterprises can choose to transform
to a hybrid energy system (HES) or maintain traditional energy gener-
ation (TG).

Assumption 2. Learning process. It is difficult for local governments
and power enterprises to confirm the most profitable incipient option.
Both participants can improve strategies by learning and correcting
mistakes, and finally reach an evolutionary equilibrium (Hosseini-Mot-
lagh et al., 2022).

Assumption 3. Stable power generation capacity of power enter-
prises. It is assumed that the transition does not cause changes in the
overall power generation capacity Q. The model only considers changes
in the generation structure. If investing in HES, partial fossil energy
equipment (3~ anQ) is eliminated by excluding residual values.

Assumption 4. Quota limit for renewable energy power genera-
tion. It is assumed that the ratio of renewable energy generation in HES
is higher than the quota responsibility limit (3 a, > u). If a power en-
terprise generates less renewable power than the quota responsibility, it
is obliged to buy Tradable Green Certificates (TGC) from the market to
meet the quota regulation. If a power enterprise’s actual renewable
power exceeds the regulated quota, it sells the surplus in the TGC market
(Boomsma et al., 2012). The TGC market has sufficient capacity to allow
for transaction bargaining. Power enterprises trade with participants in
the TGC market, such as grid companies or individual consumers.
Governments only set quota targets and supervise the market, and do not
trade with power enterprises.

Assumption 5. Carbon emission permit and trading. The volume of
initial free carbon emission permits E, for power enterprises lies be-
tween the actual emissions of the TG (%%, Q) and the HES (3" an¢%, Q +
/}q;gg‘;“ Q). If a power enterprise emits more carbon dioxide (CO3) than the
permit allows, it is compelled to buy extra allowances from the trading
market. If the emission level is lower than the permit allows, the en-
terprise may sell the excessive allowances (Wen et al., 2018). Power
enterprises sell or buy allowances within the CET market, but do not
trade with local governments.

2.2. Payoff matrix

The primary benefit of power enterprises is the revenue from selling
electricity. When adhering to TG, the net profit from electricity sales
after conducting taxes and costs is [(1 — 7)pIf — cz¢ | Q. If local govern-
ments implement the RPS policy, power enterprises should purchase a
specified amount of TGCs uQ to meet the regulation requirement, of
which the expenditure is uprgcQ. Meanwhile, if local governments
implement the CET mechanism, power enterprises have to purchase
carbon permits in excess of the initial free carbon permit E,. The carbon
emission generated by TG isp’%, Q, and then the expenditure on carbon

allowances is (q;ggz Q- Eg) Pco,-

The payoff of local governments comes mainly in the form of taxa-
tion and carbon control expenditures. With maintaining TG by power
enterprises, local governments receive a tax on electricity sales of zpI£Q.
The carbon control expenditure is determined by government actions. In
the absence of policy action, local governments pay for the actual carbon
emission from power enterprises, i.e. (pggz DPco, Q. When adopting the CET
mechanism, local governments pay for the cost to control pre-allocated
carbon emissions, i.e. Egpco, -

When transitioning to HES, power enterprises put in new costs of
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renewable power generation and clean power generation from traditional
energy. By setting the proportion of renewable energy and traditional
energy as a, and f, the net profit after tax is expressed as the sum of
electricity sold from renewable and traditional power " an[(1 — 7)pf —
¢n]Q+ B[(1 — m)pE — crg — brg | Q. Further, power enterprises may sell
the surplus quota (> an, — )Q and obtain the after-tax TGC income (1 —
7) (> an — u)precQ under the RPS policy. Excess free carbon permits may
likewise be the income of power enterprises under the CET mechanism.
The carbon emission generated by HES is 3" ang2,, Q + fppa. Q, and then
the after-tax carbon revenue is (1 — ) <Eg — Y 0, Q - ﬂmE%fQ)pcoz.
The revenue generated by selling TGCs and carbon permits is equivalent
to subsidy incentives from the market.

Correspondingly, local governments receive a tax on electricity sales of
7( Y anp? + fpIF)Q. The policy action affects the carbon control costs.
Additionally, it also determines whether local governments levy taxes on

TGC sales 7#(> an—u)precQ and carbon salesm (Eg — Zanfp’cloz

Q- ﬁwg‘; Q) Dco,- The HES can reduce the amount of renewable power

wasted when the absorption capacity is limited. This potential benefit Wcan
also be captured by local governments.

In summary, Table 2 shows the payoff matrix of local governments
and power enterprises. The payments under different strategies in the
table are presented in Egs. (1)-(8).

2.3. Replicator dynamics equation

In the long-term evolutionary process, agents learn and adjust in
response to the benefits of adopting different behavioral strategies. The
replicator dynamics effectively characterize the variation and selection
mechanism, providing a powerful analytical tool for describing the
learning behaviors of game participants (Cressman and Tao, 2014). Each
participant represents a specific population having the same attribute,
who adopt pure strategy s for a long time. The term 6(t) is the proportion
of populations adopting strategy s. The growth rate % is a strictly
increasing function of the difference between the utility of strategy s and
the average utility of the population.

Table 2
Payoff matrix.
G = ﬂ( >+ IipZE)Q + n( S #)pch
@
‘HT(Eg - Z Ao, Q — ﬂwZ’éﬁ Q)Pco2 —Pco,Eg + W
P, = Zan[(l — Pl —ca |Q+B[(1 — 2P —crs — bre |Q
(2
+1=m) (Y tn — #)proc@+ (1= ) (B = 3 anorlo, @ — ol Q)pco,
Gy = p;*Q —Pco, By ®
Py = [(1—m)py* — ez — pproc |Q — (‘/’g(EJzQ - Eg)Pcoz @
Gs = ﬂ( > ] +/5PZE> Q- ( > anglo, +Pocs, )PcoZ Q+w 5)
Py=> an[(1—2)p! —ca |Q+B[(1 - P —cre — b1 |Q ®)
Gy =mp,"Q— thf;ZPco, Q @)
Py = [(l—ﬂ)PeTE*CTE}Q ®
Government Power Enterprise
HES (y) TG (1)
RPS + CET (%) (G1,P1) (G2, P2)
NO (1— %) (Gs,P3) (G4.Ps)
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do(t)
dt
The payoff matrix is used to calculate the replicator dynamic equa-

tions associated with local governments and power enterprises. The
expected utility of local governments choosing RPS + CET and NO

= 0(0)-[ue(s) — ] ©)

OF(x) OF(x)

S x
|oFy) oFG)
0x ay
_ {(1 = 2x){G2 — G4 +¥[(G1 — G3) — (G2 — G4)] } x(1 =x)[(G1 —
Y1 =Y)[(P1 = P2) — (P3 — P4)]

ACTION strategies are denoted by Egps and Eyo, respectively. The term
E; represents the average expected utility of local governments. These
are calculated as follows.

