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Abstract

To address the coupling among bidding decisions, resource allocation, and coordinated
utilization of environmental rights for distributed resource aggregators in multiple markets,
including the energy market, peak regulation ancillary service market, carbon trading
market, and tradable green certificate market, this paper proposes a bi-level optimization
model for multi-market joint trading considering a limited carbon-green certificate linkage
mechanism. First, a quantitative mapping relationship between the emission reduction
attribute of surplus green certificates and carbon emission reduction is established, and an
upper limit constraint on the offset ratio is introduced to describe the limited conversion of
green certificate environmental attributes into carbon emission reduction value. Second, an
upper-level bidding model for the distributed resource aggregator is constructed, aiming at
profit maximization while considering revenues from the energy, peak regulation ancillary
service, carbon trading, and green certificate markets, as well as the operational constraints
of gas turbines, energy storage, and flexible loads. This model characterizes the aggregator’s
joint bidding strategy and internal resource coordination. Then, a lower-level unified
market clearing model is developed to minimize system operating cost and simulate
the segmented bidding and unified clearing process of the aggregator, wind power, and
thermal power units in the energy and peak regulation ancillary service markets. Finally,
the bi-level model is transformed into a solvable single-level model using the Karush-
Kuhn-Tucker (KKT) conditions and the Big-M method, and case studies are conducted
to verify its effectiveness. The numerical results show that under the complete multi-
market mechanism, the distributed resource aggregator (DRA) obtains a net profit of
2245.03 yuan, which is higher than 1450.33 yuan in the scenario without the carbon-green
certificate mechanism and 773.48 yuan in the energy-only scenario. The wind curtailment
rate decreases from 8.53% in the energy-only scenario to 2.71%, and the carbon emissions
accounted for within the DRA boundary are reduced to 2865.40 kg. Although the price-
taker scenario obtains a slightly higher net profit of 2300.20 yuan, its average regulation
price reaches 455.20 yuan/MWh, compared with 412.50 yuan/MWh under the proposed
model, indicating that the proposed strategy achieves a better balance between aggregator
revenue and system-side regulation cost.

Keywords: distributed resource aggregator; multi-market trading; peak regulation ancillary
service; carbon trading; tradable green certificate trading; bi-level optimization
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1. Introduction

With the continuous development of new power systems and the deepening of elec-
tricity market-oriented reform, the regulatory value of distributed resources, such as
distributed generation, energy storage, electric vehicles, and flexible loads, has been in-
creasingly enhanced. As important entities connecting distributed resources with power
systems and various markets, virtual power plants and distributed resource aggregators
can transform small-capacity and dispersed resources into observable, dispatchable, and
tradable market resources through aggregation management [1]. Meanwhile, tradable
green certificates, carbon emission trading, and related coordination mechanisms have
been continuously improved. The external price signals faced by power market participants
have gradually expanded from traditional electric energy prices to ancillary service prices,
carbon prices, and green environmental attribute prices [2—-6]. Under the background
of coordinated electricity—carbon—-green certificate multi-market operation, aggregators
need not only to optimize the operation of internal resources but also to coordinate their
bidding behavior, resource allocation, and revenue structure in the electric energy market,
regulation ancillary-service market, carbon trading market, and green certificate market.
Therefore, it is of great research significance to construct a joint trading mechanism for ag-
gregators that takes into account economic benefits, low-carbon constraints, environmental
attribute values, and system regulation requirements.

1.1. Literature Review

This subsection reviews the literature most closely related to the present study from
three perspectives: the market participation of virtual power plants and distributed re-
source aggregators, joint energy—-ancillary service trading, and the coordination of carbon
and green certificate markets. Existing studies on the market-oriented operation of vir-
tual power plants and distributed resource aggregators have mainly focused on resource
aggregation, optimal dispatch, and market participation. Reference [7] pointed out that
virtual power plants can improve the visibility and controllability of distributed resources
for system operators and market participants through aggregation. Reference [8] system-
atically reviewed virtual power plant models and their participation modes in electricity
markets. Reference [9] further summarized the configurations of virtual power plants and
their interactions with electricity, carbon, and flexibility markets. These studies provide
a theoretical basis for aggregators to participate in market transactions. However, most
of them focus on the concept of virtual power plants, resource organization forms, and
general market participation frameworks. Further research is still needed on joint bidding,
unified clearing, and revenue coordination mechanisms of aggregators under multiple
market price signals.

In terms of electric energy market trading, existing studies mainly focus on day-ahead
trading, joint energy-reserve bidding, and price-maker bidding strategies. Reference [10]
studied the mid-term dispatch optimization of virtual power plants and revealed the re-
lationship between cross-period dispatch and market participation. References [11,12]
established bidding models for virtual power plants participating in energy and spinning
reserve markets, and analyzed the coupling relationship between bidding behavior and
internal resource constraints in joint markets. Reference [13] developed a bi-level opti-
mization model for a price-maker virtual power plant participating in energy and reserve
markets, showing that when a virtual power plant reaches a certain resource scale, its
bidding behavior can influence market clearing results. Reference [14] further investigated
the bidding strategy of virtual power plants in energy and reserve markets. In general,
existing studies on electric energy trading have sufficiently considered the interaction
between aggregator bidding decisions and market clearing. However, most of them focus
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on energy, reserve, or regulation service markets, while research on joint electric energy—
peak-regulation ancillary service trading for renewable energy accommodation is still
relatively insufficient.

With the increasing penetration of renewable energy, net load fluctuation and low-load
regulation pressure have become more significant. The peak-regulation ancillary service
has gradually become an important market product for reflecting the value of distributed
flexible resources. Reference [15] constructed an optimization model for the joint electric
energy—peak-regulation market of virtual power plants considering differentiated quota-
tions of power supply equipment, demonstrating that virtual power plant participation
in joint trading can improve resource utilization efficiency. Reference [16] verified the
role of demand-side flexible resources in enhancing system regulation capability from the
perspective of large-scale electric vehicles participating in regional power grid deep peak
regulation. Reference [17] indicated that the regulation of the ancillary-service market
can guide flexible resources to participate in system regulation through price mechanisms,
thereby promoting renewable energy accommodation. Reference [18] showed from the
perspective of deep peak-regulation control strategies of thermal power units that flexible
operation of thermal power units is an important support for improving renewable energy
accommodation capability. These studies provide useful references for aggregators partici-
pating in peak-regulation ancillary services. However, two deficiencies remain. First, the
coordinated allocation of multiple resources, such as gas turbines, energy storage, reducible
loads, and time-shiftable loads, among the electric energy market, upward peak-regulation
service, and downward peak-regulation service has not been sufficiently characterized.
Second, the coupling relationship between peak-regulation trading and environmental
attribute markets, such as carbon trading and green certificate trading, has not been fully
explored, making it difficult to comprehensively reflect the decision-making characteristics
of aggregators under multiple value signals.

