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ABSTRACT

Electricity and carbon trading towards carbon reduction are highly coupled. The research on joint
trading is essential for helping companies identify optimal strategies and enabling policymakers to
detect potential policy loopholes. This study presents a novel game theory optimization model
involving both power generation companies (GenCos) and factories to explore optimal operation
strategies under electricity-carbon joint trading. By fully capturing the operational characteristics
of power generation units and the technical energy consumption of electricity-consuming enter-
prises, it describes the relationship between renewable energy, fossil fuels, electricity, and carbon
emissions detailedly. Considering the correlation between production volume and price of the
same product, the case actually encompasses three trading systems: electricity, carbon, and com-
modities. Transforming this nonlinear model into a mixed-integer linear form through piecewise
linearization and discretization, this study examines, through a virtual case with three GenCos and
four factories, the impact of various emission reduction targets, comparisons of different carbon
allocation mechanisms, and the influence of allowing zero-emission companies into carbon trad-
ing. Results reveal that since consumers may cut production rather than implement low-carbon
technologies to lower emissions, driving up product prices to maintain profits, high electricity, and
carbon prices become unsustainable for GenCos due to reduced electricity demand. Moreover,
while intensity mechanisms can incentivize production, overall system profits decrease, which is
undesirable for policymakers. Lastly, under strict carbon reduction targets, zero-emission compa-
nies may transform the carbon market into a seller's market by purchasing carbon to raise carbon
prices, thereby reducing electricity prices and lowering their operating costs.

Keywords: electricity-carbon joint trading, game theory optimization, Nash equilibrium, decarbonization strat-
egy, electricity-consuming factories

INTRODUCTION

It is a consensus that trading is the most effective
way to achieve carbon emission reductions [1]. Currently,
in most parts of the world, both electricity and carbon
trading exist, which are both capable of decreasing car-
bon emissions. The high overlap in the range of trading
participants and the high correlation of traded items
make electricity and carbon trading deeply coupled [2].
The transaction behavior and equilibrium of joint trading
must be emphasized. Corporations can acknowledge
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their reasonable and optimal decisions for higher profits
in advance and policymakers can both verify the validity
and detect potential policy loopholes.

Previous studies about the electricity-carbon joint
transaction mostly focus on power generation companies
(GenCos) [3, 4], while a large number of electricity con-
sumers directly emitting CO2, such as steel producers,
participate in carbon trading. Although a few studies in-
cluded electricity consumers before, their descriptions
were quite simplified. Studies provided relatively detailed
descriptions of end-users only primarily relied on the
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inverse function relationship between electricity price
and demand [5], load curves and utility functions [6, 7].
The relationship between the consumption of electricity
and fossil fuels in electricity consumption companies is
seldom depicted. Thus, the transaction behavior of this
class of firms participating in the electricity-carbon cou-
pled market is always simplified. In addition, the compet-
itive market for products between similar firms is natu-
rally present and indispensable. Due to its prevalence
and importance, the product market is one of the most
vital factors for companies to make decisions [8], while it
is hardly taken into consideration in previous electricity-
carbon joint trading studies.

Therefore, this study proposes a novel game the-
ory-based optimization model that includes both GenCos
and electricity-consuming factories. Considering both
the electricity-carbon joint trading and the competitive
trading for substitution of similar products, this model de-
tailedly depicts the correlations between the consump-
tion of fossil energy, renewable energy, generation and
consumption of electricity, as well as carbon emissions,
through technologies and infrastructure, thereby obtain
the Nash equilibrium for triple trading that is closer to the
real trading situation. Moreover, this model is imple-
mented on a virtual case with 3 GenCos and 4 electricity-
consuming companies to discuss three problems: the en-
terprises’ operational strategies under varying emission
reduction requirements, the pros and cons of cap and in-
tensity carbon quota allocation mechanisms, and the im-
pact of integrating zero-emission enterprises into carbon
trading.

METHODOLOGY

Modeling of power generation companies

The total power supply of each GenCo in each time
slice s in one day can be written as Eq.(1), where n de-
notes the efficiency of batteries and the duration of each
time slice is one hour, indicating that it is the sum of all
kinds of generation gi and the net discharge of battery.
This day is assumed to be the only representative day in
a year. The power generation of each technology,
DYaenco,s,gis 1S F€Stricted by its installed capacity and max-
imum operation hours. Additionally, for simplicity, the fuel
consumption and carbon emissions of GenCos are di-
rectly proportional to the corresponding fossil fuel power
generation. The longest continuous charging and dis-
charging time is limited to 2 hours.

