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Abstract

As the scale of distributed resources continues to expand, decentralization and multi-
agent characteristics bring significant challenges to low-carbon dispatching and market
participation of power grids. To this end, this paper proposes a collaborative optimization
scheduling framework with distributed resource aggregators (DRAs) as the main body,
innovatively coupling carbon Emission trading (CET) with electric vehicle carbon quota
participation, and the renewable energy quota (RPS) with tradable green certificate (TGC)
transaction as the carrier, as well as constructing the connection path between the two
to realize the integrated utilization of environmental rights and interests. Based on the
ε-constraint method, a bi-objective optimization model of economic cost minimization and
carbon emission minimization is established, and a multi-dimensional evaluation system,
covering the internal and overall operation performance of the aggregator, is designed. The
example shows that, under the proposed CET-RPS coupling mechanism, the total cost of
DRA is about 23.4% lower than that of the existing mechanism. When the carbon emission
constraint is relaxed from 2700 t to 3000 t, the total cost decreases from CNY 2537.32 to
CNY 2487.74, indicating that the carbon constraint has a significant impact on the marginal
cost. This study provides a feasible path for the large-scale participation of distributed
resources in low-carbon power systems.

Keywords: distributed resources; aggregator; virtual power plant; carbon trading; green
certificate; renewable portfolio standard; electric vehicle carbon quota; low carbon;
cohesive mechanism

1. Introduction
With the continuous expansion of the scale of distributed resources, network informa-

tion is huge, main interests are diversified and geographically dispersed, and the volatility
of electricity consumption are significant. Efficient and reliable management of distributed
resources has become a core challenge for power systems [1]. At the same time, with
stable, efficient, and flexible grid-connected characteristics, distributed renewable energy
power generation clusters are gradually becoming a new mode of power production and
renewable energy consumption [2].
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In order to fully exploit the potential flexibility of various distributed resources, refer-
ence [3] models them from the perspectives of economy, technology, and commercialization.
In reference [4], an aggregation scheduling method based on polyhedra is proposed. By
scaling and shifting the basic feasible region, the scheduling optimization of the maximum
internal aggregation is realized. Reference [5] proposed a distributed energy aggregation
algorithm, which can check the feasibility of aggregation and make control and market
decisions at the aggregation level. However, the above research mostly stays at the level
of resource characteristics or mathematical representation, ignoring the requirements of
actual communication infrastructure and the complexity of compliance, measurement, and
settlement when participating in the market.

In contrast, the method of aggregating distributed resources into aggregators, such
as virtual power plant (VPP), has been widely recognized in energy trading and system
support services due to its ability to process massive resources in a short time and perform
complex optimal scheduling, as well as lower access and management thresholds, so it has
high practical value [6–10]. The existing research on VPP pays more attention to internal
resource management and market participation, but there are some shortcomings in the
following aspects: first, the integration of energy management and carbon quota incentive
mechanisms for mobile energy storage, such as electric vehicles, is insufficient; second, the
integration scheme is not given at the levels of system design (such as the convergence
rules of CET and RPS) and optimization implementation.

Driven by the low-carbon trend, the establishment of Carbon Emission Trading (CET)
is regarded as an important means to promote the priority of renewable energy generation
and realize the low-carbon operation of power systems [11]. Reference [12] points out
that the step-by-step carbon trading mechanism has stronger binding force on emission
reduction than the traditional pricing model, and can guide the subject to optimize emission
behavior through graded fees. The scheduling optimization research for aggregators has
initially introduced the stepped CET into the model to achieve low-carbon economic
operation of multi-load entities. However, such research is mostly limited to traditional
load scenarios and does not fully consider the carbon emission reduction potential of mobile
energy storage, such as electric vehicles [13]. In fact, as large-scale access mobile energy
storage units, EVs can not only improve the flexibility of the system through charging
and discharging peak regulation, but also reduce the marginal carbon emissions of the
system. Its carbon emission reduction contribution has considerable policy and market
values. In order to fill this gap, References [14,15] proposed that mechanisms such as carbon
quotas for electric vehicles provide a feasible path for EVs to participate in carbon trading,
which not only brings direct emission reduction incentives to car owners and operators,
but also helps to achieve synergistic improvement of economic and environmental benefits
in multi-agent integrated energy systems.

As an important supplement to renewable energy policy, renewable portfolio stan-
dard (RPS) is considered to be the future development direction of China‘s renewable
energy incentive policy by increasing the proportion of clean energy consumption through
compulsory or incentive means [16,17]. The introduction of tradable green certificate
(TGC) transaction under the framework of the RPS mechanism can reduce the rate of
energy abandonment and connect with the CET market to build a multi-level incentive
system [18].

At present, CET and RPS are two independent trading systems that lack unified
accounting and mutual recognition rules, which can easily lead to repeated measurement of
emission reduction benefits and unclear incentive transmission. Clarifying the relationship
between the two environmental systems and realizing the linkage of environmental rights
and interests is the focus of urgent research. Reference [19] qualitatively analyzed the
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interaction mechanism and connection among the electricity market, carbon market, and
green certificate market, and proposed a mutual recognition system of environmental
rights and interests through products based on carbon emission reduction performance.
Reference [20] focuses on the carbon emission reduction mechanism of green certificates,
and proposes interacting with each other at parity in CET and GCT, as well as dynamically
adjusting the equivalence coefficient through market demand and transaction price to
achieve green carbon convergence. Reference [21] offsets carbon emission rights with
excess green certificates, releases more carbon quotas into transactions, and creates a linkage
system between green certificates and carbon trading. The above research at the institutional
level mostly stays in mechanism analysis and lacks the operational mathematical expression
and transaction process design of using TGC to offset carbon quotas in the aggregator
optimization model, which restricts the transformation of institutional schemes to specific
regulatory strategies.

Under the background of multi-mechanism collaborative operation, it is of great
significance to construct a scientific and reasonable evaluation system to measure the
scheduling response ability and market adaptability of distributed resources. In view of
the performance evaluation of internal distributed resources, Ref. [22] established a quanti-
tative index system of flexible resource clusters from a technical point of view. Ref. [23]
proposed a comprehensive benefit evaluation method from the aspects of operational
economy, environment, and technology, but it is still difficult to uniformly measure flexi-
bility and economy. In fact, the performance evaluation of distributed resources itself not
only needs to pay attention to its economy and technology, but should also integrate the
user’s electricity comfort index. Ref. [24] aims at maximizing user satisfaction, and com-
prehensively considers the comfort and economy of electricity consumption to construct
a day-ahead optimal scheduling model. Ref. [25] proposed a charging and discharging
strategy based on electric vehicle satisfaction for the relationship between electric vehicle
travel convenience and state of charge. Ref. [26] divided users into economic preference
and electricity preference by setting differentiated satisfaction weights, which improved
the applicability and accuracy of the evaluation model. In the evaluation system, it is
necessary to pay attention to both the user experience of internal resources and the overall
effectiveness of aggregators. For the overall performance evaluation of the aggregator as
the main body, it is necessary to take into account its economic, social, and environmental
benefits [27]. Ref. [28] comprehensively evaluates the performance of the aggregator in the
market environment through multi-dimensional indicators such as response ability and
comprehensive benefits. In summary, the existing evaluation system often considers user
satisfaction, economy, and low-carbon goals separately, and lacks a systematic construction
of a two-level unified evaluation framework at the internal resource level of the aggregator
and the overall level of the aggregator.