In terms of low-carbon mechanisms and environmental attribute markets, carbon
trading and green certificate trading have gradually become important external constraints
affecting aggregator operation strategies. Reference [19] constructed an optimal scheduling
model for virtual power plants combining carbon trading and green certificate trading,
and verified the role of low-carbon mechanisms in improving virtual power plant revenue
and promoting renewable energy accommodation. Reference [20] studied the day-ahead
operation strategy of virtual power plants in a coupled market environment, considering
green certificate classification. Reference [21] analyzed the sequential decision-making opti-
mization process of virtual power plants under electricity—carbon—certificate multi-market
conditions. Reference [22] summarized the coordination relationship between electricity
markets and low-carbon markets from the perspective of electricity—carbon-quota coupling
transactions. Reference [23] investigated the two-stage optimal operation strategy of large
energy bases under electricity—carbon-green certificate joint market trading. Reference [24]
further extended the research boundary of urban virtual power plants participating in
joint electricity and carbon trading. Existing studies show that carbon trading and green
certificate trading can change the operation strategies of aggregators through cost con-
straints, revenue compensation, and compliance responsibilities. However, most studies
still treat carbon trading costs and green certificate revenues as independent cost or rev-
enue items. Further research is needed on how the green power environmental attributes
carried by green certificates can be quantitatively mapped into low-carbon accounting or
model-based offset mechanisms, and how boundary constraints can be introduced to avoid
double counting and excessive offsetting of environmental attributes. Energy Communi-
ties (ECs) have recently attracted increasing attention because they aggregate distributed
generation, energy storage, and flexible demand and enable their members to participate
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actively in electricity markets. In this respect, ECs share several operational characteristics
with distributed resource aggregators. Van den Berghe and Wieczorek [25] analyzed how
electricity-market organization affects the participation of Energy Communities and identi-
fied institutional and market barriers to their active participation. Algarvio [26] developed
a strategic bidding approach for active Citizen Energy Communities participating in spot
electricity markets, demonstrating that improved forecasting and short-term bidding can
reduce imbalance exposure and electricity costs. Cruz-De-Jests et al. [27] reviewed practical
strategies for Energy Communities participating in electricity and ancillary-service markets,
either directly or through aggregators and other market intermediaries. These studies
demonstrate that the aggregation of distributed generation, storage, and flexible demand
can facilitate the participation of small-scale resources in electricity markets. However,
Energy Communities generally emphasize community governance and benefits for their
members, whereas the distributed resource aggregator considered in this study is modeled
as a market-oriented entity that coordinates heterogeneous resources and jointly partici-
pates in energy, upward and downward regulation, carbon, and green certificate markets.
In summary, existing studies have carried out extensive exploration from the perspec-
tives of aggregator and Energy Community participation in electricity markets, joint electric
energy—ancillary service optimization, and carbon trading and green certificate trading
mechanisms. Nevertheless, the following deficiencies remain. First, studies on aggregator
multi-market trading mostly focus on energy, reserve, or regulation service markets, while
insufficient attention has been paid to the coordinated allocation of multiple resources
in joint electric energy—peak-regulation ancillary service trading, especially the charac-
terization of its interaction with unified market clearing prices. Second, carbon trading
and green certificate trading are mostly introduced as independent cost or revenue items,
while the quantitative mapping between the environmental attributes of surplus green
certificates and carbon emission reductions, as well as the boundary of their limited coordi-
nation, has not been adequately modeled. Third, few studies analyze the interaction among
aggregators, wind power, and thermal power units under the electricity—peak-regulation—
carbon-green certificate multi-market mechanism from the perspective of unified clearing,
making it difficult to reveal the impact of aggregator trading behavior on thermal power
deep peak regulation and renewable energy accommodation. These research gaps moti-
vate the development of a unified framework that integrates aggregator bidding, internal
resource coordination, market clearing, and limited carbon-green certificate linkage.

1.2. System and Regulatory Background

The power system considered in this study comprises a market operator, wind power
producers, thermal power units, and a DRA. The DRA coordinates distributed photovoltaic
generation, wind power, micro gas turbines, energy storage, reducible loads, and time-
shiftable loads. It submits bids to the electric energy market and the upward and downward
regulation markets and allocates the cleared quantities among its internal resources. The
market operator performs unified clearing of the electric energy and regulation markets
based on the bids submitted by the DRA, wind power producers, and thermal power units.
Carbon trading and tradable green certificate trading are incorporated into the upper-level
decision-making of the DRA as external environmental-market signals rather than being
jointly cleared by the electricity-market operator.

In the Chinese regulatory context, virtual power plant policies define the market
role and market-access requirements of aggregation entities [1]. Tradable green certificate
policies specify the issuance, trading, and consumption accounting of the environmental
attributes of renewable electricity [2,4,6], while carbon emission trading regulations define
the corresponding carbon-accounting and trading boundaries [3,5]. Accordingly, the
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DRA in this study is modeled as a market participant and resource-coordination entity.
It does not operate the electricity market; instead, it coordinates its internal resources,
submits market bids, and bears the corresponding costs and revenues within the defined
modeling boundary.

1.3. Research Objectives and Contributions

To address the research gaps identified above, the objective of this study is to develop
a unified multi-market decision-making framework for a distributed resource aggregator
participating in the electric energy market, upward and downward regulation markets,
carbon trading market, and tradable green certificate market. A bi-level optimization model
for multi-market joint trading considering a limited carbon-green certificate coordination
mechanism is constructed. Specifically, the upper level describes the aggregator’s bidding
and internal resource allocation decisions, while the lower level represents the market
operator’s unified clearing process. The model is transformed through KKT conditions
and the Big-M method, and its effectiveness is verified through scenario comparison. The
main contributions of this paper are as follows. It should be noted that the contribution lies
in embedding a limited CET-TGC linkage mechanism into the multi-market joint trading
framework of a DRA, while explicitly considering its strategic bidding, internal source—
storage—load coordination, unified energy-regulation market clearing, and interactions
with wind power and thermal power units.

(1) A limited carbon-green certificate coordination mechanism is incorporated into the
DRA multi-market trading model to describe the quantitative mapping between surplus
green certificates and deductible carbon emission reductions. Based on the accounting
method for emission reductions from renewable energy generation [28], the theoretical
emission reductions corresponding to surplus green certificates are quantified. An upper
limit constraint on the offset ratio is introduced to characterize the limited coordination re-
lationship through which the environmental attributes of green certificates are transformed
into carbon emission reduction value under the model scenario, thereby avoiding double
counting and excessive offsetting of environmental attributes.

(2) An upper-level multi-market bidding model for distributed resource aggregators
is constructed. With the objective of maximizing aggregator profit, the model comprehen-
sively considers the revenues from the electric energy market, regulation ancillary-service
market, carbon trading market, and green certificate market, as well as the operation
constraints of resources such as gas turbines, energy storage, and flexible loads. The joint
bidding behavior and internal resource coordination of aggregators in multiple markets
are characterized.

(3) A lower-level unified clearing model for the market operator is constructed. With
the objective of minimizing system operating cost, a unified clearing model including
aggregators, wind power, and thermal power units is established. The segmented bidding
and clearing process of multiple market participants in the electric energy market and
the regulation ancillary-service market is simulated, and the impacts of aggregator strate-
gic bidding on market prices, system regulation, and renewable energy accommodation
are analyzed.