Egps =yGy + (1 - y)Ga
ENO :yG3 + (1 —y)G4 (10)
Eg = XEgps + (1 — x)Eno

Similarly, the terms Epgs and Epg signify the expected utility when
power enterprises choose HES and TG strategies, respectively. The
average utility for power enterprises is Epz. These are calculated as
follows.

Epgs = xP1 + (1 — x)Ps3

ETG :XP2+( X) (11)
Epg = yEye + (1 - )ETG

The terms F(x) and F(y) are replicator dynamic equations of local

governments and power enterprises, respectively, as shown in Eq. (12)
and (13).

F(x) :%:X(ERPS*EG) (12)
Fly)= 3}; Y(Enps — Ep) (13)

A two-dimensional dynamic system D is formed by the above dif-
ferential equations, expressed in Eq. (14).

F) = 2 = x(1 —0){Gs — G4 +y[(G1 — Gs) — (G2 — Ga)])
d; (14)
F(y) = G =Y(1 ~y){Ps ~ Py £ x[(Py — P2) — (P~ Py)]}

3. Evolutionary equilibrium analysis
3.1. Equilibrium points
Dynamic changes in the strategic choices of local governments and

power enterprises as well as the evolutionary paths of the agents’ be-
haviors are analyzed through the dynamic system D. The property of

dynamic system D is obtained by letting x* = (Pr‘; R —pyand y' =
o= chz) (see proof in Appendix A.1).

Proposition 1. The local equilibrium points (LEP) of dynamic system
D are E;(0,0), E2(0,1),E3(1,0),E4(1,1). When it is satisfied that 0 <

<1land0< %G < 1, the pointEs (x’

o3 Gie < *.y") is also

PP,
(P3—P4)—(P1—P2)
an equilibrium point.

(1 —2y){P3 — Py + x[(P1 — P2) —
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3.2. Equilibrium stability
The LEP obtained above is insufficient to achieve an evolutionarily

stable strategy (ESS). A Jacobian matrix J is defined to analyze the local
stability of the dynamic system (Friedman, 1991).

(15)

Gs) — (G2 — G4)]

(Ps —P4)]}

The stability then can be determined by the sign of the determinant

det] = dF x) df}g" ) ‘)g(") dFay and trace trJ = ) ! ,ay of the Jacobian ma-

trix. If det;I > 0 and trJ < 0, the equilibrium point is the local asymp-
totically stable fixed point, corresponding to the ESS. If detJ < 0, the
equilibrium point denotes the saddle point. We substitute the five local
equilibrium points in the Jacobian matrix, as shown in Table 3.

Calculating the detJ and trJ of LEP gives the results for the equilib-
rium stability in Proposition 2 (see Appendix A.2 for the proof).

Proposition 2. (1) When P; < Py, Point E3(1,0) is the ESS. In this
case, local governments implement RPS + CET,
while power enterprises continue generating only
traditional energy.

Py > P,

(2) When ( P3 < P4, the dynamic systemD fluctuates periodically

{ G1 < Gs

around Es(x",y"). There is no deterministic pure strategy.
P, > P,
(3) When { P3 < P4, Point E4(1,1) is the ESS. This means local gov-
{ G, > Gs
ernments implement RPS + CET while power enterprises choose a
hybrid energy system.
P, > P,
(4) When { P3; > P4, Point E4(1,1) is the ESS. This means local gov-
Gi1 > Gs
ernments implement RPS + CET while power enterprises choose a
hybrid energy system.
{ P, > P,
(5) When ¢ P3 > P4, Point E5(0,1) is the ESS. This means local gov-
G < Gs3
ernments adopt NO ACTION while power enterprises invest in a
hybrid energy system.

Proposition 2 indicates there are several different evolutionary

Table 3

The results of detJ and trJ for local equilibrium points (LEP).
LEP detJ trJ
Ei(0.0)  (Go—Ga)Ps —Py) G P
E0.1) -~ (Gi— Ga)(Pa—Py) (61— Gs) = (s

Py)
Es(1,0)  — (Ga— Ga4)(Py — Py) P’Z;GZ’G“)* P -
E(L1) (61— Ga)(Py—P) g O
v —(G1 — G3)(G2 — G4)(Py — P2)(P3 — P.

Es(x'y") (G1 — G3)(G2 — Ga)(P1 — P2)(P3 — Py) o

[(G2 — G4) = (G1 — G3)|[(Ps — P4) — (P1 — P2)]
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stability points.

The high comprehensive cost of investing in a hybrid energy system,
which cannot compete with the low costs of traditional coal-fired power,
deters power enterprises from deciding to transition. If the CET and TGC
markets offer few incentives under RPS and CET implementation, the
extra carbon revenue and TGC revenue are insufficient to offset new
technology expenditures. Along with the weak regulation intensity,
power enterprises would rather pay for carbon emissions and purchases
TGC to achieve a higher return, i.e., E3(1, 0). This reflects the technology
lock-in effect and path dependence caused by established generation
infrastructure, institutional mechanisms, and behavioral habits
(Schmidt et al., 2016; Trencher et al., 2020).

As the regulatory intensity or incentive effects improve, or as
comprehensive technology costs decrease but remain uncompetitive, the
advantages of transitioning to HES become more significant under RPS
and CET. However, the transition strategy of choosing HES becomes
unstable if local governments can generate more revenue by taking no
action, when power enterprises adopt HES. Similarly, it is more profit-
able for power enterprises to stay with conventional power generation
without RPS and CET. Once power enterprises adopt TG, local govern-
ments gain more benefits by implementing the policy mix. Both agents
constantly adjust their strategies based on the opponent’s state, entering
a cyclical state around the mixed strategy Es(x",y"). Fig. 1 shows the
evolutionary phase diagram, which is divided into four regions by x* and
y.

The evolutionary trend of the system depends on which region each
agent is located in to create the initial state. When the initial state is in
Region @, the game converges to point E5(1,0). When the initial state is
in Region @, the game converges to point E; (0, 0). When the initial state
is in Region ®, the game evolves to point E3(0, 1). When the initial state
is in Region @, the game converges to point E4(1,1). The larger the
Region IV is, the more the system tends towards E4(1,1). All the points
are the saddle point.

Improvements in regulatory intensity or incentive effect raise the tax
revenue of local governments, by increasing the carbon benefits and
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technical cost can effectively compete with coal-fired power generation,
the lock-in effect may be removed. The decision about whether or not to
implement the policy mix does not affect the transition decision made by
power enterprises. However, if implementing and supervising the policy
mix produces more benefits for local governments, the system stabilizes
at E4(1,1). Otherwise, the evolutionary stable state is E5(0,1).