In summary, although the existing research has made progress in distributed resource
modeling and scheduling optimization under a single market mechanism, it has not sys-
tematically embedded the carbon quota incentive and carbon–green certificate (CET-RPS)
linkage mechanism into the aggregator (DRA) scheduling decision, and the evaluation
system has insufficient consideration of user comfort. In order to fill this gap, the overall re-
search goal of this paper is to design an operable CET-RPS convergence trading mechanism
from the perspective of aggregators and to endogenize the carbon quotas of electric vehicles
(EVs). A collaborative scheduling model, including EV-controlled charging and discharging
constraints, is constructed, and the trade-off solution is solved under the dual-objective
ε-constraint framework of economic cost and carbon emission. A multi-level evaluation
system for optimal scheduling is proposed to simultaneously quantify user satisfaction,
resource flexibility, and an aggregator’s overall cost and carbon emission reduction benefits.
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To this end, this paper focuses on answering the following research questions:

1. How can the carbon quota mechanism of electric vehicles be designed and verified so
that the space–time scheduling capability of EVs can be quantified as tradable emission
reduction benefits and effectively encourage owners and operators to participate in
the carbon market?

2. On the basis of considering EV carbon emission reduction, how can the renewable
energy green certificates (TGCs) be linked with the carbon quotas (CET), and can a
mutual recognition or deduction mechanism be established to avoid repeated mea-
surement and amplify the benefit transmission?

3. Under the joint action of multiple types of distributed resources, how can aggregators
build a feasible scheduling and market participation model under the dual objectives
of economic cost and carbon emissions to achieve the coordination of low carbon and
economic benefits?

4. How can the comprehensive performance of the proposed mechanism and model
be evaluated in terms of cost saving, carbon emission reduction, and operation and
maintenance feasibility?

In order to answer the above questions, this paper is organized in the following logical
order: Firstly, a controlled charging and discharging model of electric vehicles is established
to describe travel and SOC constraints. On this basis, the CET-RPS cohesion mechanism
considering EV carbon emission reduction capacity is proposed. Then, the institutional
constraints are embedded into the DRA dual-objective scheduling model and solved. In
addition, a multi-level evaluation system for scheduling is constructed; finally, through the
example analysis, the closed loop of system modeling–verification is formed.

2. Methodology
2.1. Controlled Charging and Discharging Model of Electric Vehicles
2.1.1. Daily Mileage of Electric Vehicles

The daily mileage of electric vehicles (EVs) can be used to calculate the amount of
electricity consumed by electric vehicles during driving, which, in turn, affects the state of
charge and charge time of electric vehicles. The probability density function expression of
the daily mileage of electric vehicles can be expressed as follows:

f (dx) =
1

dxσx
√

2π
exp[− (ln dx − µx)

2

2σ2
x

] (1)

D =
Eev

Lev
(2)

In the formula, dx is the daily mileage (unit: km); µx and σx are the logarithmic mean
and standard deviation of the daily mileage. Through the acceptance–rejection sampling
method, the daily mileage sample {dx}N

x=1 of N electric vehicles can be obtained. D is
the maximum mileage, Eev is the standard capacity of the battery, and Lev is the driving
distance of the unit electric vehicle.

2.1.2. Charge and Discharge Power

Most current electric vehicles use lithium batteries, and the charging of lithium bat-
teries can be analyzed by constant power charging. It is assumed that the charging and
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discharging power pev of a single electric vehicle satisfies uniform distribution within 5~6
kW, that is, the probability density of pev is as follows:

f (psingle,ev) =

{
1, pev ∈ [5, 6]kW
0, pev /∈ [5, 6]kW

(3)

2.1.3. Charge and Discharge Durations

The charging and discharging times of an electric vehicle are mainly determined
by the state of charge of the lithium battery socev(t), the charging target soccha,ev, the
discharge target socdis,ev, the charging and discharging efficiency µev, and the charging and
discharging power at the current moment, which can be expressed as follows: Tcha,ev =

(soccha,ev−socev(t))Eev
µev pev

Tdis,ev =
(socev(t)−socdis,ev)Eev

µev pev

(4)

2.1.4. Controlled Charging and Discharging Strategy

Morning peak discharge: Starting at 8 a.m., only for vehicles with SOC > 0.5, the use of
electric vehicles with sufficient power to participate in the 7–9 point system peak clipping.
Evening peak discharge: Discharge begins at 18:00, and vehicles with SOC still higher than
50% are preferentially dispatched; discharge is stopped when the SOC is lower than 10%.
Night charging: Charging randomly starts from 23:00 to 24:00, making full use of the valley
electricity price to complete the recharge.

In summary, the controlled charging and discharging model of electric vehicles, based
on the Monte Carlo simulation, is constructed in this paper. By setting the SOC limit
and charging and discharging rules for different periods, the roles of electric vehicles in
peak load shifting and valley filling of power grid load are described, which provides a
theoretical basis for the subsequent quantitative research on the coordinated operation of
renewable energy and the scheduling of distributed resource aggregators.

2.2. The CET-RPS Convergence Trading Mechanism Considering the Carbon Quotas of
Electric Vehicles
2.2.1. Carbon Emission Trading Mechanism Considering Carbon Quotas for
Electric Vehicles

1. Carbon quotas for electric vehicles

Driven by the trend of low-carbonization, the establishment of Carbon Emission
Trading (CET) is regarded as an important means to promote renewable energy priority
power generation and realize low-carbon operation of power systems.

In order to fully stimulate the promotion and application of electric vehicles and give
full play to their potential benefits in emission reduction, this paper introduces a carbon
trading mechanism for electric vehicles based on carbon quotas. Specifically, referring to
the differences in carbon emissions between electric vehicles and traditional fuel vehicles
at the same driving distance, the carbon emissions saved by electric vehicles are quantified
as tradable carbon quotas, giving electric vehicles a certain ‘emission reduction right’.

E∗
CO2,ev = Pcha,evLevecar − Pcha,ev

Pthermal
Pclear + Pthermal

ethermal (5)

In the formula, E∗
CO2,ev is the carbon quota of an electric vehicle, Pcha,ev is the charging

power of an electric vehicle, Lev is the driving distance of an electric vehicle per unit of
electricity, ecar is the carbon emission generated by traditional a fuel vehicle driving 1 km,
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Pclear is the active power of clean energy, Pthermal is the active power of thermal power, and
ethermal is the carbon quota factor of unit power generation.

Pthermal = Pmt + Pbuyη f ire (6)

In the formula, η f ire is the proportion coefficient of thermal power in the power
purchase from the power grid by the load aggregator.

2. Ladder Carbon Emission Trading Model

E∗
CO2

= χmtPmt + χbuyPbuyη f ire + E∗
CO2,ev (7)

In the formula, E∗
CO2

is the carbon emission quota right of the load aggregator; χmt and
χbuy are the carbon quota coefficients of the gas turbine and the power grid, respectively.

Ereal
CO2

= emtPmt + egridPbuyη f ire (8)

In the formula, Ereal
CO2

is the actual carbon emission generated by the load aggregator;
emt and egrid are the carbon emission coefficients of gas turbine and power grid, respectively.