(4) A scenario-comparison analysis framework is established based on the transformed
bi-level market-interaction model. The optimality conditions of the lower-level unified
clearing model are transformed into KKT conditions, and the complementarity constraints
are linearized using the Big-M method. By comparing different market participation
scenarios, the aggregator revenue structure, the effect of limited carbon—green certificate
coordination, internal resource allocation, thermal power deep peak regulation, and wind
power accommodation are analyzed to verify the effectiveness of the proposed mechanism.
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2. Carbon-Green Certificate Linkage Mechanism for Environmental
Rights Coordination

Under China’s carbon peaking and carbon neutrality goals and renewable energy
consumption responsibility mechanism, Carbon Emissions Trading (CET) and Tradable
Green Certificates (TGCs) jointly affect the operating costs, environmental benefits, and
market bidding strategies of distributed resource aggregators. The aggregator bears carbon-
related costs associated with micro gas turbine output and grid electricity purchases, while
obtaining TGC revenue and fulfilling renewable energy consumption obligations through
renewable generation such as wind power and photovoltaic output. If CET and TGC
trading are modeled only as independent cost or revenue items, the emission-reduction
value embedded in surplus green certificates and the coordination relationship between
different environmental rights cannot be fully represented.

Accordingly, this study develops a limited CET-TGC linkage mechanism based on
the existing CET and TGC frameworks. The mechanism first calculates the surplus TGCs
after the aggregator satisfies its Renewable Portfolio Standard (RPS) requirement and then
converts the associated environmental attributes of renewable generation into theoretical
deductible carbon emission reductions. To avoid double counting and excessive offsetting,
an upper-limit constraint is introduced to restrict the proportion of actual carbon emissions
that can be offset by surplus TGCs. This mechanism establishes a limited model-level
linkage between CET and TGC trading and supports the joint optimization of the DRA in
the energy, regulation, ancillary-service, carbon, and green certificate markets.

2.1. CET Mechanism

Under the CET framework, the carbon emission quota rights obtained by distributed
resource aggregators can be expressed as:

EéOz = XmtPmt + Xbuypbuyﬂfire 1)

In the formula, E ?:oz is the total amount of carbon emissions quota; );; and Xbuy are the
carbon quota coefficients of micro gas turbines and power grid purchase, respectively; Py,
is the power output of the micro gas turbine; Py, is the electricity purchased from the grid;
Y fire is the proportion of grid-purchased electricity supplied by thermal power generation.

It should be noted that the quota associated with grid-purchased electricity is intro-
duced from the perspective of the DRA’s indirect carbon responsibility. The DRA is not
regarded as the physical producer of grid electricity. Instead, the grid-purchase term is
used to establish an indirect, consumption-based carbon-accounting boundary for the DRA
and to determine its carbon-market position. By contrast, the physical emissions associated
with thermal power generation remain direct emissions of the corresponding generating
units. The generator-side direct emissions and the DRA-side indirect emissions therefore
belong to different accounting scopes and are reported separately. They are not added
together when evaluating total physical emissions at the system level.

The actual carbon emissions generated by the aggregator can be expressed as:

Eg(a)lz = emt Pt + egrig Pouy fire 2)

In the formula, Eg(%lz is the actual carbon emissions generated by the DRA, and ¢,
and eg;4 are the carbon emission coefficients of the micro gas turbine and the power grid
respectively. Accordingly, Ercegz represents the emissions accounted for within the DRA’s
decision-making boundary rather than the total physical carbon emissions of the entire
power system. The grid-purchase-related component is used only for the DRA’s indirect
carbon accounting and carbon-trading decision. Therefore, the DRA-side emissions in
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Equation (2) are not summed with the generator-side direct emissions in Equation (32) to
calculate total system emissions.

Based on the above relationship between quotas and emissions, the carbon emission
trading volume of distributed resource aggregators in the CET market can be calculated by
the ladder carbon price model:

di 1
ECh, = E&8, — Eto, 3)
pdif dif
Aco,E CO, Ecoz < !
ACOZ 1+ If — l) + ACOZZ I < Edcl(]; <21

(4)

Cerr =
B Aco,(1+3a d’f —31) + Aco, (3 +3a)! 31<Ed’f <4

Aco, (1 +4a dlf —41) + A4+ 6a)l 4l<EdCZ£2§51
Aco, (1 +5a) f —51)+/\COZ(5—|—1Ozx)l Ego, > 5l

( d
Aco,(1+2a)(E dlf —20) +Aco,(2+a)l 20 <EE, <3
)(E
) E
( dl

dif

In the formula, Ccpr denotes the net carbon transaction cost of the DRA, and E- CO, is
the carbon allowance deficit after accounting for the allocated quota and the eligible green-
certificate offset, Acp, is the benchmark price of carbon trading, « is the price growth rate,
and [ is the length of the carbon emission interval. In the case study, Aco, = 0.27 yuan/kg,

= 0.10, and I = 10 kg. A positive Ccrr represents the cost of purchasing carbon
allowances, whereas a negative value represents revenue from selling surplus allowances.

2.2. TGC Trading Mechanism

TGC is used to characterize the environmental attributes corresponding to renewable
energy power generation, and its unit usually corresponds to a certain amount of renewable
energy power generation. Through the TGC trading mechanism, the market-oriented allo-
cation of the environmental value of renewable energy can be realized, and a quantitative
basis for the coordinated operation of multiple markets can be provided.

The green certificate performance requirements that distributed resource aggregators
need to complete can be expressed as:

Néreen = PGreen (Peut + Pshift + Phrans) (5)

In the formula, N¢,,,,

green certificate compliance coefficient, which is used to reflect the minimum renewable

is the number of TGC required for performance; g, is the

energy consumption requirements. Py and Py denote the electricity consumption
associated with the reducible load and shiftable load, respectively.

The number of TGC obtained by distributed resource aggregators through configured
renewable energy units is:

!
Ngraeen = TPUPPU + Twind Pwind (6)

In the formula, N gfelm is the actual number of TGC held; 7, and 7,4 are the green

certificate conversion coefficients of photovoltaic and wind power respectively.

When NZ¢% < N it is necessary to purchase the balance part through the TGC

Green Green’
market; when Ngfelen > NE,pens the excess TGC can obtain benefits through market transac-

tions, and the transaction cost or benefit is expressed as:

CTGC = /\TGC X (N(*Sreen - Ngﬁe!en) (7)
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In the formula, Ctgc is the transaction cost (or income) of green certificate; Argc is
the trading price of green certificate.

2.3. CET-TGC Linkage Mechanism Considering Surplus Green Certificate Deduction

To coordinate the Renewable Portfolio Standard (RPS) with Carbon Emissions Trading
(CET), this study quantifies the emission-reduction attributes of surplus TGCs after RPS
compliance and converts them into eligible carbon emission reductions within the defined
accounting boundary. The key to the proposed linkage mechanism is to establish a quan-
titative conversion relationship between surplus TGCs and carbon emission reductions,
while imposing an offset upper limit to avoid double counting and excessive weakening of
the carbon-price signal.