Dg.SUMgGencos = Dgi PIGenco,s,gi T PW- AiSChargegenco,s * 1
—pw. ChargeGenCo,s/n (1)

The operational goal of power generation compa-
nies is to maximize their positive profit, which can be ex-
pressed as Eq.(2), where the income equals the product
of power supply and electricity price, fix.costgenco
Lietal. / LAPSE:2025.0362
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denotes the average annual investment and operating
costs of generation units, pg. grid. costgenc, i considered
as the electricity grid connection cost that enterprises
need to undertake, ramp.costgenc, refers to the addi-
tional costs caused by changes in the output of fossil en-
ergy units.

PY-Profitcenco = LsPY- SUMGenco,s * €Ps * 365
—fix.coStgenco — grid.coStgenco
—fuel.costgenco — ramp. costgenco
—Yspg.tradecarbongenco s * cps * 365 (2)

Obviously, due to the product of two variables, both
from electricity and carbon trading, our model becomes
nonlinear, as summarized in Eq.(3). To linearize it, we dis-
cretize the variable y to {¥;} and introduce binary varia-
bles b;, transforming the problem into Eq.(4), where M is
a positive big number. In our model, the price is discre-
tized.

z = xy,x and y are all constant variables (3)
z=vY;
y=XibY, Yibi=1 (4)

Vi<x, vi2x—M({—-b), vi<Mb;, y;=—-Mb;

Modeling of electricity-consuming companies

In our case study, there are four factories A~D and
only their direct carbon emissions are recognized to
avoid duplicate accounting. Factory A and Factory B are
both equipped with the same two technologies, butin dif-
ferent proportions, producing identical products P. Fac-
tory C does not emit CO2, and only meets known electric-
ity needs through purchased electricity and self-pro-
vided energy storage batteries. Factory D needs to com-
plete the signed orders through two technologies. The
operational goal of the four factories is the maximization
of their positive profit. The revenue of Factory A and B is
the product of their output and commodity prices, while
the revenue and output of Factory C and Factory D have
been determined through contracts. In order to describe
the competition market for similar products P, we use the
Cournor model to describe the negative correlation be-
tween production and price, as shown in Eq.(5), where
fac € {A, B}, pi stands for two production technologies
and a, b are given parameters. This relationship is linear-
ized by EqQ.(6), where K is given.

P.price = a — b * Y rqc pis P-producesyc pis (5)

KUt KD oy X2 12,0 (6)
) —_— n ’ - yey iy

P.price = a —
p n n

The costs of all four factories consist of fixed costs,
production costs, fuel costs, electricity purchase costs,
and carbon trading costs. Production costs are positively
proportional to production volume, which is strictly lim-
ited by installed infrastructure. In addition, for Factories
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A, B and D, due to the different demands for fuels and
electricity required by various technologies, and the con-
sumption of fossil fuels often accompanied by carbon
emissions, this model can reflect the negative correlation
between the average electricity demand and direct car-
bon emissions per unit production of factories.

Modeling of electricity-carbon joint trading
and calculation of Nash equilibrium

Not considering the transaction center, our model
assumes equal buying and selling prices for electricity
and carbon, with prices stable throughout the day. Elec-
tricity trading should be in real-time and meet supply and
demand balance. Carbon trading also needs to meet the
supply and demand balance requirement. Unlike electric-
ity trading, carbon trading only requires companies to ful-
fill their emission obligations at the final moment.

This model directly uses the results of Nash equilib-
rium to solve the equilibrium in the joint transactions, as
shown in Eq.(7a), which equals Eq.(7b). Obviously, this
introduces significant nonlinearity to the model. There-
fore, special ordered sets of type 2 (SOS2) variables, 1;,
are introduced to make our model linear, as shown in
Eq.(8).

max Obj = HGenCo profitGenCo Hfactoryi profitfactoryi (73)

-

%

Coal: 600 MW = P
Gas: 200 MW ﬁ
PV: 900 MW

Storage: 180 MW  GenCol

Coal: 900 MW ~
Gas: 200 MW =
PV: 300 MW

Storage: 60 MW

Coal: 900 MW
Gas: 200 MW
PV: 300 MW

)
Ri
Storage: 60 MW GenCo3
Power generation companies /

Figure 1: The diagram of the case study

Table 1: Detailed information of PT1 and PT2

Electricity
Trading

max obj = ZGenCo LN(prOfitGenCo)