4. Results and discussions

The equilibrium stability analysis above indicates that joint imple-
mentation of RPS and CET is necessary to drive the transition of power
enterprises when the comprehensive cost of HES is not yet competitive
(P3 < P4). There are two undesirable evolutionary states. The first is
when power enterprises adhere to TG under the policy mix, i.e., E3(1,0).
The second occurs when there is uncertainty about whether to invest in
HES, i.e., the periodic solution aroundEs(x",y").

This section investigates how the key parameters related to the
comprehensive cost, the regulation intensity and the incentive level can
be changed to drive power enterprises to invest in HES, i.e., E4(1,1).
There is no need to discuss the scenario in which the comprehensive cost
of HES can compete with traditional power generation (P3 > P,). That is
when power enterprises eventually invest in HES.

4.1. Impacts from ratio of renewables in HES

Technology costs differ between photovoltaic, wind power, and
clean fossil energy generation. As such, the comprehensive cost-benefit
of HES varies with the proportion of each energy source. We first
examine the influence from the ratio of renewable energy in HES () on
the evolutionary equilibrium, demonstrated in the following proposition
(see proof in Appendix A.3).

Proposition 3. Given the uncompetitive comprehensive cost of HES
(P53 < P4), power enterprises invest in HES under RPS + CET (i.e., E4(1,1))
only when the ratio of renewables in HES (a,) satisfies:

Z fln{ [(1 —7) (Pg _PeTE) —CntCmEt+ bTE] +(1-n (pTGC = ¥go,Pco, + ngf)ipcoz) }Q >Q

Zan[(l —7)(py —piF) —ca+Cre+bre] <br

(16)

Z Qn [ﬂpTGC -(1-n ((ﬂgi)i - (ﬂgoz)Pcoz ]Q > apprecQ + (1 — ) (Eg - (ﬂg)i Q)Pcoz

TGC benefits from power enterprises. Reductions in comprehensive
technology cost increases the tax revenue of local governments, by
increasing the electricity sales of power enterprises. When these changes
make it more profitable for power enterprises to choose HES, and for
local governments to implement and supervise the policy mix, a stable
evolutionary path is created, i.e.,E4(1,1).

Once the technical bottleneck is broken, and the comprehensive

y
1
. 20
& o)
X
0 x* 1

Fig. 1. Evolutionary phase diagram for the periodic solution case.

where Q = bpEQ— (fpg)z - ¢£€§)pCOZQ+ ﬂ,'(Eg - (ngyiQ)Pco2 _
muprecQ.

Proposition 3 suggests that the proportion of renewable energy in
HES helps determine whether power enterprises make the decision to
transition given specific technology levels and policy incentives. The
allocation of the proportions determines the benefits of HES, including
both the carbon and TGC benefits. Power enterprises can control the
comprehensive technology cost by the ratio of renewable energy,
despite that renewable energy not being competitive with coal-fired
power generation. The ratio must reach a specific condition to lead
power enterprises to make the transition investment. This considers
emission factors, costs, and tariffs for different generation technologies,
along with policy regulation and market incentive parameters.

There are realistically limitations in both the power demand and grid
transmission capacity. This makes it difficult to ensure a high proportion
of renewable power generation can be fully connected to the grid.
Moreover, high proportion of renewable power generation may weaken
the peak shaving ability of the power supply system due to the
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constraints of natural conditions. Even if it is economically more prof-
itable to invest in HES with a high proportion of renewable energy,
power enterprises still risk incurring economic losses from renewables
that cannot be connected to the grid and poor peaking capacity.
Furthermore, local governments should not blindly develop renewable
energy by fully acquiring renewable energy power. The large-scale
integration of renewable energy into the grid may pose a shock to the
grid (Ergun et al., 2012). As a result, power enterprises should make
prudent decisions about the effective ratio of renewable energy in its
HES, based on the region’s ability to absorb the renewable energy
(known as its absorption capacity).

The ratio of renewable energy in the HES determined by considering
the absorption capacity may not meet the conditions in Proposition 3.
This means that investing in HES may not have significant benefits, and
power enterprises may not decide to transition. However, changes in
market incentives and policy regulation intensity can accelerate the
transition investment, as discussed in the next subsection.

4.2. Impacts from regulation intensity

There are limitations in how much renewable energy can be absor-
bed. As such, stipulating too high a quota for renewable energy may lead
to social risks, such as power curtailments. This section only discusses
the impact of changing the volume of initial carbon emission permits.

Pors = Y an[(1 = 2)(p2 = pIF) — u +er ] — (015, — X tulo, ~ Pl )peo,
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when the comprehensive cost of HES is not yet competitive. The results
indicate that there are only two undesirable evolutionary states and no
ideal state, i.e., E4(1,1).Thus, we present the following proposition
about the effect of initial carbon emission permits under a single CET
mechanism (see proof in Appendix A.4.).

Proposition 4. Given the uncompetitive comprehensive cost of HES,
as the initial carbon emission permit decreases, power enterprises evolve
from only pursing TG under the single CET mechanism to uncertainty
about investing in HES.

(2) Under the policy mix
The impact of initial carbon emission permits under the policy mix is
presented in the following proposition (see proof in Appendix A.5).

Proposition 5. Given the uncompetitive comprehensive cost of HES,
as the volume of initial carbon permits E; decreases, the following
occurs:

(i) Power enterprises evolve from only pursuing TG under RPS + CET to

investing in HES (i.e.,E4(1, 1)) only when prqgc satisfies the following
condition:

a7

Proc = A-n(San—p) +a

This paper mainly aims to explore the combined effect of imple-
menting RPS and CET simultaneously. For a better comparison, we
investigate the effect of initial carbon emission permits under a single
CET mechanism and the policy mix, respectively.

(1) Under a single CET mechanism

The evolution state is first calculated under a single CET mechanism
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(ii) Power enterprises necessarily evolve from uncertainty about investing
in HES to investing in HES (i.e.,E4(1,1)).

The graphical illustration is provided based on the establishment
conditions associated with ESSs under the policy mix. A linear rela-
tionship between the initial carbon permit E; and the TGC price prgcis
constructed in Eq. (17). The coefficient is affected by the carbon
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Fig. 2. Impact of changes in the volume of initial carbon permits on evolutionary game results under the policy mix (cases where the slope of Eq; is greater than E).
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(18)

Considering the slope and intercept of E;; and Eg,, there are eight
cases when P3 <P,. To be more concise, we present cases where the
slope of E is greater than Egto illustrate the key insights. These are
shown in Fig. 2. The remaining cases yield consistently uniform obser-
vations and are presented in Appendix A.11.

Arealrepresents the value space of each policy parameter when
E3(1,0) is established. When the policy parameter values fall into area II,
it indicates the achievement of a periodic solution. Area III and IV
represent the range of policy parameters whenE4(1,1) is established.
Point A; is an arbitrary point in area II, while points A, and A; are
arbitrary points in area L.