Then, the carbon emission trading volume Edi f
CO2

of the distributed resource aggregator can
be calculated as follows:

Edi f
CO2

= Ereal
CO2

− E∗
CO2

(9)

CCO2 =



λCO2 Edi f
CO2

Edi f
CO2

⩽ l

λCO2(1 + α)
(

Edi f
CO2

− l
)
+ λCO2 l l ⩽ Edi f

CO2
⩽ 2l

λCO2(1 + 2α)
(

Edi f
CO2

− 2l
)
+ λCO2(2 + α)l 2l ⩽ Edi f

CO2
⩽ 3l

λCO2(1 + 3α)
(

Edi f
CO2

− 3l
)
+ λCO2(3 + 3α)l 3l ⩽ Edi f

CO2
⩽ 4l

λ(1 + 4α)
(

Edi f
CO2

− 4l
)
+ λ(4 + 6α)l Edi f

CO2
⩾ 4l

(10)

where λCO2 is the benchmark price of carbon trading, α is the price growth rate, and l is the
interval length of carbon emissions.

2.2.2. Renewable Portfolio Standard Mechanism

Renewable portfolio standard (RPS) is a market-oriented support policy established
by the government to promote the clean transformation of power systems and increase
the proportion of renewable energy consumption. The core idea is to force or motivate
power suppliers (such as power generation companies, power retailers, or distributed
resource aggregators) to ensure that a certain proportion of their sales or consumption
of electricity comes from renewable energy within the specified period, or through the
purchase of the same amount in renewable energy certificates (RECs). RPS can not only
force the optimization of energy structure, but also play the role of market price discovery
and resource allocation adjustment through the trading mechanism. Quota requirements
are as follows:

Q∗ = ψ(Pcut + Pshi f t + Ptrans + Pcha,ev) (11)

In the formula, Q∗ is the green certificate quota obtained by the distributed resource
aggregator, and ψ is the green certificate quota coefficient of the distributed resource
aggregator, which reflects the minimum penetration level of renewable energy set by
the policy.



Sustainability 2025, 17, 9311 7 of 26

Actual number of certificates: the total amount in green certificates obtained by
distributed resource aggregators through their own renewable resources, as follows:

Qreal == τpvPpv + τwindPwind (12)

In the formula, Qreal is the number of green certificates held by distributed resource
aggregators; τpv and τwind are the green certificate conversion coefficients of photovoltaic
and wind power, respectively.

Transaction costs and incentives: if the actual number of certificates held by the
compliance subject is lower than the quota requirement, it needs to be compensated
according to the difference; if the subject exceeds performance, additional benefits can
be obtained.

CGCT = λGREEN ∗ (Q∗ − Qreal) (13)

In the formula, CGCT is the green certificate transaction cost, and λGREEN is the green
certificate unit price.

Through the above mechanism, RPS and green certificate trading together constitute a
closed-loop market operation mode of “quota–trading–performance“: the policy sets the
proportion of the total amount, the trading market provides the balance adjustment, and
the performance cost is fed back to the electricity price and investment income analysis of
the whole platform, so as to realize the market-oriented promotion of the development and
utilization of renewable energy.

2.2.3. Carbon Emission Trading–Renewable Portfolio Standard Convergence
Trading Mechanism

According to the first edition of the integrated baseline methodology for renewable
energy power generation grid-connected projects (CM-001-V01) issued by the National
Development and Reform Commission of China [29], the emission reduction contribution
of renewable energy power generation can be determined by the emission reduction project
China regional grid baseline emission factor. For wind power and solar power projects,
the weight of the marginal emission factor of electricity χOM is 0.75, and the weight of the
marginal emission factor of capacity χBM is 0.25; the carbon quota coefficient χGCT can be
calculated as offset by green certificates:

χGCT = 0.75 ∗ χOM + 0.25 ∗ χBM (14)

After the distributed resource aggregator completes the renewable energy quota
assessment and determines the number of excess green certificates, the corresponding
carbon reduction EGCT

CO2
of green electricity can be calculated as follows:

EGCT
CO2

= χGCT ∗ (Qreal − Q) (15)

After green certificates offset some carbon emissions, the carbon trading volume of
distributed resource aggregators can be calculated as follows:

Edi f
CO2

= Ereal
CO2

− E∗
CO2

− EGCT
CO2

(16)

This mechanism allows the DRA to convert its excess green certificates into deductible
carbon quotas in the carbon trading market after meeting the renewable portfolio standard
(RPS) assessment, thereby reducing carbon transaction costs and achieving mutual recogni-
tion of environmental rights and interests between systems. This not only improves the
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utilization efficiency of environmental assets generated by RPS, but also provides economic
incentives for low-carbon scheduling through institutional coupling.

2.3. Optimal Scheduling Model
2.3.1. Objective Function

1. Economic objectives

Distributed resource aggregators consider aggregators’ overall operating cost F mini-
mization, as follows:

F = CGRID + COM + CLOAD + CMT + CEV + CCO2 + CGCT (17)

In the formula, CGRID is the interaction cost between the distributed resource ag-
gregator and the power grid, COM is the operation and maintenance cost, CLOAD is the
distributed flexible load response subsidy, CMT is the distributed microturbine cost, and
CEV is the electric vehicle cost.

CGRID = cbuyPbuy − csell Psell (18)

In the formula, cbuy and csell are the electricity purchase price and the electricity selling
price of the distributed resource aggregator, while Pbuy and Psell are the electricity purchase
quantity and the electricity selling quantity, respectively.

COM = cpvPpv + cwindPwind + cES(Pcha,ES + Pdis,ES) (19)

In the formula, cpv, cwind, and cES are the operation and maintenance costs of pho-
tovoltaic power, wind power, and energy storage, respectively; Pcha,ES and Pdis,ES are the
charging and discharging amounts of energy storage.

CLOAD = ccut∆Pcut + cshi f t∆Pshi f t + ctrans∆Ptrans (20)

In the formula, ccut, cshi f t, and ctrans, respectively, represent the compensation prices
of load curtailment, transferable load, and shiftable load, while ∆Pcut, ∆Pshi f t, and ∆Ptrans,
respectively, represent the dispatching loads of load curtailment, transferable load, and
shiftable load.

CMT = amt × (PMT)
2 + bmtPMT + cmt (21)

In the formula, PMT is the power generation of the distributed microturbine; amt, bmt,
and cmt are the cost coefficients of the microturbine.

CEV = cbuy,evPcha,ev + csell,evPdis,ev + closs,ev(Pcha,ev + Pdis,ev) + ccarPdis,ev (22)

In the formula, Pcha,ev and Pdis,ev are the electric vehicle charging and discharging
power, cbuy,ev and csell,ev are the electricity purchase and sale prices of the electric vehicle to
the distributed resource aggregator, closs,ev is the cost of electric vehicle battery loss, and
ccar is the electric vehicle discharge subsidy. The cost of an electric vehicle is considered
to be composed of three parts, the first of which is the charging and discharging cost of
electric vehicles; the second is the battery loss cost of the electric vehicle; and the third is
the discharge subsidy of the electric vehicle.

2. Carbon emission targets

The carbon emissions of distributed resource aggregators are mainly considered to
be composed of two parts, one of which is the carbon emission generated by the micro
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gas turbine inside the aggregator, while the other is the carbon emission generated by the
power grid purchase. Carbon emissions Ereal

CO2
can be calculated as follows:

Ereal
CO2

= emtPmt + egridPbuyη f ire (23)

2.3.2. Constraint Conditions

1. Constraints of microturbines

0 ≤ PMT ≤ PMAX,MT (24)

In the formula, PMT is the power of the microturbine, and PMAX,MT is the upper limit
of the microturbine output.{

PMT(t)− PMT(t − 1) ≤ Pup,MT

Pdown,MT ≤ PMT(t − 1)− PMT(t)
(25)

In the formula, Pup,MT and Pdown,MT are the upper and lower limits of climbing power
of a microturbine.