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 [28], the carbon emission reduction cor-
responding to renewable energy power generation can be calculated by the regional grid
baseline emission factor. For wind power and photovoltaic power generation projects,
the weights of the marginal emission factor of electricity and the marginal emission factor
of capacity are 0.75 and 0.25, respectively, and the carbon emission reduction conversion
coefficient corresponding to the unit TGC can be obtained:

xtce = 0.75 X xom +0.25 X xpm (8)

After completing the TGC performance requirements, the number of surplus green
certificates held by distributed resource aggregators is N¢,.,,, and the corresponding
Sur

theoretical deductible carbon emission reduction EZ¢ can be expressed as:

sur

sur real *

{ Green — max{O, Green — N Green} 9)

sur _
ECOZ = XTGC X NGreen

Because the accounting boundaries of TGC environmental attributes and carbon
emission reductions may differ, an offset upper-limit constraint is introduced to avoid
repeated declaration of emission reductions and excessive interference with the CET price
signal. The eligible carbon offset from surplus TGCs is constrained not to exceed a specified
proportion of the actual carbon emissions:

TGC __ . sur TGC *
Eco, = min(Egs,, 1o, Eco,) (10)

where ngzc is the maximum proportion of actual carbon emissions that can be offset

using the emission-reduction attributes of surplus green certificates. Because the current
regulatory framework does not prescribe a uniform conversion ratio between TGCs and
carbon allowances, ﬂggzc is introduced as a scenario parameter rather than a statutory
coefficient. In this study, it is conservatively set to 0.08 to limit the offset to a small
proportion of actual emissions, thereby preventing double counting and avoiding excessive
weakening of the carbon-price signal.
Then the carbon trading volume E?%Z after the introduction of green certificate deduc-
tion is revised to ‘
EC, = EEY, — Eto, ~ ELES an
The proposed linkage mechanism enables the DRA to convert the emission-reduction
value represented by surplus TGCs into eligible carbon offsets after satisfying the green
certificate compliance requirement. In this way, the environmental attributes of green

certificates and carbon allowances can be coordinated within a limited accounting boundary.
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This mechanism improves the utilization of green certificate environmental attributes
and reduces carbon-trading costs through controlled market linkage, thereby providing
economic incentives for low-carbon scheduling and integrated energy management.

3. Aggregator Upper Bidding Model
3.1. Upper Objective Function

The distributed resource aggregator establishes the objective function with the maxi-
mum total profit:

maxFpra = Rpra + Rpga + RER4 + Rbka — Chra (12)

In the formula, Fpra represents the total profit of the distributed resource aggrega-
tor, RE , is the electric energy market revenue of the distributed resource aggregator,
RER , is the peak-regulation auxiliary service market revenue, R§EL, is the carbon market
revenue, RICC is the green certificate market revenue, and CODP r 4 is the operating cost of
the aggregator.

(1) The benefits of distributed resource aggregators participating in the energy market

RE is:

REDRA = )‘EPERA (13)
b
PBRA = PISDEIZQZA - PDL;QyA (14)

In the formula, Af is the clearing price of the electric energy market, and P54 is
the cleared energy quantity of the DRA, P,SJ"]I{I 4 and ng 4 denote the electricity sold to
and purchased from the energy market by the DRA, respectively. Therefore, P5,, > 0
represents a net electricity sale, whereas P5, , < 0 represents a net electricity purchase.

(2) The benefits of distributed resource aggregators participating in the peak-regulation
market RPR is:

RPka = Apr+Phgh + Apr—PhRa (15)
PR PR PR PR
{ Phry = Py 4 PRt 4 Py 4 PR

PR- _ pPR— _ | pPR—
Phga = Pui + PR+ Py

(16)

In the formula, Apgry and Apgr_ are the upward peak-regulation clearing price and
the downward peak-regulation clearing price respectively, Pgllgjg and Pgllgz are the upward
regulation quantity and the downward regulation quantity of the distributed resource
aggregator respectively. PPR* pPR+ PCI;RJF and Ptllj R+ are the upward regulation power
of gas turbine, energy storage, load reduction and time-shifting load in the aggregator,

PR— pPR—
4 PES

respectively; P, ; and PtIlJ R~ are the downward regulation power of gas turbine,

energy storage, and time-shifting load, respectively.

(3) The carbon market revenue of distributed resource aggregators REEL is
RERY = —Ccer (17)

In the formula, Ccpr is the signed net carbon transaction cost calculated using the
ladder carbon-pricing model in Equation (4).

(4) The green certificate market revenue of distributed resource aggregators RICC is

TGC __ sur
Rpra = ATGCNGreen,DrA (18)

In the formula, Argc is the clearing price of the green certificate market, and N/, pra

is the number of green certificate transactions of the distributed resource aggregator.
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(5) The operation cost of distributed resource aggregator CODP RA 18
CBra = CpoPpo + CuinaPaind + Ces (Pea” + PEs™) + (cctDPey + cySPy) +Cot - (19)

In the formula, C,; denotes the total operating cost of the DRA. In the present model,
the DRA’s operating cost mainly includes the operating and compensation costs of its
internal resources. Grid usage costs, including distribution network charges, wheeling
charges, congestion-related charges, and network-loss-related charges, are not explicitly
modeled because the present study does not represent the detailed distribution network
topology or location-dependent network tariffs. Consequently, the potential reduction in
grid usage costs resulting from local coordination of distributed generation and demand is
not captured in the calculated DRA profit. Accordingly, the profit objective represents pre-
grid market-trading profit before distribution network charges, wheeling costs, congestion-
related costs, and network-loss-related costs are considered.

3.2. Aggregate Resource Operation and Bidding Constraints

Aggregator power balance constraint:

E E,dis
wind T Pt + Pes
0< Pbuy,t < thdeuimde
0 S Psell,t S thde(l _ ugmde)
u;rade c {0/1}

Pg’Cha+P5+P5+PERA:P£v+PE

(20)

E pE
In the formula, va, P :
turbine in the electric energy market of the aggregator, PL“" and PE* are the charging and
discharging power of the energy storage system in the electric energy market, P and P}
are the power of the load that can be reduced and time-shifted in the electric energy market.
To prevent simultaneous electricity purchasing and selling, the binary variable "

is introduced. When u{"¢ = 1, the DRA can purchase electricity but cannot sell electricity;

; and PE, are the power of photovoltaic, wind power and gas

when u!"4¢ = 0, it can sell electricity but cannot purchase electricity. In the case study,
MITade s set to 2000 kW.

Distributed resource modeling within aggregators:
(1) Gas turbine:
Pyt = PE, 4+ PPRT _ pPR= (1)

MIN MAX
Pmt < Pt < Pmt
—PROWN < Pyt (t) — P (t — 1) < PYP
PR+ PR+ ,MAX
0 S Pmt S Pmt ’

(22)

In the formula, Py is the power of the micro gas turbine, P,%AX and P%IN are the
PDOWN are the
ramp-up and ramp-down limits of the micro gas turbine. PPR* and PPR~ are the upward
pPRMAR 11 g pPR-MAX oy

upper and lower limits of the output of the micro gas turbine, PY" and
and downward regulation outputs of the micro gas turbine, e
the maximum outputs of the gas turbine.
(2) Energy storage:
0 < P(t) < YoPyAX
0 < Pdis(t) < ydis pMAX (23)
0 <Y 4 yidis <1
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In the formula, Y&* and Y#* represent the charging and discharging operation state
of energy storage, P/ and P%* are the charging and discharging power of energy storage,
pMAX

and is the upper limit of energy storage power.