Given pco, and prec, a decrease in E, can drive point A; in area II to
the boundary point B of area III. This is a critical condition of E4(1,1).
The decline of E; may drive point A, in area Ito the boundary point B of
area III. However, the single action of only lowering E; does not drive
the point Az to any location at the boundary of area III. Only points
where the abscissa falls within the prg¢ threshold corresponding to area
I1I can be pushed to reach the critical boundary of E4(1, 1) by decreasing
E,.

The above propositions elucidate that implementing the policy mix
enlarges the effect of the initial carbon emission permit. Under a single
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permits simultaneously increase the carbon burden and the TGC cost
associated with TG. Power enterprises would rather convert this high
expense into new technology investments. A lower volume of initial
carbon permits means that power enterprises can generate more carbon
revenue incentives by choosing HES, which also increases the tax rev-
enue for local governments.

4.3. Impacts from market incentives

4.3.1. COg price
We also investigate the effect of COy price under a single CET
mechanism and the policy mix, respectively.

(1) Under a single CET mechanism

We present the following proposition about the effect of carbon price
under a single CET mechanism (see proof in Appendix A.6.).

Proposition 6. Given the uncompetitive comprehensive cost of HES,
as the COs, price increases, power enterprises evolve from only pursuing
TG under the single CET mechanism to uncertainty about investing in
HES.

(2) Under the policy mix

The following proposition reveals the impact of changing the CO,
price on the evolutionary result under the policy mix (see proof in Ap-
pendix A.7).

Proposition 7.  Given the uncompetitive comprehensive cost of HES, power
enterprises evolve from only pursuing TG and uncertainty about investing in
HES under RPS + CET to investing in HES (i.e.,E4(1,1)), only if the CO2
price satisfies the following conditions and changes in the following interval.

Q=Y an[(1 — ) (pF —pTE) —cu+c1x]Q — (1 — 1) ((ﬂéfb — Y anl, — /ﬁﬂgﬁf)pch

(01, = X anobo, — PolEs ) Q7 (Ee — X o, Q — folicQ)

7> an — f)ProcQ
1 1) (B — X ano, @~ B05Q)

< Pco, <

CET mechanism, the decreases in initial emission permits may increase
the carbon cost of insisting on TG, and decrease the carbon benefit of
investing in HES. Compared with the high technology cost, power en-
terprises can hardly make a definite transition decision to HES. Under
the policy mix, the RPS policy also catalyzes potential TGC revenue.
Power enterprises compare the offsetting effects of both TGC and carbon
benefits to the technological cost. This finding is consistent with Mo
et al. (2016), which claimed that other policy measures complementing
ETS are still needed.

However, the effectiveness of reducing the initial carbon permit is
subject to the compensation level of TGC benefits to comprehensive
technology costs. If the TGC price is low relative to technology cost and
the compensation effect is limited, lowering the volume of initial carbon
permits only decreases the carbon profit associated with HES. This leads
power enterprises to be reluctant to make large expenditures on new
technology. Instead, they still prefer to pay regulation costs by choosing
TG.

If the TGC price is high compared to the technology cost and can
mitigate part of the technology cost, lowering the initial carbon permit
can effectively drive power enterprises to invest in HES. The evolu-
tionary state of both agents fixed in a strategy loop is also consistent with
this situation. A higher TGC price and lower volume of initial carbon

19

The above propositions indicate that implementing the policy mix
may change the effect of the carbon price. A single CET mechanism
cannot make power enterprises transition to HES definitely. The in-
crease in carbon price may raise the carbon cost of insisting on TG.
However, there is no significant market incentive to compensate for the
high technology cost. It can only drive power enterprises to waver on
upgrading the generation structure. The policy mix offers a possible
optimization band for carbon prices to motivate power enterprises to
transition. However, the effectiveness of changing the carbon price is
limited by the relationship between the regulation intensity, TGC in-
centives, and comprehensive technology cost. It only makes sense to
adjust the carbon price to facilitate the transition by power enterprises
when certain conditions are met. This finding is different from previous
studies by Szolgayova et al. (2008) and Roach and Meeus (2023), who
presented that rising carbon prices are conducive to the adoption of
carbon reduction technologies.

4.3.2. TGC price
Similarly, we investigate the effect of TGC price under a single RPS

policy and the policy mix, respectively.

(1) Under a single RPS policy



Q. Su et al.

fe E E
2 1
o15,0/ ’
y, pa: S
v
Il
Z @ 9%0,Q + BPie.Q
0 Prec-max Prec
(a)
Fa E,; E
2 1
»t6,Q FAA
A3\ Ay DA \E;
I . 4C Ey
A}
/ )
> @nplo,@ + BOTEQ
0 Pr6c-max Prec
()

Energy Economics 135 (2024) 107638

EQ E, E
g2 g1
»6,Q
A,/ 1 pAE,
L g\ \
v
I
Z €, 9t0,Q + POt Q
0 Pr6c-max Prec
(b)
Eg E,LE
1Eg2
»t6,Q o
2\ \ A DAl 'E,
|
IV
n TEC 1l
Z n9c0,Q + BPco,Q
0 Prec-max Prec
(d)

Fig. 3. Impact of changes in the TGC price on evolutionary game results under the policy mix (cases where the slope of E; is greater than Eg).

The evolution state is first calculated under a single RPS policy when
the comprehensive cost of HES is not yet competitive. The results show
that there is a critical state evolving towards an undesirable equilibrium
outcome and a desirable state, i.e., E4(1, 1). Thus, we draw the following
proposition to reveal the impact of changing the TGC price on the
evolution result under a single RPS policy (see proof in Appendix A.8.).

Proposition 8. Given the uncompetitive comprehensive cost of HES,
as the TGC price increases, power enterprises evolve from the undesir-
able critical state under a single RPS policy to investing in HES (i.e.,
E4(1,1)).

(2) Under the policy mix

The following proposition reveals the impact of changing the TGC
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price on the evolution result under the policy mix (see proof in Appendix
A9)).

Proposition 9. Given the uncompetitive comprehensive cost of HES,
as the TGC price increases, power enterprises evolve from only pursuing
TG and uncertainty about investing in HES under RPS + CET to investing
in HES (i.e.,E4(1,1)).

Fig. 3 provides a graphical interpretation of this, where the slope of
Eg is greater than Eg,. The remaining cases with identical viewpoints are
listed in Appendix A.11. Increasing prgc can drive point A; to point C
with a given E; and pco,. Such an increase can also drive points A, and
A3 to point D. Both points C and D are located at the boundary of area III,
which is the critical condition of E4(1,1).