2. Constraints of electric vehicles

Constraints of charge and discharge power:
0 ≤ Pcha,ev(t) ≤ Ycha,evPMAX,ev

0 ≤ Pdis,ev(t) ≤ Ydis,evPMAX,ev

0 ≤ Ycha,ev + Ydis,ev ≤ 1
(26)

In the formula, Ycha,ev and Ydis,ev represent the charging and discharging states of
an electric vehicle, respectively, and PMAX,ev represents the upper limits of charging and
discharging power of an electric vehicle.

Constraints of state of charge:{
SOCmin,ev ≤ SOCev(t) ≤ SOCmax,ev

SOCev(t) = SOCev(t − 1) + µcha,evPcha,ev(t) + Pdis,ev(t)/µdis,ev
(27)

In the formula, SOCmin,ev and SOCmax,ev are the minimum and maximum states of
charge of the electric vehicle, respectively; µcha,ev and µdis,ev are the charge and discharge
efficiency values of the electric vehicle, respectively.

Constraints of total load of electric vehicle group:
In order to avoid the impact of a large number of electric vehicles charging and

discharging on the power grid, it is necessary to set the upper and lower bounds on the
cumulative energy of electric vehicle charging and discharging, as follows:

Echa,ev ≤ ∑
N

T
∑

t=1
Pcha,ev(t)∆t ≤ Echa,ev

Edis,ev ≤ ∑
N

T
∑

t=1
Pdis,ev(t)∆t ≤ Edis,ev

(28)

In the formula, Echa,ev and Echa,ev are the upper and lower bounds of the cumulative
charging energy of the electric vehicle group. The total charging and discharging loads
PLOAD,ev of N electric vehicle groups can be calculated as follows:

PLOAD,ev = ∑
N
(Ycha,evPcha,ev + Ydis,evPdis,ev) (29)
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3. Constraints of distributed flexible load

• Reducible loads:

0 ≤ ∆Pcut ≤ YcutβcutPcut
∗

∆Pcut = Pcut − Pcut
∗ (30)

In the formula, ∆Pcut is the amount of load reduced, Pcut
∗ and Pcut are the load values

before and after the load reduction, and βcut is the proportion of load reduction.
The load that can be reduced is only accepted within the specified period of time

[tcut−, tcut+], and the load is not reduced during other periods, Ycut is the 0–1 variable that
characterizes the load reduction state, and ncut is the total number of periods allowed to
be reduced.

• Transferable load:

0 ≤ Pbe
shi f t ≤ Yshi f tβshi f tPshi f t

∗

t=tsh+

∑
t=tsh−

(Pbe
shi f t − Pa f

shi f t) = 0
(31)

In the formula, Pbe
shi f t and Pa f

shi f t are the load values before and after the transfer of
transferable load, and βshi f t is the proportion of transferable load.

[tsh−, tsh+] is the period when the transferable load accepts the load transfer, and Yshi f t

uses a 0–1 variable to represent the state of load transfer.

• Shiftable loads:

0 ≤ Pbe
trans ≤ YtransβtransPtrans

∗ (32)

In the formula, Pbe
trans and Pa f

trans are the load values before and after translation, respec-
tively, and βtrans is the proportion of translation load.

The total electricity consumption before and after load translation remains unchanged,
[ttr−, ttr+] is the period of time when the load can be translated to accept the load translation,
and the 0–1 variable Ytrans is used to represent the state of the transfer within the τ of a
certain period of time. The electricity consumption before and after the load translation
remains unchanged, as follows:

t=ttr+

∑
t=ttr−

(Pbe
trans − Pa f

trans) = 0 (33)

The load is shifted to the interval with τ as the starting time, that is, τ ∈ [ttr−, ttr+ −
Ltrans + 1] needs to meet the running time continuity constraint, as follows:

τ+L−1

∑
t=τ

Ytrans(t) ≥ Ltrans · (Ytrans(τ)− Ytrans(τ − 1)) (34)

τ is any time within the acceptable shift period, and Ltrans is the duration of the
shiftable load.

4. Constraints of energy storage


0 ≤ Pcha,ES(t) ≤ Ycha,ESPMAX,ES

0 ≤ Pdis,ES(t) ≤ Ydis,ESPMAX,ES

0 ≤ Ycha,ES + Ydis,ES ≤ 1
(35)
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In the formula, Ycha,ES and Ydis,ES represent the charging and discharging operation
states of energy storage, and PMAX,ES is the upper limit of energy storage power.

SOCMIN,ES ≤ SOCES(t) ≤ SOCMAX,ES

SOCES(0) = SOCES(T)
SOCES(t) = SOCES(t − 1) + µcha,ESPcha,ES(t) + Pdis,ES(t)/µdis,ES

(36)

In the formula, SOCMIN,ES and SOCMAX,ES are the minimum and maximum states of
charge of energy storage; µcha,ES and µdis,ES are the charge and discharge efficiency values
of energy storage.

5. Constraints on grid transactions


0 ≤ Pbuy ≤ YbuyPMAX,grid

0 ≤ Psell ≤ Ysell PMAX,grid

0 ≤ Ybuy + Ysell ≤ 1
(37)

In the formula, Ybuy and Ysell are the purchase and sale states of the power grid, and
PMAX,grid is the upper limit of the interactive power of the power grid.

6. Constraints of aggregator power balance

The distributed resource aggregator requires power balance in each period, and the
specific constraints are as follows:

Ppv + Pwind + Pbuy + Pdis,ES + PMT = Pcut + Pshi f t + Ptrans + Psell + Pcha,ES + PLOAD,EV (38)

2.3.3. Solution Methods

1. Big-M method

The Big-M method is a linearization modeling method, commonly used to deal with
logical constraints, which is suitable for mixed-integer linear programming models. This
method transforms the original nonlinear logical relationship into linear inequality con-
straints by introducing a sufficiently large positive number M and a 0–1 decision variable Y,
so as to facilitate the solution.

For a constraint, if the constraint takes effect only when the binary variable Y = 1,

Y = 1 ⇒ g(x) ≤ 0 (39)

it can be transformed into the following linear inequality:

−(1 − Y)M ≤ g(x) ≤ (1 − Y)M (40)

In the formula, M is a sufficiently large positive number to ensure that the relaxation
constraint is valid.

2. Constraint method

The ε-constraint method is a classical method widely used in multi-objective optimiza-
tion problems. It is suitable for solving problems with two or more conflicting objective
functions. By retaining one of the objective functions as the main objective function, the re-
maining objective functions are transformed into constraints, so as to optimize the solution.

If the original multi-objective optimization problem is as follows,
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min
x∈X

F(x) = ( f1(x), f2(x), . . . , fK(x)),

s.t.

{
gi(x) ≤ 0, i = 1, 2, . . . , m
hj(x) = 0, j = 1, 2, . . . , p

(41)

X ⊆ Rn is the decision space. When the ε-constraint method is applied, the arbitrary
target fp(x) is selected as the main target, and the remaining target fk(x)(k ̸= p) becomes a
constraint, as follows:

min
x∈X

fp(x),

s.t.


fk(x) ≤ εk, ∀k ∈ {1, . . . , K}, k ̸= p,

gi(x) ≤ 0, i = 1, . . . , m,
hj(x) = 0, j = 1, . . . , p.