0 < P£R+(t) < Y£R+p£R+,MAX
0 < PPR-(t) < YPR- pRR=MAX (24)
0 < YPR+ 4 yPR= <1

In the formula, PERTMAX and pRR=MAX 4re the maximum output of the energy
storage, Y2R* and YLR~ are the binary charging and discharging state variables.

SOCMIN < SOCs(t) < SOCMAX
SOCes(0) = SOCs(T) 25)
SOCes(t) = SOCgs(t — 1) + ‘uggﬂpecsha(t) _ Pg;ls(t)/ygszs

In the formula, SOCMN and SOCMAX are the minimum and maximum state of
charge of energy storage, u$' and pd’s are the charging and discharging efficiency of
energy storage.

(3) Reduced load:

E,MIN E E,MAX
{ Pcl SPclgpl (26)

PR+ PR+,MAX
0< pcl < Pcl

In the formula, Pcb; denotes the reducible-load power participating in the energy

market, PCI?R+ is the regulation output, and P£R+'MAX

is the maximum output of the load
that can be reduced.

(4) Time-shiftable load:
t=t+ t=t+

Y, Pit=Y P 27)

b=ty b=ty

In the formula, P3"! and P/I' are the transfer-out and transfer-in power.

O hp s Ytl'z‘élept(;vmx

PR+ +
0 S PtII)R S PtIlJRf MAX (28)
0< P~ <P,

In the formula, Pg is the baseline time-shiftable load power, Y}; represents the state of
internal time shift, B is the proportion of time-shiftable load, Ptll) REMAX and Ptll) R=MAX

are the maximum power of time-shiftable load up and down peak regulation.

4. The Unified Clearing Model of the Lower Level of the Market Operator

The upper model depicts the distributed resource aggregator’s bidding strategy and
internal scheduling logic oriented to maximize its total profit. However, the final winning
amount and actual market return of the aggregator depend not only on its own declaration
strategy but also on the unified clearing mechanism operated by the market operator. In
the bi-level model framework, the market operator is the follower, and its core goal is to
minimize the comprehensive operating cost of the whole system while satisfying system
power balance and operational constraints. To this end, this section will build a unified
clearing model at the lower level of the market operator and simulate the multi-agent
“segmented bidding and unified clearing” process, including aggregators, wind power,
and traditional thermal power units, in detail.
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4.1. The Lower Objective Function
minFsys = Cpra +Cw + Z Cgen (29)
geneG
(1) The cost of distributed resource aggregator Cpry is:
E E PR+ pPR PR— pPR—
Cpra = bpraPora + (UpraPpra + PpraPora) (30)

In the formula, b5y ,, bgﬁ‘g and bg}& are the electric energy, upward regulation and
downward regulation market quotations of the distributed resource aggregator, respectively.
(2) Wind power cost Cyy is:

Cw = by Py + by PR~ — e AR~ — RyFC (31)

In the formula, bE,, bII,JVR_ and cyy" are the operation and maintenance cost, downward-
regulation cost, and wind-curtailment cost of wind power, P§, and P{,’VR— are the power of
wind power in the electric energy market and downward regulation market. R1°C is the
income of wind power in the green certificate market.

(3) The thermal power cost Cgy, is:

Coen = bigenPgon + (Dgen' Peen™ + ben Peen ) — Cgon + Cgont (32)

In the formula, bgen, bggf and bggf are the electric energy of thermal power, the
upward regulation and downward regulation market quotations, respectively, and Cgelnj is
the deep peak-regulation cost of thermal power. Cgce};? is the carbon transaction cost of ther-
mal power. This term represents the generator-side carbon cost associated with the direct
emissions of thermal power generation. It belongs to the direct-emission accounting bound-
ary of the generating unit and is not combined with the DRA emissions in Equation (2),
which belong to the DRA'’s indirect consumption-based accounting boundary. These two
emission-accounting terms are used separately for their respective market decisions and
are never summed to compute total system emissions.

In this paper, subsidies for thermal power participation in deep peak regulation
are considered.

DP _ ~DP]1 DP,2
Coen = Cgen + Cgen

P1 _ DP1pDP,1 DP,1

Coen” = Cgen’ Poen ,0.3PgeittX < Pegy” < 0.5Pg0t% (33)
DP2 _ DP2pDP2 pMIN DP,2 MAX

Cgen™ = Cgen’ Pgen /Pgen < Poen™ < 0'3Pgen

In the formula, ngl;,k is the subsidy price of the k-stage deep peak regulation, and Pé’ifj'k

is the winning bid power of the k-stage deep peak regulation price.

4.2. Lower Constraint Conditions

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.

4.2.1. System Electric Energy Balance Constraints

The system electric energy balance constraint ensures that the total cleared electricity
supplied by the DRA, wind power, and thermal units is equal to the system electricity
demand in each period, as follows:
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Phra+DPiy+ Y. Pgu=DF (34)
geneG
4.2.2. System Upward and Downward Regulation Balance Constraints
PR
Phra+ ¥ Pgnt = DERY
PR poR T (35)
PDRA + PW + X Pgeni = Dsysi
geneG

Wind turbine safety constraints:

Fw = P‘E\/ y PVlzIfR_ MAX

0< PR <P (36)
MIN MAX

PW S PW < PW

In the formula, Pyy is the wind power output, PE, is the standard power in the electric
energy market, vaR* is the downward regulation power, vaRf’MAX is the upper limit of the
downward regulation of wind power, P%AX and PMN are the maximum and minimum
output of wind power.

Safety constraints of thermal power units:

Pgen = PL,, + PPRY — Pgeﬁ— (37)

gen gen

MIN MAX
ngnDOVSVNPgen S Pgen ur (38)
_Pgen < Pgen(t) —ngn(f—l) < Pgen

In the formula, Pg,p is the output of thermal power unit, Pé\ﬁ,{‘x and Pé],‘gr{N

Pél,leﬁ and PQQWN are the upper and lower limits

are the
upper and lower limits of thermal power,
of climbing power.

0 < P%oe{zl_ < pPR—MAX (39)

gen

PR+ ,MAX
0 < Py < Peen
gen

In the formula, Pél,jelflJr and ngé_ are the upper and lower peaking power of thermal

power, Pgi§+’MAX and Pé;lff'MAX are the upper and lower peaking power limits respectively.

4.2.3. Market Clearing Constraints

In order to describe the ‘segmented quotation-unified clearing’ mechanism, the quota-
tion segmentation variable is introduced. i represents market participants, including the
distributed resource aggregator (DRA), wind power producer (W), and thermal power
unit (Gen); j is the segment number; PiE]'.) is the winning power of the jth segment; API-E]'.) is
the quoteable capacity of paragraph j; bi(,']-) quote for paragraph j; the Formulas (40)—(42) is
the power decomposition and capacity boundary under the segmented quotation, which
ensures that the clearing follows the segmented supply logic of ‘low price first and high
price later’; the Formula (43) is a quotation compliance constraint, and the upper and lower
limits can be set according to market rules.

Electricity market segmentation quotation and clearing constraints:

(40)
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In the formula, APEJ- is the quotable capacity of subject i in the jth section of the electric
energy market; bfj is the corresponding segment quotation; Pfj is the winning power of the
corresponding segment. Here, j denotes the segment index, and | denotes the total number
of quotation segments.