The above propositions indicate that raising the TGC price may
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Fig. 4. Impact of changes in the dual parameters on evolutionary game results under the policy mix (cases where the slope of E; is greater than Ej).
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incentivize power enterprises to invest in HES, either under a single RPS
policy or the policy mix. Regardless of whether the CET mechanism is
implemented, increasing the TGC price may increase the incentive effect
and promote the transition. This finding aligns with Deschenes et al.
(2023). The TGC price belongs to the key elements of RPS policy, and
serves as the equivalent of a renewable energy subsidy under the market
mechanism. As the TGC price incrementally increases, the increase in
TGC revenue provides a higher compensation effect to mitigate the
technology cost. Power enterprises tend to invest in the transition when
the TGC price is higher. The TGC revenue generated by power enter-
prises also offer more tax revenue. Local governments tend to guide and
supervise the policy implementation and the corresponding market.
There is also a difference in the floor TGC price that effectively
promotes the transition. The condition of the TGC price that makes the

(1-mx) <¢§€2 = 2 o, — ﬂ‘l’g)ﬁ)PCOZ
m( 3oy —p) '

Prec < max

Pors = Y aa[(1 = ) (p2 = PI%) — o + x| — (1= ) (05, — Y anol,
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For point A;, the line segments A;C and A;B represent the minimum
variation of E; and prgc, respectively, needed to drive point A; to the
critical condition of area III. The length of any arrow inside the triangle
AA;BC starting from the point A; is shorter than the line segments A;C
and A;B. That means the point A; along the yellow arrow reaches area
III faster. The same is true for point A,. Simultaneously reducing the
initial carbon permit and increasing the TGC price is more efficient than
using one of the two changes alone to drive the transition.

Additionally, we propose another corollary about the efficient vari-
ation interval with respect to the TGC price under the policy mix (see
proof in Appendix A.10.).

Corollary 2. To avoid the policy redundancy, the TGC price should be
within a reasonable interval, expressed as:

(20)

- ﬁw£€§ )Pco2

Q-m(Xan—p)+p

reduction of the initial carbon permits effective, as presented in Prop-
osition 5, also represents the minimum TGC price under the policy mix,

denoted as pMX. The minimum TGC price under a single RPS policy is

PR (detailed in Appendix in A.6). It is clear that p§X < pR. . The floor
TGC price under the policy mix is lower than that under a single RPS

policy.

4.4. Policy coordination

The above analysis reveals that while these two policies create
different effects, they still have an overlap effect. First, the synergistic
implementation of CET and RPS can enable decreasing initial carbon
permits to be an effective facilitator of the transition. Second, the syn-
ergistic implementation can reduce the demand for market incentives by
lowering the floor TGC price which effectively promotes the transition.
It means that the CET mechanism provides some compensation against
the comprehensive technology cost.

Furthermore, we propose the following corollary, together with
presenting Fig. 4, to illustrate the policy optimization initiatives that
effectively facilitate the transition by power enterprises under the policy
mix.

Corollary 1. (i) Raising the TGC price definitely promotes the transition to
HES, while lowering the volume of the initial carbon permit may not neces-
sarily work.

(ii) Simultaneously increasing the TGC price and lowering the volume of
the initial carbon permit can certainly promote the transition to HES by power
enterprises, and improve the efficiency of evolution to the transition to HES.

Corollary 1 suggests that coordinated dual policy implementation
provides a higher level of policy efficiency than a single policy measure.
To be specific, when a single increase in carbon regulation intensity does
not effectively promote the transition, supplemental TGC incentives
become critical. As illustrated in Fig. 4, point A3 can reach area III along
the purple arrow, corresponding to a simultaneous decrease in E; and
increase in prgc. Further, when the single measure of reducing the vol-
ume of initial carbon permits does work, a parallel increase in TGC in-
centives can induce power enterprises to transition faster. Points A; and
Aj can reach area III by concurrently reducingE, and increasing prec.
The amplitude of simultaneous changes is shown by the yellow arrow.

Corollary 2 is proposed to shed light on the coordination interval
between the RPS policy and the CET mechanism. A higher TGC price
furnishes power enterprises with attractive TGC benefits to offset ex-
penditures on the new technology, similar to early feed-in tariffs in
China (Li et al., 2019). In Fig. 4, the arbitrary points E; and E, inside
area IV represent this circumstance, which can realize the evolutionary
stable equilibrium of E4(1, 1) independent of the E; value. The presence
of carbon benefits does not affect the decision of power enterprises to
transition to HES. If more initial carbon permits are allocated compared
to the actual emissions from the HES, the excess allocated permits pro-
vide a net profit to the power enterprises. However, local governments
have to spend unnecessary carbon expenditures, reflecting a policy
redundancy. This finding is consistent with Yi et al. (2019), which
believed that one policy may become ineffective if another is more
stringent. As illustrated by Feng et al. (2018) and Yan et al. (2022),
guaranteeing the effective coordination of policy combinations is
extremely important.

Further, regulators usually need to guide and supervise that the TGC
price fluctuates within a reasonable range. An extravagant TGC can
discourage consumers, resulting in an oversupply and market disorder.
The synergistic implantation of the RPS policy and CET mechanism
provides a binding effect on the ceiling TGC price. It can be controlled
based on the relevant factors in the carbon emission market, rather than
blindly compensating for the cost-effectiveness of new power
technologies.

5. Conclusions and implications

The transition of conventional energy power enterprises to a hybrid
energy system is an effective direction for encouraging the high-quality
development of renewables and the low-carbon transition of the power
sector. The main objective of this study is to examine how the combined
mechanism of RPS and CET influences investments in a hybrid energy
system. By constructing an evolutionary game between local govern-
ments and power enterprises, the study identifies the evolutionarily
stable equilibrium between the policy mix and the transition to a HES.
This paper further theoretically analyzes the effects of core parameters
on the equilibrium outcomes and the coordinated development bound-
ary of the policy mix.
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Our results demonstrate that the evolutionarily stable strategy de-
pends on the comprehensive technology cost of the hybrid energy sys-
tem, the incentive level from the trading market, and the regulation
intensity of the policy mix. When the hybrid energy system cannot
economically compete with traditional power generation, external pol-
icy regulation or policy incentives provide a necessary thrust. Under the
coexistence of RPS and CET, power enterprises can ideally determine
whether to invest in a hybrid energy system through the structure of a
multi-energy power generation pattern. In reality, however, a region’s
ability and capacity to absorb renewables must be considered.

In particular, it has been found that the RPS policy and CET mech-
anism together have an additive effect on promoting the transition to a
HES, yet remain distinct. Whether under a single RPS policy or the
policy mix, the role of increasing the TGC price in facilitating the tran-
sition is remarkable. Under a single CET mechanism, optimizing initial
carbon permits or the carbon price can merely sway power enterprises to
stick with traditional energy. In contrast, lowering initial carbon permits
with fixed TGC incentives facilitates the transition effectively under the
policy mix. A carbon price interval that potentially facilitates the tran-
sition emerges, constrained by the new technology cost. The policy mix
also reduces the TGC incentives required to promote the transition.
Moreover, simultaneous increases in TGC price and reductions in initial
carbon permits contribute more efficiently to the transition than the
single measure. Notably, a steep TGC price can render the CET mecha-
nism meaningless.