(42)

2.4. The Overall Evaluation System of DRA Internal Resources and Aggregators for
Optimal Scheduling

In order to verify the comprehensive effect of the optimal scheduling scheme, this
section proposes a two-layer evaluation framework covering the resource side and the
system side. On the one hand, it quantifies the scheduling response and synergy of
various distributed resources within the system. On the other hand, it evaluates the
overall performance of aggregators in terms of load stabilization, self-sufficiency rate,
carbon emission reduction, and economic benefits. The system realizes a comprehensive
evaluation from micro-resource scheduling to macro-system performance and provides
scientific and quantifiable support for subsequent strategy optimization and operational
decision making.

2.4.1. Distributed Resource Evaluation System Within Aggregators

1. Evaluation index of internal distributed resources

The evaluation system for the distributed resources within the aggregator is shown
in Table 1. Through a unified and quantifiable indicator framework, the scheduling re-
sponse characteristics and economic performance of various distributed resources in actual
operation can be revealed. This evaluation not only helps operators understand the flexibil-
ity and synergy of various resources in different scheduling scenarios, but also provides
decision-making bases for optimizing resource combination, improving system reliability,
and economic benefits.

Table 1. DRA internal distributed resource evaluation system.

First-Level Indicators Second-Level
Indicators Explanation

Satisfaction

Electricity
satisfaction

The satisfaction degree of resources to the
implementation of electricity plan

Economic
satisfaction

The economic benefit satisfaction of
resources obtained by participating

in scheduling

Comprehensive satisfaction The overall satisfaction of resources to
electricity and economy

Flexibility

Regulating
amplitude

Percentage of adjustable power during the
scheduling period

Duration The longest time for sustainable adjustment
of resources

Economy
Adjusting costs The cost of DRA regulating resources

Profit–cost ratio The ratio of adjustment income to
adjustment cost
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2. Satisfaction model

Distributed resource aggregators need to flexibly control user load and electric vehicle
charging and discharging behaviors to ensure grid security and economy. However, when
the scheduling scheme significantly changes the user load or the charging and discharging
states of the EV, the user experience (comfort or satisfaction) may be significantly reduced,
which, in turn, affects the enthusiasm of the demand response. In this paper, three types of
flexible loads and charging and discharging behaviors of electric vehicles are incorporated
into the same satisfaction system. The specific modeling is as follows:

(1) Electricity satisfaction

Distributed flexible load power satisfaction:

• Reducible loads:

For the reducible load, the user’s demand for electricity at each time period is directly
reduced, and the experience loss has obvious ‘time period independence’. A reduction will
significantly reduce the comfort of the period. Therefore, this paper uses hourly deviation
to measure comfort Ucut,com and reflect the experience change at each moment:

Ucut,com = 1 − 1
T ∑

t∈T

Pcut − Pcut
∗

Pcut
∗ (43)

• Transferable and shiftable loads:

Both transferable load and shiftable load require the conservation of total energy
throughout the day. Users pay more attention to whether the ‘total energy throughout
the day’ is up to standard, but they will feel inconvenience due to changes in power
consumption time distribution. Since this is not cumulative and holistic, this paper uses
the all-day deviation to measure the user’s electricity satisfaction, as follows:

Ushi f t,com = 1 −

T
∑

t=1
(Pshi f t − Pshi f t

∗)

T
∑

t=1
Pshi f t

∗

Utrans,com = 1 −

T
∑

t=1
(Ptrans − Ptrans

∗)

T
∑

t=1
Ptrans

∗

(44)

In the formula, Ushi f t,com and Utrans,com are the electricity satisfaction values of trans-
ferable load and shiftable load, respectively.

• Electric vehicles:

The electricity satisfaction of electric vehicles is different from that of flexible loads.
The electricity satisfaction of electric vehicles is mainly determined by their state of charge
SOCEV . After charging, the increase in SOCEV will increase satisfaction, and vice versa, the
satisfaction will decrease. The calculation formula can be expressed as follows:

UEV,com = 1 − SOCEV − SOCEV
∗

SOCEV
(45)

In the formula, UEV,com is the electricity satisfaction of an electric vehicle, and SOCEV
∗

is the state of charge of the electric vehicle before scheduling.

(2) Financial satisfaction

• Economic satisfaction of distributed flexible load:
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ULOAD,eco = 1 − CLOAD − CLOAD
∗

CLOAD
∗ (46)

In the formula, ULOAD,eco is the economic satisfaction degree of distributed flexible
load, and CLOAD

∗ is the economic cost before load dispatch.

• Economic satisfaction of electric vehicles:

UEV,eco = 1 − CEV − CEV
∗

CEV
∗ (47)

In the formula, UEV,eco is the economic satisfaction of electric vehicles, and CEV
∗ is the

economic cost before dispatching electric vehicles.

(3) Comprehensive satisfaction degree

According to the differences in electricity preference and economic preference between
distributed flexible load users and electric vehicle users, the above users can be divided
into categories based on electricity preference, no preference, and economic preference, and
the following user comprehensive satisfaction expression is established:{

Uall = ωcomUcom + ωecoUeco

ωcom + ωeco = 1
(48)

In the formula, ωcom and ωeco are the weights of electricity satisfaction and economic
satisfaction, respectively.

2.4.2. Aggregator Overall Evaluation System

As shown in Table 2, the overall evaluation system for aggregators is based on the
system level, and measures the load stabilization effect, energy self-sufficiency, clean
energy utilization, carbon emission intensity, and cost–benefit status from a comprehensive
perspective, taking into account the added values of policy incentives. This evaluation
fully reflects the overall performance of aggregators in achieving load balance, promoting
green and low-carbon transformation, and responding to policy orientation, and provides
an important reference for continuously optimizing operation strategies and promoting
market-oriented development.

Table 2. DRA overall system evaluation.

First-Level Indicators Second-Level Indicators Explanation

Electrical characteristics
Peak–valley difference The difference between peak load

and valley load
Total electricity consumption Aggregator’s total electricity

Adjustable load participation rate The ratio of adjustable load

Energy
structure

The proportion of clean energy
power generation

The proportion of renewable
energy power generation to total

power generation

Energy self-supply rate
The proportion of aggregator’s

own energy in total
energy demand

Environmental benefits

Total carbon emissions The total carbon emissions of the
aggregator as a whole

Carbon intensity per unit
of electricity

Carbon emissions generated by
electricity consumption per unit

of aggregator

Economic
benefits

Total cost Aggregator’s total operating cost

Policy synergy benefits
The additional benefits generated
by the linkage between CET and

RPS policies
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Through a systematic evaluation framework, we can quantitatively analyze the opera-
tional characteristics and economic benefits of aggregators and their internal distributed
resources, which not only provides a scientific basis for optimizing scheduling strategies
and improving system flexibility and reliability, but also enables key elements such as
carbon emissions, costs, and policy synergies to be fully measured. Such evaluation can
help operators accurately identify bottlenecks and potential, provide decision support
for resource allocation and market-oriented operation, promote the coordinated develop-
ment of distributed energy and electric vehicles, and help achieve green and low-carbon
transformation and sustainable power system construction.