Upward regulation market segmentation quotation and clearing constraints:

J
PR PR
Pi + _ Z Pi,j +
]':1

PR+ PR+
0< Pi,]. < APZ.,].
PR+ PR+ PR+ \/;
by T <b,yT < < bi,] ,Vie {DRA}UG

(41)

Downgrade regulation market segmentation quotation and clearing constraints:

J
PR— _ y~ pPR-
P; - ,_lPi,j

0< P < APPR- *2)

PR— - p,PR— PR—
by <b, <---<b; Vic{DRA}JUGUW
The upper and lower limits of quotation and compliance constraints:

bf’MlN < b1E < bl-E'MAX
blPR-&-,MIN < bleRJr < blPR-&-,MAX (43)
bZPR—,MIN < bleR— < blPR—,MAX

5. Solution of the Bi-Level Model Based on the KKT Condition

The proposed joint market trading model is a bi-level optimization problem, where
the upper level describes the profit maximization problem of the distributed resource
aggregator, and the lower level represents the unified market clearing model operated by
the market operator. Since the lower-level clearing model is a linear convex optimization
problem, its optimal solution can be equivalently characterized by the KKT conditions.
Therefore, the lower-level model is transformed into constraints of the upper-level problem
using the KKT conditions, thereby enabling the bi-level model to be reformulated as a
single-level problem.

The lower-level clearing model can be expressed in a general form as:

min c(b)"y
st Ay=d (44)
Gy<h

where y denotes the lower-level decision variable vector; c(b) represents the cost coefficient
determined by market bids; Ay = d denotes equality constraints such as power balance
and peak-regulation balance; and Gy < I denotes inequality constraints such as output
limits, ramping constraints, and segmented capacity constraints.

By introducing the dual variable A for equality constraints and the dual variable u for
inequality constraints, the KKT conditions of the lower-level model can be written as:

Ay=d,Gy <h
p=0
c(b)+ ATA+GTu=0
0<ulh—-Gy>0

(45)
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where the dual variables corresponding to the system balance constraints represent the
clearing prices of the corresponding markets. By combining the above KKT conditions
with the upper-level bidding decision model of the aggregator, a single-level mathematical
program with equilibrium constraints (MPEC) can be obtained.

To facilitate the model solution, the Big-M method is adopted to linearize the comple-
mentarity slackness conditions. For a general complementarity relation:

0<alb>0 (46)

A binary variable Y and a sufficiently large constant M are introduced, and the relation

can be linearized as:
0<a< MY

0<b<M(1-Y) #7)

In the proposed model, this transformation is applied to the mutually exclusive elec-
tricity purchasing and selling states, the activation of the green-certificate offset mechanism,
and the positive-negative decomposition of the carbon-trading quantity. The lower-level
optimality conditions are imposed separately through primal feasibility, dual feasibility,
stationarity, and strong duality.

In the numerical implementation, M = 2000 kW, is used for the electricity pur-
chasing and selling constraints, MCET = 10* kg, is used for the green-certificate offset and
carbon-trading quantity decomposition, and M = 10* is imposed as a numerical bound
on the market price and dual variables. These values exceed the corresponding feasible
physical or numerical ranges and were chosen to avoid unnecessarily large bounds that
could impair numerical stability.

6. Example Analysis

In order to verify the validity of the constructed model and analyze the trading behav-
ior characteristics of distributed resource aggregators in a multi-market environment, this
section conducts an example analysis. Firstly, by setting different scenarios, the operation
results of aggregators under different market participation conditions are compared to
illustrate the correctness of the model proposed in this paper in terms of economy, environ-
mental benefits, and system regulation. On this basis, the market operation characteristics
are further analyzed around the model proposed in this paper.

The case study is conducted over a 24-h scheduling horizon with a time resolution of
1 h. The considered system comprises five thermal power units, two wind power producers,
and one DRA. The DRA coordinates an 800-kW photovoltaic unit, an 800-kW wind turbine,
a 300-kW micro gas turbine, a battery energy storage system, a reducible load, and a
time-shiftable load. This configuration represents a high-renewable-capacity case, where
the installed renewable capacity is 1600 kW, and the renewable-to-gas-turbine capacity
ratio is 5.33. Therefore, the results should be interpreted as reflecting the performance
of the proposed mechanism under a high-renewable-penetration and relatively limited
controllable-generation setting. To ensure transparency and reproducibility, the complete
system scale, resource capacities, operating-cost parameters, market parameters, and 24-h
load and renewable-generation profiles are provided in Appendix A. All four scenarios
use the same physical system and input profiles; only the market-participation settings
described below are changed.

6.1. Analysis of Market Trading Behavior of Aggregators Under Different Scenarios

In order to compare the impact of different market participation methods on the
transaction results of aggregators, this paper sets up four typical scenarios and makes
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a comparative analysis from the aspects of economic benefits, environmental benefits,
market prices, and system adjustment through Table 1, so as to reveal the differences in the
operation characteristics of aggregators under the multi-market coordination mechanism.

Table 1. Comparison of aggregator results under different trading scenarios.

E\./aluat1.0n Indicator Scenario 1 Scenario 2 Scenario 3 Scenario 4
Dimension
DRA pre-grid market-trading 55 3 1450.33 77348 2300.2
profit (yuan)
Ele‘grlc energy market 2294.68 2276.13 2299.43 —82.9
Economic benefits arnings (yuan)
Regulation market total 1473.91 1318.6 0 1436.14
revenue (yuan)
Total operating cost (yuan) 2137.92 2144.41 2139.55 212.42
Carbon trading /green 614.36 0 613.6 1159.39
certificate net income (yuan)
Environmental Total wind power curtailment 271 273 8.53 281
benefits rate (%)
DRA-accounted carbon 2865.4 2880 2880 2872.15
emissions (kg)
The ave(rage e/lﬁz‘tf\;ﬁl)ty price 333.15 227.65 232.4 325.1
Market price yuan
The average peak regulation
price (yuan/MWh) 412.5 315.8 0 455.2
The total amount of deep peak
System regulation regulation of thermal 568.5 575.48 577 566.5

power (kW)

Scene settings:

Scenario 1: The model proposed in this paper;

Scenario 2: do not consider the carbon trading + green certificate mechanism;

Scenario 3: Distributed resource aggregators only participate in the electricity market;

Scenario 4: Distributed resource aggregators participate in the market as price receivers.