The results above point to important policy implications and
recommendations.

First, a scientific and rational policy mix concerning RPS and CET
can give full play to the synergistic effect and more efficiently foster the
development of a hybrid energy system. Under the premise of regional
absorption ability for renewables, the governments should sensibly
control the carbon regulation intensity. It is necessary to consider
reducing free carbon permits appropriately or adopting a billed alloca-
tion method for initial carbon permits to facilitate the transition of
conventional power enterprises.

Second, local governments should perform their regulatory functions
and control the TGC price within a certain range. It is a critical condition
to maximize the efficiency of the policy mix and achieve the stable
operation of the market mechanism. If market factors are completely
freely allocated, inefficiency and market failure may occur. The

Appendix A. Appendix

A.1. Proof of Proposition 1
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incentive effect cannot be realized when the TGC price is too low. The
orderly operation of the market economy is damaged when the TGC
price is too high. It will also lead to needless implementation of the CET
mechanism, implying policy redundancy.

Third, technological innovation measures should be consistently
strengthened to drive decreases in clean energy technology cost, and to
enhance the capacity of the grid infrastructure to absorb renewables. A
low technical cost can encourage power enterprises to invest in gener-
ating clean energy power. Ideally, transition investments no longer
depend on incentives or regulation measures. While achieving techno-
logical progress, it’s also conducive to reducing financial expenditures
by local governments. Power enterprises should invest in as much
renewable energy as possible in the long run, but are subjected to grid
capacity. Upgrading the grid-connection technology, strengthening grid
resilience, and improving the grid reliability are ways to fundamentally
improve the absorption capacity of the power grid and achieve a high
percentage of renewable energy supply.

This paper does have some limitations. For example, the research
does not explore supply and demand within the electricity market, CET
market, and TGC market. The electricity price, carbon price, and TGC
price are all modeled as deterministic parameters. Incorporating un-
certainty deserves further research. Besides, this study assumes there is
no expansion in power generation capacity. Capacity expansion in-
vestment to address growing electricity demand may lead to additional
interesting conclusions. These extensions highlight future research
opportunities.
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The equilibrium points of the evolutionary game are determined by setting the replicator dynamic equations equal to 0.

{F(X) =x(1-x){G2 — G4 +y[(G1 —G3) — (G2 — G4)]} =0
F(y) =y(1 —y){P3 = P4 + X[(P1 —=P2) — (P3 = P4)] } =0

Equation Section 1 (A1)

In the solution domain R = {(x,y)|0 < x < 1,0 <y < 1}, there are four distinct equilibrium points, i.e. (0,0), (0,1), (1,0) and (1, 1). Additionally,
point (x",y") may exist in the domain, but are subjected to the following conditions.

{Gz =G4 +Y[(G1 —G3) — (G2 —G4)] =0
P3 7P4 +X[(P1 7P2) - (Pg 7P4)} =0

(A.2)

By solving the above equations, another solution can be yielded as follows.

.. P, — P, GQ—G
by)= ((prpﬁf(;l P @G- (G *Gﬁ)

(A.3)

There are five equilibrium points for the dynamic system D when both x* and y" fall within the range of the solution domain R. As such, Prop-

osition 1 is proven.

A.2. Proof of Proposition 2

Since Y- an > pt, Y. @@, Q+ P Q < Eg < 9 Q, and 7 € (0,1), we know Gz — G4 > 0. The relationship between P; — P, and P3 — Py is dis-
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cussed below.
Py —Py=> ay[(1-1)(p )—cn+cTE}Q—/)’brEQ+[(1—;:)(Zan—ﬂ)+,,]pmq
+Hl-n ( =3 o, Q - Pl Q)pco, — (E; — 015, Q)pco.
= (Ps =P+ (1 =m) (D aw—n) + 1 |precQ
+(1 - 7) (B = > anlio,Q ~ Aot Q)pco, — (Es — 985,Q)pco,

If P, < P,, then P3 < P, holds. There is no case that satisfies P; < P, and P; > P,. Thus, the existence conditions for ESS are discussed in six
scenarios (see Table. A.1.). By summarizing the determination of detJ and trJin each case, Proposition 2 is proved.

(A.4)

Table A.1
The evolutionary stability analysis under RPS + CET in various scenarios.*

Scenario P, <Py Scenario Py > P,
Points detJ trJ State Points detJ trJ State (Scenarios) Points detJ trJ State
G > G3 G > G3
E1(0,0) - / Sp F1(0,0) - / Sp E1(0,0) + + UNS
E2(0,1) + + UNS E»(0,1) + + UNS E»(0,1) - / Sp
Py <Py E5(1,0) n - ESS Py <Py E5(1,0) - / sp Py > Py Es(1,0) - / sp
E4(1,1) - / SP Es(1,1) + - ESS E4(1,1) + - ESS
G1 < G3 G < G3
E1(0,0) - / SP E1(0,0) - / sP E1(0,0) + + UNS
E»(0,1) - / Sp E(0,1) - / SP E»(0,1) + - ESS
Py <Py Es(1,0)  + - ESS Py <Py Es(1,0) - / sp Py > Py Es(1,0) - / sp
E4(1,1) + + UNS E4(1,1) / Sp E4(1,1) / SP
* Abbreviation in the Table: Evolutionarily stable strategy (ESS), Unstable state (UNS) and Saddle point (SP).
A.3. Proof of Proposition 3
P, > P,
Given P3 < P4, the threshold of a,,, when E4(1,1) holds, is calculated according to the condition { Ps < P4 by substituting p =1— > an.
G1 > G3
Zan{ [(1 —7) (P;1 *PETE) —Cn+CE + bTE} +(1-n) (pTGC - (Pgozpcoz + fﬂggipcm) }Q
> brgQ — ((/’co2 (pcoz)pCOzQ +7 ( — 9o, Q)Pco2 — pr6cQ (A5)

Zan n—DiF) —Ca+Crp+ b ] < b

Z Qn [ﬂPTGc -(1-n) (W(T;f)(; - QJZOZ)PCOZ ]Q > mpprcQ+ (1 — ) (Eg - (ﬂg(; Q)Pco2

Accordingly, Proposition 3 is proven.
A.4. Proof of Proposition 4

Gic and Pj¢ are denoted as the revenue of both agents under the single CET mechanism. By supposing prec = 0in Section 2.2, we get the value of Pj¢
and Gjc. Equilibrium points and determination rules of equilibrium stability are consistent with the previous content. With P3¢ < P4¢ , the existence
conditions for ESS are discussed in Table. A.3. The only evolutionarily stable strategy is E3(1,0).