3. Analysis
3.1. Parameter Settings

The charging and discharging parameters of the electric vehicle were as follows: µx

took 3.2, σx took 0.88, the battery capacity was 30 kW · h, and the value of distance Lev

for which the electric vehicle consumed 1 kW · h was 5 km. The quota of microturbine
χmt was 0.156, and the carbon quota coefficient of power grid χmt was 0.789. The carbon
emission factor of microturbine emt was 0.4. The carbon emission factor of thermal power
in the power grid egrid was 0.92, and the proportion of thermal power in the purchase of
power in the power grid η f ire was 85%. In this paper, the electricity purchase price and the
feed-in tariff referenced [30], while the remaining parameters were set as shown in Table 3.

Table 3. Remaining parameter settings.

Parameter Value Parameter Value

Microturbine amt 0.00027 Green certificate
quota coefficient 0.0004

Microturbine bmt 0.026 Green certificate price CNY 220

Microturbine cmt 48 Carbon trading
benchmark price 0.268

Photovoltaic power cpv 0.12 Price growth rate 0.1

Wind power cwind 0.15 Carbon emission
interval length 10

Energy storage cES 0.08 Electricity marginal
emission factor 0.9419

Battery loss of electric
vehicle closs,ev

0.0843 Capacity marginal
emission factor 0.4819

Electric vehicle discharge
subsidy ccar

2 Reducible load
compensation price 0.35 CNY/kW·h

Translatable load
compensation price cshi f t

0.08 CNY/kW·h Transferable load
compensation price 0.1 CNY/kW·h

3.2. Verification of CET-RPS Cohesion Mechanism
3.2.1. Comparison of Different Scenarios

In order to verify the correctness and effectiveness of the CET-RPS connection model
established in this paper, as shown in Table 4, four different operating scenarios were
compared and analyzed.

Table 4. Scene settings.

CET and RPS EV Carbon Quotas Convergence
Mechanism

Scene 1 × × ×
Scene 2

√
× ×

Scene 3
√ √

×
Scene 4

√ √ √
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As shown in Figure 1, since the distributed new energy generation and load in each
scenario used the predicted values, the RPS costs of all scenarios except Scene 1 were CNY
−738.16, and the data in Table 5 were found. The total cost of introducing CET and RPS
was significantly lower. Compared with Scenes 1 and 2, the total cost of DRA was reduced
by CNY 382.6 after the introduction of CET and RPS. The cost reduction was mainly due to
the stable economic incentives brought by RPS. At the same time, the carbon price signal of
CET also guided DRA to prioritize the scheduling of low-carbon resources, achieving the
dual optimization of economy and low-carbon emissions.

Figure 1. Distributed generation and load forecasting.

Table 5. Comparison of results.

Carbon Trading Cost Total Cost Carbon Trading
Volume

Scene 1 \ 3892.69 \
Scene 2 354.62 3510.09 1105.618
Scene 3 88.71 3246.75 228.4723
Scene 4 −670.21 2486.90 −2542.99

When the carbon quotas of electric vehicles were included in the scheduling framework
(Scene 3), the carbon saved by the same mileage emission difference between electric vehicles
and fuel vehicles was converted into tradable quotas, so that the net carbon quota demand
plummeted to 228.47 t, and the carbon transaction cost was only CNY 88.71; thus, the total
cost of the system was further reduced to CNY 3246.75. The results verify that electric
vehicles, as a ‘mobile emission reduction source’, can achieve carbon emission reduction in the
transportation sector while marketizing their saved emissions, significantly supplementing
the carbon supply gap of traditional power sources and reducing overall operating costs.

In Scene 4, the deep integration of the two systems was realized by constructing the
CET-RPS cohesion mechanism. The use of DRA led to a surplus in green certificates. It was
converted into a deductible carbon emission reduction to obtain a carbon trading income
of CNY 670.21, and the total cost was reduced to CNY 2486.90, which is 23.4% lower than
that of Scene 3. The results show that the convergence mechanism not only optimized
the use efficiency of DRA’s carbon assets, but also further enhanced its comprehensive
competitiveness in the low-carbon market.

3.2.2. Scene 4 Result Analysis

The specific optimization results of Scene 4 are shown in Figure 2, and distributed
photovoltaic and wind power were complementary in typical time periods: photovoltaic
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power generation reached its peak at 10:00–14:00, and wind power output was relatively
concentrated in the early morning and evening. They contribute most of the clean power
and effectively support the green scheduling goal of DRA. The micro gas turbine maintained
a constant base load output, providing the minimum operating guarantee for the system
without participating in frequent regulation. DRA purchased electricity from the power
grid from the low-price period at 5:00, started to sell electricity during the high-price period
at 15:00, and flexibly allocated limited energy storage devices to stabilize the intermittent
fluctuations of renewable energy and compress the peak–valley difference in the system.
Compared with the method of relying solely on energy storage, the multi-resource linkage
scheduling of DRA can maximize the economic benefits while ensuring system security.
The introduction of carbon trading (CET) and green certificate (RPS) mechanisms can
further promote the priority scheduling of clean power and internalize environmental costs
into economic objectives.

Figure 2. Optimal scheduling results of DRA under Scene 4.

On the load side, the DRA coordinated three types of flexible loads, reduced, trans-
ferred, or translated, and dynamically adjusted according to the price signal and system
pressure to alleviate the power shock during the peak period. As mobile energy storage,
the electric vehicle group not only provided a peak-shaving capability similar to energy
storage, but also formed a space–time complementarity with fixed energy storage through
low-price valley charging and high-price period V2G reverse discharge. DRA coordinated
the coordinated operation of flexible load and EV charging and discharging, which made
up for the limitation of energy storage operation and realized more fine-grained load man-
agement. At the same time, the charging and discharging behaviors of EV were included in
the CET carbon transaction cost, which optimized the user’s electricity cost and system
carbon footprint in both directions, effectively helping to meet the RPS renewable energy
quota requirements and constructing an efficient and low-carbon operation framework of
power generation–storage–utilization integration.

As shown in Figure 3, the overall load reduction showed a certain degree of decline,
especially in the peak load period (such as 6 to 10 h), such as 6 h from 425 to 401.5 and
7 h from 310 to 286.5, reflecting that this kind of load was preferentially used for peak
suppression and carbon emission pressure drop in system regulation. Due to its ability to
withstand interruption or power reduction, the system can effectively reduce the operating
cost and peak load without affecting the core load demand by flexible reduction.
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Figure 3. Optimization results of reducible load under Scene 4.

As shown in Figure 4, moderate reductions were made during periods of insufficient
photovoltaic output in the morning and evening, and relatively high grid electricity and
carbon trading prices (e.g., from 42 kW to 35.7 kW in period 1, and to 42.5 kW, 54.4 kW,
and 52.7 kW in periods 7–9, respectively), and the equivalent load was shifted to the
midday and afternoon photovoltaic peak periods. In this process, the total shift energy
remained unchanged, which not only made full use of the low electricity price during the
high-incidence period of renewable energy, but also effectively smoothed the net load curve
and reduced the power purchase demand of the power grid and the loss of renewable wind
and light abandonment.

Figure 4. Optimization results of transferable load under Scene 4.