Table 1 compares the economic, environmental, market-price, and system-regulation
results under the four market-participation scenarios. In Scenario 1, the DRA obtains a pre-
grid market-trading profit of 2245.03 yuan, which is higher than that in Scenarios 2 and 3.
This indicates that joint participation in the energy, regulation, ancillary-service, carbon,
and green certificate markets can broaden the DRA’s revenue sources. Scenario 4 is used as
a price-taker benchmark rather than the proposed strategic-bidding mechanism. Although
Scenario 4 achieves a slightly higher pre-grid market-trading profit of 2300.20 yuan, this
is mainly due to its low operating cost of 212.42 yuan because the micro gas turbine is
not dispatched. By contrast, Scenario 1 considers the DRA’s strategic bidding behavior in
the unified clearing process and achieves a comparable profit while maintaining a lower
average regulation price. Therefore, the reported profits in Table 1 should be interpreted as
pre-grid market-trading profits rather than final net profits. Distribution network charges,
wheeling costs, congestion-related costs, and network-loss-related costs are not included
in the current model. If these grid usage costs were considered, the actual net profits of
all scenarios would be lower, and the profit ranking, especially between Scenarios 1 and 4,
could change.
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In terms of environmental performance and system regulation, Scenario 1 achieves the
lowest DRA-boundary carbon emissions, at 2865.40 kg, and reduces the wind curtailment
rate to 2.71%. In contrast, when the DRA participates only in the energy market in Sce-
nario 3, the wind curtailment rate increases to 8.53% because regulation-market flexibility
is not fully utilized. The total deep-regulation output of thermal power also reaches 577 kW,
indicating higher system regulation pressure.

Overall, the multi-market coordination mechanism improves both the DRA’s revenue
structure and system regulation performance. Although Scenario 4 has a slight advantage
in terms of individual DRA profit, Scenario 1 provides a more balanced performance when
system regulation cost and market-operation efficiency are considered.

As shown in Figure 1, under the complete multi-market mechanism, the aggregator
can obtain the benefits of the electric energy market, the regulation ancillary-service market
and the environmental equity market at the same time, so the comprehensive net profit
is higher. In contrast, without participating in the carbon-green certificate transaction,
the DRA loses the corresponding environmental-market income. When the DRA does
not participate in the regulation ancillary-service market, the flexibility value of energy
storage and flexible loads cannot be fully monetized, leading to a significant decrease in
economic performance.

I Energy Market N TGC Revenue [N Load Comp.

Up-peak Service I Carbon Trading FEN O&M Costs
Down-peak Service I Microturbine == Net Profit

<000 Comparison of Profit and Cost under Different Scenarios
T T T
4000 - .

3000

T

2000

1000

Amount / Yuan

0

—1000

—2000

3000 1 1 . 1
Scenario 1 Scenario 2 Scenario 3 Scenario 4

Figure 1. Comparison of aggregators’ earnings under different market participation scenarios.

It should be noted that in scenario 4, when the aggregator participates in the market
as a price taker, although its net profit is higher than that in scenario 1, it corresponds to
a higher average regulation price. This shows that the increase in the individual income
of the aggregator in this scenario is partly due to the higher regulation cost on the system
side. Therefore, from the perspective of the overall operating efficiency of the system and
the market-operation efficiency, scenario 1 still has better comprehensive performance. The
multi-market mechanism integrating electric energy, ancillary services and environmental
values helps to more fully reflect the economic value and environmental value of distributed
flexible resources.

6.2. Analysis of Joint Market Trading Results Under the Carbon-Green Certificate Mechanism

Figure 2 shows that the clearing prices of the system electric energy market and the
regulation auxiliary service market exhibit clear temporal variations. When the load is low
at night and the wind power output is high, the clearing price of the electric energy market
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is relatively low, while the downward regulation price is relatively high. During the peak
period of daytime load, the price of electric energy and the price of upward regulation have
increased. This indicates that market prices can reflect time-varying energy supply-demand
conditions and regulation requirements.

Market Clearing Prices
900 T T T T T T T T T T T T T T T T T T T T T T T T

I Upward Regulation
800 [ Downward Regulation
— O0— Energy Price

c; o0—0—0—9© e 3 % S ©
200 |
100 T J

oLt L [
4

1 2 3 4 5 6 7 8 9 1011 12 13"14" 15 16 17 18 19 20/ 21 22' 23+ 2
Time (h)

~

=

(=]
T

[=)

(=

[=]
T

S

(=3

(=]
T
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W W
(=) (—3
o (—]
T

Figure 2. Joint market clearing results.

As shown in Figure 3, there are significant differences in the energy supply and
regulation functions of different market participants across different periods. Thermal
power units mainly provide base-load supply and provides peak regulation support when
necessary. Wind power contributes to system supply during high-output periods and
participates in clearing through downward regulation. The DRA participates in the energy
market or the regulation ancillary-service market at different time periods according to
market prices and internal resource constraints. When the net load at night is low, the
wind power output increases, and the DRA provides more downward regulation; when
the demand for electricity increases during the day, the aggregator provides electricity
and regulation support through energy storage, flexible load, and gas turbine. The results
show that under the joint market clearing, the joint clearing process forms a time-varying
coordination pattern among market participants, improving system regulation capability
and wind-power accommodation.

Figure 4 depicts the evolution of strategic bidding behavior of the DRA as a price-
maker in the electric energy and regulation ancillary-service market. In the electric energy
market, the declared price of the aggregator shows significant time-series adaptive char-
acteristics. During periods with high renewable generation, the DRA adopts a low-price
strategy to secure cleared quantities and actively lowers the quotation to close to the lower
cost limit to increase the probability that surplus clean energy is cleared; in the morning
and evening peak periods of electricity consumption, its quotation rises rapidly and closes
to the market clearing price to maximize the marginal revenue. In addition, in the reg-
ulation ancillary-service market, based on the global optimization of the bi-level model,
the aggregator tends to reduce its quotation to improve the probability of winning the bid
during periods with high renewable output; during the peak load period, the quotation is
relatively increased to obtain higher marginal revenue. The simulation results show that the
proposed model can provide some reference for the collaborative bidding of aggregators in
a multi-market environment.
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(a) Energy Market Dispatch Results
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Figure 3. Joint market bid-winning power results.

(a) Energy Market Bidding
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Figure 4. Aggregators’ joint market quotation.

Figure 5 presents the output decomposition of the internal source-storage-load re-
sources of the aggregator under multi-market price signals. During the period of high
daytime electricity price and peak regulation price, the aggregator mainly provides regula-
tion capacity through energy storage discharge, reducible load response, and micro gas
turbine output; at night, when downward regulation demand is high and wind power
output is high, it relies more on energy storage charging and time-shifting load transfer to
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participate in downward regulation service. It can be seen that different resources have
different functions in different markets and periods: gas turbines are more suitable for
providing stable support, energy storage is more suitable for rapid two-way regulation,
and flexible loads provide demand-side shifting and curtailment capability. The results
show that the DRA can dispatch internal resources differently according to price signals
and resource characteristics.

(a) Upward Regulation Resource Breakdown
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(b) Downward Regulation Resource Breakdown
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Figure 5. Aggregator regulation market output decomposition diagram.

Figure 6 shows the temporal operation status of distributed resource aggregators
under the coupling mechanism of carbon allowances and green certificates. Figure 6a
shows that during the peak period of photovoltaic generation at noon, the number of green
certificates actually generated by the aggregator far exceeds the consumption demand of
the internal load, forming a significant green certificate surplus. This surplus provides
a sufficient margin for aggregators to participate in market transactions and carry out
internal carbon emission deductions. Figure 6b further verifies the effectiveness of the
green certificate offset constraint: although the potential green certificate deduction of
the system exhibits a pronounced negative peak under high renewable generation, the
actual eligible offset is restricted within the prescribed offset boundary by the actual
carbon-emission level and the maximum offset ratio. This shows that the proposed bi-level
optimization model can effectively curb the excessive offsetting by the DRA and maintain
the accounting consistency of low-carbon operation while exploiting the economic potential
of distributed resources.