Table A.3
The evolutionary stability analysis under CET in various scenarios.

Scenario Pic < Py Scenario Pic > Py
Points detJ trJ State Points detJ trJ State
Gic < Gsc Gic < Gsc
Psc < Psc E1(0,0) / SP Psc < Pyc E(0,0) - / SP
E»(0,1) - / SP E2(0,1) - / SP
E5(1,0) + - ESS E3(1,0) - / Sp
E4(1,1) + + UNS E4(1,1) - / SP
The derivatives of P1¢ — Py¢c with respect to E; is derived as follows.
0(Pic — Pyc)
—E 7Pco, <0 (A.6)
Eg

Py — Py decreases with E,. Letting Pi¢c — Py = 0 gives the zero-point

11
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[‘ﬂg)z -1 _”)<Zan‘ﬂ602 ""ﬂ(ﬂcoz) }Q Zan[ Q-x (p —pr ) —Cn +CTE}Q—ﬂbTEQ
Eg - T 7Pco. &.7)

As Eydecreases and satisfiesE, < Eg, thenP;¢ > Pycholds. It fulfills the establishment condition of the period solution.
Accordingly, Proposition 4 is proved.

A.5. Proof of proposition 5
(1) When the evolutionarily stable strategy is E5(1,0).

There is P; < P,. WhetherG; > G3 or G; < G3 does not affect the evolution result. The derivatives of P; — P, and G; — G3 with respect to E, are
derived as follows.

B(Pl - Pz)

aEg = —Pco, < 0 (A.S)
UG =Cs) _ (r—1)pco, < 0 (A.9)
OF,

Both P, — P, and G; — G3 decreases with E,. Letting P, — P, = Oand G; — G3 = 0 gives the zero-point, respectively.

[0, — (1= m) (S, + b0l ) |Q

g, (=0 a—p) +4]Q
'g—P — T

Prec + pu
Pco, (A.10)
Y an[(1 =) (ps —pi¥) —ca+cm|Q— fbQ
I 7Pco,
By = % e+ Y oo, + P, Q (A11)

AsEgdecreases and satisfiesE, < min{Eg,p7 Eg,G}, bothP; > P, and G; > Gj3 holds. It fulfills the establishment condition of E4(1, 1). It is worth noting
that, due to 3" a.gQo, Q+ foee. Q < E; < ¢, Q, lowering E, to be meaningful also requires fulfilling min{E, p,E; ¢} > " angslly, Q+ Boge. Q.

Since Eg_g > Y angf, Q + P e, Q distinctly holds, the following threshold of prcis derived through letting E;_p > >~ an%o, Q+ S

Pbrs — > an[(1 — 7) (pF —pIE) — cn+cre ] — (wgfb = 2 o, — ﬁ(PgI(E)(;)pCOZ
Q=m)(Xan—p)+pu

That is, decreasing in Egcan effectively drive the equilibrium outcome from E5(1,0) to E4(1,1) only if prgc meets a certain range of values.

(A.12)

Prec >

(2) When the evolution result is the periodic solution around Es (x*7 y*).

P, > P,
Thereis { P; < P4 . The evolutionary phase diagram is divided into four regions by x" and y*. The derivatives of x" and y" with respect to prg¢ are
G1 < G3
derived as follows.
Lxﬁf *{Zan[(lfﬂ)( Z*PeTE) *CnJrCTE]Q*/}bTEQ}ﬂPCOZ (A.13)
0E, N 2 ’
 { (7 — 085,Q)pco, + (1~ 1) ( X antto, + Pl )Peo,Q ~ [(1 = 1) (X an — )+ lprac |
" —Pco, [(1 —7) ((ﬂgf)z - o, — ﬁ(ﬂcoz)Pco2 (Y an— pTGCQ} 814
3, : A14)

[(f/’g)zQ - ”Eg)pcoz + (” -1) ( Z anrpzon + ﬁwE’éﬁQ)pcoz - ”( Z an — ﬂ)PTGcQ]

When P; < P, and G; < Gs, we have - "X - > Oand ”y < 0.x" is an increasing function with respect to E,, while y" is a decreasing function with respect

to E,. As E, decreases, x"decreases, and y increases. The area of Region @IV in Fig. 1. becomes larger, and the system tends to converge to E4(1,1).

However, E,4(1,1) is still a saddle point.E; ¢ < E, < Eg_pand min{E; p,E; ¢} > Y 2920, Q + ﬁ(pgf)iQ indeed hold when P; > P, and G, < G3. Provided

that Egdecreases to satisfy E; < min{Eg,P,Eg,G}and enable G; > G3, the periodic state is removed. The system evolves to E4(1,1).
As such, Proposition 5 is proved.

A.6. Proof of Proposition 6

The derivatives of P1¢ — Po¢ with respect to pco, is derived as follows.

d(P1¢c — Pyc) n
e = (1) (B~ Yo, Ant5Q) — (B 05,Q) > 0 (19

Py — Py¢ increases with pco,. Letting P1c — Po¢c = 0 gives the zero-point.
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c pbeQ — > a, [(1 — 1) (PZ —PeTE) —Cn+ CTE}Q
co, = p— . (A.16)
(1 - m)(E — S annlo,Q - olicQ) — (Ee — 05,Q)
As pco,increases and satisfiespco, > pEOZ, thenP;¢ > Pycholds. It fulfills the establishment condition of the period solution.
Accordingly, Proposition 6 is proved.
A.7. Proof of Proposition 7
(1) When the evolutionarily stable strategy is E3(1,0).
The derivatives of P; — P, and G; — G3 with respect to pco, are derived as follows.
()(P 1 — P 2) n n
7@175.02 = ((ﬂgf)g - Z an(pc‘oz - ﬁfﬂ?éi) Q - ﬂ(Eg — Z an(pcon — ﬂ(pgg(; Q) >0 (A17)
9(G1 — Gs) TEC
——==(n—-1)(E,— o, Q—p <0 (A.18)
Pco, ( )( g Z Pco, Poco, )
P, — P, increases with pco,, while G; — G3 decreases. Letting P; — P, = Oand G; — G3 = 0 gives the zero-point, respectively.
» _ PbQ — Yo [(1 —7)(pp —piF) —cat e ]Q—[(1 - 2) (X an —p) + 4 ]ProcQ (A.19)
CO,—P = .
(012, = X anlo, — Aolis )@ — n(Ee — X ant,Q — Q)
(> an —
Peo, ¢ = (2t~ 1procQ (A.20)

1-nm) (Eg =D 0, Q — ﬂ%ﬁ‘jQ)

When pco, > pco,-p, We have P; > P,. When pco, < Pco,-g, we have G; > Gs. There is no way to determine the magnitude relationship between
Dco,-p and Pco,—g. Only when pco, » < Pco,-6, @ change in pco, may drive system D to evolve towards E4(1,1).