As shown in Figure 5, the shiftable load was shifted from the 6–9 period, with relatively
scarce wind and solar resources, to the 18–21 period, with abundant renewable power
generation, which not only smoothed the net load curve of DRA, but also improved the
consumption rate of renewable energy. Through this cross-period equivalent translation,
the system could effectively reduce the power purchase expenditure in the high-cost period
and obtain sufficient power supply in the surplus period of renewable power generation.
The overall load curve is smoother, the peak–valley difference is reduced, and the system
operation cost and carbon emission intensity are significantly reduced.
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Figure 5. Optimization results of shiftable load under Scene 4.

As shown in Figure 6, the charging and discharging modes of the electric vehicle group
changed from the sharp peak–valley fluctuation of the original ‘charging–discharging–
charging’ to a more balanced ‘high-level flat charging–steady discharge’ strategy that takes
into account cost and carbon emissions. Specifically, under the original scheduling, the
high-rate charging of 274.91 kW was mainly used in the 1–4 periods under the original
scheduling, and the charging of the 6th period was rapidly reduced to 42.27 kW, and then
the concentrated discharge of up to −267.75 kW appeared in the 7–12 periods, and the
discharge was again deep in the 19–20 periods to −256.99 kW and −197.95 kW; after opti-
mization, the 1–6 period was uniformly maintained at a stable charging level of 246.25 kW,
and only 27.36 kW and 0 kW were fine-tuned in the 7–8 period. The discharge peak in
the 9–11 period was compressed to −50 kW and −38.53 kW, and, in the 12–18 period,
the continuous and decentralized discharge from −88.53 kW to −174 kW supported the
high electricity price period, while the other periods tried to avoid deep discharge. This
charge–discharge reconstruction not only eliminated the original deep peak–valley impact,
but also concentrated large-scale charging on the low price or renewable power surplus
period, significantly smoothing the net load curve, reducing the cost of electricity purchase,
and improving the benefits of carbon emission reduction.

Figure 6. The optimization results of EVs under scenario 4.
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3.3. Results of DRA Low-Carbon Economy Optimal Scheduling Based on ε-Constraint Method

It can be seen from Figure 7 that, as the carbon emission constraint ε is gradually
relaxed from 2700 to 3000, the total cost of the system decreases significantly, and the overall
trend is decreasing. The carbon emission value is strictly consistent with ε, indicating that
the optimal scheduling process makes full use of the allowable carbon budget. As shown
in Table 6, for every 100-unit increase in ε, the total cost decreases by 24.72, 15.39, and 9.47,
respectively, and the marginal cost-saving effect gradually weakens, reflecting that, under
the lower carbon emission limit, the system needs to pay higher economic costs to meet
the emission reduction requirements, while the relaxation of constraints releases greater
scheduling flexibility, so that DRA can choose more operation strategies with lower cost,
but slightly higher carbon emissions.

Figure 7. Optimization results under different ε values.

Table 6. Optimization results under different ε values.

ε Total Cost Carbon Emission

2600 \ \
2700 2537.32 2700.00
2800 2512.60 2800.00
2900 2497.21 2900.00
3000 2487.74 3000.00
3100 2486.77 3008.10

When ε is further relaxed to 3100, the total cost only decreases slightly, to 2486.77,
and the carbon emission also approaches the upper limit (3008.10). The system scheduling
space is basically saturated, and the relaxation of carbon emission constraints is difficult
to bring substantial cost optimization. It can be seen that, when ε is close to 3000, a
balance inflection point between carbon constraints and economy is formed. For DRA,
this threshold can be used as the optimal scheduling boundary for both carbon emission
reduction and cost control.
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3.4. Optimization Scheduling Evaluation Results
3.4.1. Internal Resource Evaluation

Different types of distributed resources show different preference characteristics in
optimal scheduling. Due to its strong interruption tolerance ability, the load can be reduced,
and more attention paid to economy. Its economic satisfaction weight was set to 0.65, and
the power consumption satisfaction weight was 0.35, reflecting its adjustment advantage
in ensuring the economic operation of the system. In contrast, the shiftable load has a
higher requirement for the continuity of the power consumption period, so it pays more
attention to the user experience. The power consumption satisfaction weight was 0.65, and
the economic satisfaction weight was 0.35; the transferable load seeks a balance between
comfort and economy, and the weight of the two types of satisfaction was 0.5; as a typical
controllable mobile load, electric vehicles need to meet the charging demand before travel
on the one hand, and, on the other hand, they should also take into account the economy of
participating in scheduling. The weights of electricity satisfaction and economic satisfaction
were 0.55 and 0.45, respectively. By assigning differentiated satisfaction weights to different
resources, the scheduling model could improve the acceptance of user response while
ensuring the controllable operation cost of the system, so as to realize the collaborative
optimization and complementary advantages of multiple resources. The evaluation results
of distributed resources within DRA are shown in Table 7.

Table 7. Evaluation results of internal distributed resources in DRA.

First-Level
Indicators

Second-Level
Indicators

Reducible
Load

Transferable
Load

Shiftable
Load EV

Electricity
satisfaction 96.82% 90.46% 97.59% 81.30%

Satisfaction Economic
satisfaction 102.13% 100.80% 99.19% 116.39%

Comprehensive
satisfaction 100.27% 95.63% 98.15% 97.09%

Regulating
amplitude 6.36% 12.76% 10.00% 32.74%

Flexibility Duration 12 h 8 h 4 h 21 h

Adjusting costs 98.70 11.43 3.04 28.74
Economy Profit–cost ratio 2.44 9.21 7.99 3.08

In terms of satisfaction, the reduced load and the shiftable load show higher electricity
satisfaction (both more than 96%), reflecting the higher acceptance of these two types of load
adjustment by users. The transferable load is slightly lower (90.46%), but it is still at a better
level. The electric vehicle group has the lowest electricity satisfaction (81.30%), indicating
that frequent charge and discharge scheduling has a certain impact on the convenience of
users. However, the economic satisfaction of electric vehicles is as high as 116.39%. Driven
by high returns, its comprehensive satisfaction reaches 97.09%, which is still maintained
within a reasonable range, reflecting the sensitivity of users to economic compensation.

In terms of flexibility, electric vehicles show the strongest adjustment ability, with an
adjustment range of 32.74% and a sustainable adjustment time of 21 h, which is much higher
than other resources. The transferable load regulation range is 12.76% and the duration is
8 h, ranking first in flexible load, reflecting its flexible response ability in time migration.
Although the adjustable load can be adjusted by 10.00%, the scheduling duration is only 4 h,
due to the need to meet the continuous power consumption constraints, and the flexibility
is slightly limited. Due to the direct power reduction, the adjustment range of the load can
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be reduced by only 6.36%, but it has strong fast-response characteristics because there is no
need to redistribute the power consumption time.

In terms of economy, different resources show different benefit–cost efficiency due
to differences in subsidy mechanisms and response methods. The profit–cost ratio of
load curtailment is only 2.44 due to the small adjustment range and high adjustment cost
(CNY 98.70), although the subsidy per kilowatt-hour is high (CNY 0.35). Although the
compensation of electric vehicles is high, the adjustment cost is also high, and the profit–
cost ratio is 3.08. In contrast, the transferable and shiftable load subsidies are relatively
low, but, due to the optimization of response mechanism and good cost control, high
revenue–cost ratios of 9.21 and 7.99, respectively, are achieved, reflecting strong economic
dispatch value.