+ Zfactoryi LN (profitfactoryi) (7b)
profit =Y;A; x i
LN(profit) = Y; A; x LN (i) (8)
Xidi=1

In conclusion, this research set up a nonlinear prob-
lem(NLP) and transform it into a mixed-integer linear pro-
gramming(MILP) problem through methods including dis-
cretization and piecewise linearization to describe the tri-
ple trading of electricity, carbon, and commodities involv-
ing both power generation and consumption companies.

CASE STUDY

A diagram of our case study, including fundamental
settings, is illustrated in Figure 1. Battery charging and
discharging efficiencies are set at 90%, and the price for
discharging photovoltaic and energy storage batteries
into the grid is 0.1 yuan/kWh. The costs of coal-fired and
gas-fired power due to changes in output are 0.05
yuan/kWh and 0.01 yuan/kWh, respectively. Electricity
prices range from 0.5 to 1.5 yuan/kWh, while carbon
prices range from 0.2 to 4.5 yuan/kg.

Factory A and Factory B both produce product P us-
ing two technologies, PT1 and PT2, with details provided
in Table 1. The parameters in Eq.(5), a and b, are set as

PT1: up to 45 million tonnes / year
PT2: up to 5 million tonnes / year

| A |
Factory A >_~$ Price =a - b x yield
PT1: up to 40 million tonnes / year
in PT2: up to 10 million tonnes / year
Factory B

Load flexibility: Low

Storage: 23 MW

\ Factory C  Fixed income: 18 billion yuan

Min requirement: 9 billion units / year

a | | | | | Max charging capacity: 400 MW
| P DT1: up to 9 billion units / year
=9 DT2: up to 3 billion units / year
Factory D

Fixed income: 6.75 billion yuan
Load flexibility: High

Power consumption companies

Name Fixed price Produce price Electricity demand CO: Ramp price
(¥ / tonne) (¥/tonne) (kWh / tonne) (kg / kg) (¥ /tonne)

PT1 160 3300 200 2.42 400

PT2 160 3800 600 1.9 200

Lietal. / LAPSE:2025.0362
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Table 2: Detailed information of DT1 and DT2

Name Fixed price Fuel demand Fuel price CO:

(¥ / unit) (kg or kWh / unit) (¥/ ko) (kg / unit)
DT1 0.012 Fossil fuel: 0.0245 kg 9.3 0.07791
DT2 0.08 Electricity: 0.66 kWh Variable 0

45 and 10. For Factory D, the specifics of its two technol-
ogies, DT1and DT2, are given in Table 2.

RESULTS AND DISCUSSION

Enterprises’ operational strategies under
varying emission reduction requirements

Eight scenarios are established to analyze opera-
tional strategies and identify patterns. In the Base and the
EM only scenario, carbon trading is not allowed, and the
electricity price is designated as 0.75 yuan/kWh in the
Base scenario. For the scenarios JMO0.9 to JMO0.4, both
carbon trading and electricity trading are allowed, with
prices negotiated among participants. Initial carbon quo-
tas are set based on emissions from the EM only scenario;
for instance, JMO0.9 provides 90% of that carbon quota.
Factory C is restricted from participating in carbon trad-
ing. Significant results are summarized in Table 3.

Different from previous studies which found that
more stringent carbon reduction targets drive up both
carbon and electricity prices simultaneously [9], our
findings show that when emission reduction targets are
exceptionally strict, carbon prices increase while elec-
tricity prices decrease. This phenomenon needs to be
explained by combining the competition of similar prod-
ucts P and the carbon trading willingness of each enter-
prise shown in Figure 2(a-f).