(2) When the evolution result is the periodic solution around Es(x",y").

The derivatives of x" and y" with respect to pco, are derived as follows:

01(3);; - 7{ Zan[(l —m)(pe —pe") — e tem]Q *ﬁbTEQ}
[#(Be — Snso, @~ poEEQ) — (w8, — S anslo, — Pt )] @a.21)

{ <ﬂEg - wg’ézQ)Pcoz +(1-n) ( > glo, + ﬂ‘ﬂg}éi)Pcon —[Q =) (X an — ) + plprecQ }2

& - ((pg’ézQ - Eg) (Y an — u)PracQ

p 2 (A.22)
0 [ (#5,Q = 7B, Jpco, + (2= 1)( T angto, @ + ol Q)Peo, — (X an — w)procQ|

With P; < P4, we have l)lfgo < 0and % < 0. Both x" and y" are the decreasing function with respect to pco,. Thus, the influence of changes in pco,
2 2

on Area @ in Fig. 1. is uncertain. Similarly, only when pco,_p < Pco,-g, changes in p¢o, break the periodic solution.
As such, Proposition 7 is proven.

A.8. Proof of Proposition 8

Gir and Pjr are denoted as the revenue of both agents under the single RPS policy. By supposing pco, = 0 in Section 2.2, we get the value of Pjr. As
for G, it is reconstructed as described in Section 2.2. Equilibrium points and determination rules of equilibrium stability are consistent with the
previous content. With Psg < P4z , the existence conditions for ESS are discussed in Table. A.2.

Table A.2
The evolutionary stability analysis under RPS in various scenarios.*

Scenario Pigr < Par Scenario Pig > Par
Points detJ trJ State Points detJ trJ State

Gir > Gar Gir > G3r

P3g < P4r E1(0,0) 0 - CP P3g < P4r E1(0,0) 0 - CP
E»(0,1) + + UNS E»(0,1) + + UNS
E3(1,0) 0 - cp E3(1,0) 0 + UNS
E4(1,1) - / SP Eq(1,1) + - ESS

“ Abbreviation in the Table: Critical point (CP). When detJ = 0 and trJ < 0, the LEP is a critical point. When detJ = 0 and trJ > 0, the LEP is unstable.

The critical point may be either a stable point or a saddle point. Since none of the critical points are ideal results, we do not expand on it. The only
evolutionarily stable strategy is E4(1,1), and there is P1g > Pog. The derivatives of Pig — Pog with respect to prgc is derived as follows.

13
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a(Pl(;;TGCPzR [*”(Z“n )+”]Q>0 (A.23)

Pjr — Py increases with prgc. Letting P;g — Pogr = O gives the zero-point.
o~ :ﬂbTEQ_Ean[(l_ﬂ)(PZ_pZE) _Cn+CTE}Q
ree (1 -m)(Xan—p) +1]Q

Asprecincreases and satisfiesprge > p%;c, thenPig > Porholds. It fulfills the establishment condition of E4(1,1).
Accordingly, Proposition 8 is proved.

(A.24)

A.9. Proof of Proposition 9
(1) When the evolutionarily stable strategy is E5(1,0).

The derivatives of P; — P, and G; — G3 with respect to prgc are derived as follows.

G(Z;TGCPZ {1 ﬂ(Zan )+ﬂ}Q>o (A.25)

%—ﬂ(Zan #)Q>0 (A.26)

Both P; — P, and G; — G3 increase with prgc. Letting P; — P, = Oand G; — G3 = 0 gives the zero-point, respectively.

7/ijEQ Y an[(1—7)(p? —piF) —ca+c1x]Q
Prec-r (-1 an—n) +#1Q

(1 -7 (B — X anto,Q — po5Q)pcos — (Eg — 0%,Q)peo
(T=m(Ta—w+11Q

(A.27)

(1= 1)(E; ~ X auglo,Q ~ Aot Q)peo.
Prec-6 = (> an - 1)Q

Asprgcincreases and satisfiesprge > max{prec_p,Prec—c}, bothP; > P, and G; > Gs hold. It fulfills the establishment condition of E4(1,1).

(A.28)

(2) When the evolution result is the periodic solution around Es(x",y").

The derivatives of x* and y* with respect to prgc are derived as follows:
o _ { X an[(Q =) (P} —pi¥) = cn + € |Q = pbreQ}[(1 = m) (X atn — 1) +11Q

Proc 5 (A.29)
Proc { (ﬂEg - wE’éZQ)Pcoz +(1-n) ( > o, +ﬁ<ﬂ§’é§)Pcon —[A-m)(Xan—p)+ /tlpch}

o peo. (¢15,Q ~ Eo) (X aw — 0)Q
oproc Q- E, _ 2
‘Pcoz 7Eg |pco, + (7 — 1)( D angpo, +[3§0502 Pco,Q — (3 an — #)ProcQ

Since 3" an > 1, Y anglo, Q+ P e, Q < Eg < 08, Q, Prac > 0, and « € (0,1), given P3 < Py,
with respect to prgc, while y” is an increasing function with respect to prc. As prec increases, x° decreases, and y increases. The area of Region @ in
Fig. 1. becomes larger, and the system tends to converge to E4(1, 1). However, we have prec_¢ > Prec > Proc_p When P; > P, and G; < G3. That means
E4(1,1) is still a saddle point. Only if prgcincreases to satisfyprec > max{prec-»r, Prec—c fand enable G; > Gs, the periodic state is broken. The system
definitely evolves to E4(1,1).

Accordingly, Proposition 9 is proven.

(A.30)

e > 0 x" is a decreasing function

A.10. Proof of Corollary 2

Since 3" ang,Q+ BoieQ < Ey < ¢l Q, substituting E, = ¢% Q into proc_pand prc_c derives the following thresholds:

Pbrs — Z On [(1 - (p? —PZE) —Cn + CTE} -(1-n) (f/%%z - Z(ln’l"éoz - /ffﬂggi)l’coz

Procr = (I =m) (X an—p) +n (A-31)

: (1 - ) (8%, = ¥ anglo, — Pl JPco.
Prec—¢ = (> an — 1)
If prac > max{Pyge_p:Proc_g }» the system consequentially evolves to E4(1, 1)regardless of the value of E,. To ensure the significance of Eg, it should

satisfy prec < max{Prec_p:Proc_c}-

(A.32)
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A.11. Supplement of graphical exposition

0 Prec-max  Prec 0 Pr6c-max Prec

(a) (b)

Z 90,0 + BOLSQ Z €, 90,Q + BOLESQ

0 Pr6c-max  PTGC 0 Préc-max Prec

(c) (d)

Fig. A.1. Impact of changes in the TGC price and the volume of initial carbon permits on evolutionary game results under the policy mix (cases where the slope of Eg;
is less than Ejy).
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