On the whole, the four types of resources have different emphases on satisfaction,
flexibility, and economy. They can reduce load fast response, with high compensation, but
limited adjustment potential; the transferable load takes into account both flexibility and
economy, and is balanced in multi-dimensional indicators. The shiftable load has certain
adjustment ability under the premise of ensuring the user experience; as the most promising
flexible resources, electric vehicles show strong adjustment ability under income incentives.
The complementary advantages of various resources support the fine management of
aggregators in comprehensive optimal scheduling.

3.4.2. Overall Evaluation of Load Quotient

By analyzing the results of Table 8, it can be seen that, in the dimension of power con-
sumption characteristics, aggregators can give full play to the synergistic effects of various
flexible distributed resources by coordinating and optimizing various distributed resources,
so that the total power consumption can be increased by 5.87%. Thanks to the CET-RPS
coupling mechanism, the total cost is greatly reduced when the power consumption is
increased, and the effect of ‘more consumption and less cost’ is achieved.

Table 8. DRA overall system evaluation results.

First-Level
Indicators

Second-Level
Indicators Before Optimization After Optimization

Peak–valley difference 678 692
Electrical

characteristics
Total electricity
consumption 16,017.43 16,957.92

Adjustable load
participation rate 0.00% 8.59%

The proportion of clean
energy power generation 60.09% 56.76%

Energy
structure Energy self-supply rate 67.08% 87.81%

Total carbon emissions 4123.41 3056.82
Environmental

benefits
Carbon intensity per unit

of electricity 0.2574 0.1803

Total cost 5020.53 2486.90
Economic
benefits Policy synergy benefits 0.00 −1408.36

In the dimension of energy structure, the proportion of clean energy power generation
after optimization decreased slightly, from 60.1% to 56.8%, due to the rise of the overall
electricity base of DRA. At the same time, the energy self-supply rate climbed from 67.1%
to 87.8%, indicating that the coordination of internal distributed resources is harmful to
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enhancing the self-sufficiency of DRA, further reducing its dependence on external power
grids and improving system flexibility.

For environmental benefits, both total carbon emissions and carbon emission intensity
per unit of electricity decreased significantly, achieving reductions of about 25.9% and
30.0%, respectively. At the same time, more than 50% of the operating cost was saved. This
shows that, by introducing the CET-RPS coupling mechanism, the aggregator achieved
significant environmental benefits and considerable economic returns.

In general, DRA optimal scheduling based on CET-RPS coupling achieves coordinated
gains in the three dimensions of power consumption characteristics, energy structure,
and environmental economic benefits: it not only taps the potential of flexible load and
energy storage, improving system autonomy and flexibility, but also achieves a sustainable,
low-cost, and low-carbon operation pattern under complex market and policy constraints.

4. Results
Aiming at the distributed resource aggregation scheduling scenario, this paper con-

structed an optimal scheduling method system that integrated multi-class heterogeneous
resources; fully considered the collaborative characteristics and response differences in
distributed clean energy, electric vehicles, photovoltaic power, wind power, energy storage,
and other resources; and introduced the system-coupling mechanism of carbon quotas
and green certificates, which enhanced the adaptability of the model to complex market
and policy constraints. At the same time, combined with the dual-objective optimization
method and the multi-level evaluation system, the whole process of quantitative evaluation
from the scheduling strategy to the operation result was realized. The conclusions are
as follows:

1. An optimal scheduling model with a distributed resource aggregator (DRA) as the
main body, covering photovoltaic power, wind power, energy storage, electric vehicles,
and other resources was constructed to realize the collaborative scheduling of internal
resources and power grid interaction. It provided a method basis and practical
path for realizing the integrated management of source–load–storage, enhancing the
system autonomic ability and supporting the low-carbon transformation of a new
power system.

2. Compared with the control scenario (Scene 3) without the implementation of the
convergence mechanism, the model (Scene 4) proposed in this paper generated CNY
670.21 carbon trading revenue by converting surplus green certificates into deductible
carbon emission reduction and realizing carbon trading, so that the total cost of DRA
was reduced from CNY 3246.75 to CNY 2486.90, a decrease of 23.4%, indicating that
the convergence of CET-RPS significantly improves the utilization efficiency of carbon
assets and economic competitiveness.

3. Aiming at the diversity of DRA scheduling objectives, the ε-constraint method was
used to achieve dual-objective optimization, and the analysis was carried out from the
two dimensions of economic cost minimization and carbon emission minimization.
The results of the example show that, as the ε was relaxed from 2700 t to 3000 t, the
total cost was reduced from CNY 2537.32 to CNY 2487.74, which reveals the impact of
carbon emission constraint lending on marginal cost.

4. This paper constructed a systematic evaluation system of scheduling effect; accurately
identified the scheduling effect from the two levels of internal distributed resources
and the overall system of aggregators; revealed the differences and complementary
relationships of various resources in satisfaction, flexibility, and economy; and quanti-
fied the comprehensive benefits of optimization strategies in system autonomy, carbon
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emission reduction, and cost control, so as to provide reliable support for aggregators
to achieve fine management and synergy.

5. Discussion
The CET-RPS collaborative convergence mechanism and dual-objective scheduling

model based on DRA proposed in this paper have strong operability and promotion values
at the practical level, as follows:

Firstly, it can provide quantitative decision-making tools for energy enterprises and
power grid operators, and transform the space–time scheduling ability of electric vehicles
into tradable carbon emission reduction benefits, so as to improve the flexibility of the
power grid and the level of clean energy consumption while reducing operating costs.

Second, the model has potential for application in different countries and market
environments. For regions that have an established carbon market or RPS system, the pro-
posed mutual recognition/deduction mechanism can be directly applied; for areas where
the carbon and green certificate mechanisms are not yet perfect, their economic–carbon
coordination logic can also provide references for system design and policy evaluation.

However, there are still some limitations in this study, as follows:

(1) Idealized assumptions regarding electric vehicle travel rules and charging and
discharging behaviors are made in the modeling, which does not fully reflect
individual differences;

(2) The data of the example is typical, but the sample size is limited, so it needs to be
verified by larger-scale measurement.

(3) The model relies on a clear CET and RPS system design, and policy differences in
different regions may affect applicability;

(4) The dynamic factors, such as battery degradation, long-term price fluctuation, and
user behavior evolution, are not fully considered, and the long-term economy still
needs further analysis.

6. Conclusions Implications and Future Works
This paper constructs a low-carbon economic dispatch model for distributed resource

aggregators that integrates carbon trading (CET) and a renewable energy quota system
(RPS), and verifies its significant advantages in reducing operating costs and improving
the utilization efficiency of carbon assets. The research results show that the CET-RPS
coupling mechanism can effectively open up the value chain of carbon and green certifi-
cates, as well as provide a feasible path for the market-oriented low-carbon scheduling of
distributed resources.

The main impacts of this study are that it provides a new institutional convergence
idea for the low-carbon transformation of power systems, strengthens the synergy between
distributed resources in carbon trading and renewable energy quota policies, and provides
decision-making bases for aggregators to participate in multi-market transactions and
comprehensive income optimization.

Future research can further expand the following directions:

(1) The model could be docked with the actual market settlement mechanism to study
the compliance trading path of carbon and green certificates;

(2) Extending to cross-regional and cross-market scenarios, the impacts of transmis-
sion constraints and price differences on the effectiveness of the mechanism could
be analyzed.

(3) Behavior and risk modeling could be introduced to evaluate the heterogeneity and
long-term stability of different market players.
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(4) Verification research could be conducted based on measured or pilot data to enhance
the universality and policy guidance value of the model.
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