Sell Sell

Factoryd, 72.05

GenCo3, -99.05
GenCo2, -128.97 GenCo2, -24.49

GenCol, 155.97 GenCol, -263.29

Table 3: Trading prices, yield and generation structure
under different reduction targets (MT is the abbreviation
of million tonnes)

Total

Electricity Carbon . Price of
Sce- . . yield
nario price price of P P(¥/

(¥ / kWh) (¥ / ko) (MT) tonne)
Base 0.75 / 65 3900
EMonly 1.1 / 60 3950
JMO0.9 1.2 0.2(min) 50 4050
JMO0.8 1.25 0.2(min) 45 4100
JMO0.7 1.25 0.2(min) 40 4150
JMO0.6 1.25 0.8 35 4200
JMO0.5 1.2 2.0 30 4250
JMO0.4 1.0 3.75 24 4300

GenCos generally act as carbon sellers, profiting
from both electricity and carbon sales, while factories
tend to be buyers in both markets. GenCos can only sell
electricity and carbon when consumers continue produc-
tion, as reduced production means decreased demand
for both electricity and carbon allowances. If both prices
rise incredibly, consumers will choose to cut production
to maintain their profit through raising unit prices, which
can be seen from Table 3, then GenCos cannot sell so
much. Therefore, electricity prices and carbon prices
cannot both increase much. In addition, electricity price
contributes more to electricity consumers' total costs

Sell

Factoryd, 144.34 Factoryd, 213.94

GenCo3, 143.44 GenCo3, 94.24
GenCo2, 125.84

GenCol, -434.03

-1000  -800 -600 -400 -200 0 200 400 600 800
carbon trading (million kg)
FactoryD  actoryB ©FactoryA - GenCod  GenCo2 - GenCol

(a) TM0.9

1000 -1000 -800 600 -400  -200

Sell Sell

Factory4, 283.55

GenCo3, 267.55 GenCo3, 437

GenCo2, 205.17 GenCo2, 20034

GenCol, -756.28

carbon trading (million kg)

FactoryD  FactoryB FactoryA GenCo3  GenCo2 & GenCol

(b) M0.8

o 200 400 600 800 1000 -1000 -800 -600  -400  -200 o 200 400
carbon trading (million kg)
FactoryD  FactoryB = FactoryA ©Geno3 - GenCo2 = GenCol

(c)IM0.7

600 800 1000

sell Buy

Factoryd, 353.16 Factory4, 422.76

GenCo3, -242.17
GenCo2, -151.26

GenCol, 284.19 GenCol, 29.33

1000 800 600 400  -200 0 400 600 800 1000
carbon trading (million ke)
FactoryD  FactoryB FactoryA  GenCo3 - GenCoz

41000 -800 600 -400  -200

GenCol

(d) IM0.6

carbon trading (million kg)
FactoryD  Factory B Factory A

(e) IM0.5

-1000  -800 -600 -400 -200 [ 200 400 600 800 1000
carbon trading (million kg)
FactoryD FactoryB = FactoryA - GenCo3 - GenCoZ = GenCol

(f) TM0.4

0 200 400 600 800 1000

GenCo3  GenCo2  GenCol

Figure 2: Carbon trading results under different reduction target
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Table 4: Trading prices, yield and profit under different quota allocation mechanisms

Scenario Electricity Carbon price

price (¥ /kWh) (¥/kg)
JMO0.9 1.2 0.2(min) 50
JMO0.8 1.25 0.2(min) 45
Int-JMO0.9 0.9 0.8 55
Int-JMO0.8 0.8 0.8 45

Totalyield Profit of each enterprise (Billion yuan)
of P (MT)

(GenCo1~3; factory A~D)

5.10, 5.16, 5.10; 4.80, 4.70, 5.87, 4.30
5.00, 4.92, 5.00; 4.40, 4.35,5.61, 4.31
3.87,4.30, 4.60; 3.70, 3.77, 7.44, 3.90
1.97, 3.04, 4.34; 2.39, 2.40, 8.27, 4.21

compared with carbon cost; therefore, only when the
electricity price is lower would they like to maintain a rel-
atively high production volume. Previous studies were
unable to reach these results because they often over-
looked the probability of factories’ reducing production
and price yield relationship in commodity trading. The dif-
ference in conclusions also proves the necessity of con-
sidering the behavior of electricity-consuming factories
more carefully in the electricity-carbon joint trading.

Although there is currently no empirical evidence to
support the idea that electricity prices will drop as carbon
prices rise due to end-use firms drastically reducing pro-
duction to meet stricter emission targets, prior studies
have observed similar patterns. When the cost of reduc-
ing carbon emissions becomes prohibitively high, end-
use companies may opt to cut production and increase
prices [10]. We speculate that this has not led to a reduc-
tion in electricity prices, possibly because these firms are
not major electricity consumers within their regions, lim-
iting their tariff negotiation power. However, this hypoth-
esis requires further validation.

In addition, the results also state that factories are
not willing to either use any expensive low-carbon tech-
nologies to reduce their emissions or purchase costly
carbon quotas. This means that if there are no re-
strictions, the emission reduction of the system will
mainly be achieved through the decarbonization of the
power system and the reduction of factory production.
However, the reduction of yield and the soaring of the
price might not align with the goals of market regulators.
Therefore, regulators must strictly limit the factories par-
ticipating in the electricity-carbon joint market to prevent
them from maliciously reducing production to maintain
profits under the carbon target.

Pros and cons of cap and intensity carbon
quota management mechanisms

In order to quantitatively acknowledge the pros and
cons of the cap and intensity quota management mech-
anisms, the two most widely implemented in carbon trad-
ing in reality, this study proposes two additional scenar-
ios: Int-JM0.9 and Int-JMO0.8. In the two intensity scenar-
ios, the sum of each enterprise's carbon emissions and
carbon trading volume does not exceed the fixed per-
centage of the product of its production and emission

Lietal. / LAPSE:2025.0362
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intensity under the EM only scenario. Key findings are
shown in Table 4.

Results show that under the intensity mechanism,
factories’ production enthusiasm can be improved, which
is consistent with official cognition, confirming the relia-
bility of our study. The electricity price decreases and the
carbon price rises, which seems to be beneficial to both
the production and carbon reduction. However, the prof-
its of enterprises involved in carbon trading are all vul-
nerable under the intensity mechanism, making the total
market profit decline violently. Although all the firms in
the system are 'selfish' and want to maximize their own
profit, the governor of the system always wishes that the
total profit would be as high as possible from an eco-
nomic development perspective. From this point of view,
the cap mechanism is much better.

The impact of integrating zero-emission
enterprises into carbon trading

Although some enterprises, such as Factory C in our
case study, do not emit CO: directly, we still try to let
them participate in carbon trading, exploring the impact
of integrating zero-emission enterprises into carbon
trading. Because that they do not own the initial carbon
quota, leading to their non-negative net carbon pur-
chases, thereby further promoting the system’s carbon
mitigation. The difference of involving Factory C into car-
bon trading is exhibited in Table 5.

Table 5: Trading prices, yield and profit under different
quota allocation mechanisms

Electricity Carbon Total
Scenario price price yield of

(¥ / KWh) (¥/ka) P (MT)
JMO.5-exclude 1.2 2.0 30
JMO.4-exclude 1.0 3.75 24
JMO0.5-include 1.0 4.5(max) 30

JMO.4-include 0.95 4.5(max) 24

First and foremost, the yield is not likely to be influ-
enced. It can be also found that the inclusion of carbon-
free enterprises in carbon trading will lead to a drop in
electricity prices and an increase in carbon prices. These
enterprises attempt to increase the scarcity of tradable
quotas by increasing carbon trading volume, thereby
raising carbon prices. Due to the fact that the electricity
1316




and carbon price cannot increase violently simutanesouly,
thus they can pay a smaller cost in exchange for a drop
in electricity prices, thereby minimizing their total costs.

CONCLUSION

This study proposes a non-linear program to de-
scribe the triple gaming and trading of electricity, carbon
and commodity between both power generation and
consumption companies. Transforming it into a MILP
problem and using a case with 3 GenCos and 4 factories
in 3 types, this study discusses the optimal operation
mode of enterprises under coupled transactions. Results
state that power consumers are more likely to achieve
reduction targets through reducing yield instead of im-
plementing low-carbon technologies or trading quotas,
which also leads to the inability of electricity and carbon
prices in the electricity-carbon joint trading to be high at
the same time. Meanwhile, if zero-emitting enterprises
participate in the carbon market, they can increase the
scarcity of carbon in the market by purchasing carbon,
thereby reducing electricity prices and ensuring their
own profits. This study also provides ideas for market
managers. It is necessary to strictly control the output of
electricity consuming enterprises and prioritize the use of
Cap carbon management mechanisms when considering
the total profit of the system.

However, our study has certain limitations. Future
research should incorporate more detailed considera-
tions, such as real-time electricity prices, policy analyses
based on our proposed model, and discussions on pa-
rameter sensitivity, to better support the ongoing devel-
opment of the electricity-carbon joint market.
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