Figure 7 reveals the operational characteristics of thermal power units participating in
deep peak regulation under extreme load conditions. During the very low load period at
night, when the conventional regulation resources are exhausted, or regulation limits are
reached, the system must call on the deep peak regulation capacity of the thermal power
unit to maintain the power balance. The operation results show that some thermal power
units operate in the first and second deep-regulation segments during several low-load
periods. Combined with the segmented peak regulation compensation mechanism intro-
duced in the lower-level clearing model, the operation cost of thermal power participating
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in deep regulation is compensated, which not only ensures the safe operation of the system

but also provides more accommodation space for wind power integration. Since wind

power is the renewable resource directly involved in the unified market clearing model, the

wind-curtailment rate is used as the main indicator of renewable energy accommodation in

this study.
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Figure 6. Results of the carbon-green certificate linkage mechanism.
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Figure 7. Deep peaking results.
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6.3. Sensitivity, Robustness, and Model Validation Analysis

To further examine the robustness of the proposed model, a sensitivity analysis was
conducted by varying key environmental-market and resource-availability parameters
around the baseline case. Specifically, the benchmark carbon price, TGC price, renewable
generation availability, and flexible-resource availability were varied by +20%, while
the remaining parameters were kept unchanged. The proposed model was then solved
under each parameter setting, and the changes in the DRA’s net profit, carbon-market
revenue, TGC-market revenue, and regulation-market revenue were compared with the
baseline results.

Table 2 reports the sensitivity analysis results. The results show that the proposed
model remains feasible under all tested parameter variations. An increase in the bench-
mark carbon price strengthens the low-carbon dispatch incentive and increases the eco-
nomic value of the CET-TGC linkage mechanism, whereas a decrease in the carbon price
weakens this incentive. Similarly, a higher TGC price improves the revenue contribu-
tion of renewable generation and surplus green certificates, while a lower TGC price
reduces the environmental-market income. When renewable generation availability in-
creases, the DRA obtains more green certificates and relies less on high-emission resources.
In contrast, lower renewable availability reduces green-certificate income and increases
the dependence on controllable resources. In addition, reducing flexible-resource avail-
ability weakens the DRA'’s ability to participate in regulation markets, leading to lower
regulation-market revenue.

Table 2. Sensitivity analysis of key market and resource parameters.

Parameter Variation

Main Effect on Results Robustness Implication

Carbon price —20%/+20%

Carbon-market revenue and low-carbon

. . ) . Main conclusions remain unchanged
dispatch incentive decrease/increase

TGC price —20%/+20%

TGC-market revenue

) . . Main conclusions remain unchanged
decreases/increases with the TGC price &

Renewable generation availability =~ Green-certificate income and renewable

—20%/+20%

. . Model remains feasible
accommodation decrease/increase

Flexible-resource availability

—200/0/ +20%

Regulation-market revenue
decreases/increases with Model remains feasible
available flexibility

Overall, although the absolute values of the revenues vary with market prices and
resource availability, the main conclusions of the case study remain unchanged. The
proposed multi-market trading strategy can coordinate energy-market trading, regulation-
market participation, and environmental-market mechanisms, and the limited CET-TGC
linkage mechanism continues to improve the DRA’s low-carbon operation and revenue
structure under different parameter settings.

In addition to the sensitivity analysis, the model was further validated from the per-
spectives of constraint feasibility and mechanism consistency. The obtained solutions
satisfy the main operational constraints, including energy balance, upward and downward
regulation balance, micro gas turbine output limits, energy-storage charging/discharging
limits, SOC bounds, flexible-load adjustment limits, and the constraint preventing simul-
taneous electricity purchasing and selling. Moreover, the scenario comparison verifies
the consistency of the modeled market mechanisms. The DRA’s net profit decreases from
2245.03 yuan under the complete multi-market mechanism to 1450.33 yuan without the
carbon—green certificate mechanism and to 773.48 yuan in the energy-only scenario, which
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is consistent with the modeling logic that multi-market participation and environmental-
market coordination expand the DRA’s revenue sources. Therefore, the proposed model is
validated in terms of feasibility, mechanism consistency, and robustness.

7. Conclusions

This paper constructs a bi-level optimization model for multi-market joint trading of a
distributed resource aggregator participating in the energy market, regulation ancillary-
service market, carbon trading market, and tradable green certificate market. A limited
carbon—green certificate linkage mechanism is incorporated, and the model is transformed
and solved using KKT conditions and the Big-M method. The main conclusions are as
follows. The main numerical findings are also summarized in the following conclusions to
clarify the economic, environmental, and system-operation effects of the proposed model.

(1) The proposed limited carbon—green certificate linkage mechanism can describe
the conversion relationship between the environmental attributes of surplus green cer-
tificates and carbon emission reduction value. By introducing an upper limit constraint
on the offset ratio, repeated accounting of environmental rights and excessive offsets
can be avoided, enabling a limited and controllable linkage between carbon trading and
green certificate trading. Case results show that the aggregator’s pre-grid market-trading
profit reaches 2245.03 yuan under the complete multi-market mechanism, which is higher
than 1450.33 yuan in the scenario without the carbon-green certificate mechanism and
773.48 yuan in the scenario where the aggregator only participates in the energy market.

(2) The upper-level bidding model can reflect the aggregator’s joint bidding behavior
and internal resource coordination under multiple market price signals. The aggregator
can coordinate decisions among energy trading, upward regulation, downward regulation,
carbon trading, and green certificate trading according to market prices and resource
operating characteristics in different periods, thereby fully utilizing the differentiated
regulation capabilities of gas turbines, energy storage, and flexible loads.

(3) The lower-level unified clearing model can characterize the market interactions
among the aggregator, wind power, and thermal power units. Under the complete multi-
market mechanism, the aggregator’s participation in regulation of ancillary services coordi-
nates with wind power downward regulation and thermal power deep peak regulation.
As a result, the wind curtailment rate decreases from 8.53% in the energy-only scenario
to 2.71%, indicating improved wind-power accommodation under the considered market-
clearing framework, and the carbon emissions accounted for within the DRA boundary are
reduced to 2865.40 kg.

(4) The proposed bi-level optimization model achieves a balanced performance be-
tween aggregator revenue and system operation. Although the aggregator’s pre-grid
market-trading profit in the price-taker scenario is 2300.20 yuan, slightly higher than
2245.03 yuan under the proposed model, the average regulation price in the price-taker
scenario is 455.20 yuan/MWh, higher than 412.50 yuan/MWh under the proposed model.
This indicates that the proposed model can maintain relatively high aggregator revenue
while helping reduce system-side peak regulation cost.

Overall, the proposed model provides a decision-making reference for distributed
resource aggregators participating in energy, regulation, ancillary service, and environmen-
tal markets. It should be emphasized that the profits reported in this study are pre-grid
market-trading profits. Actual net profits would be lower after considering distribution
network charges, wheeling costs, congestion-related costs, and network-loss-related costs,
and the ranking of different scenarios may change. In addition, the case study adopts a
high-renewable-capacity configuration, and the quantitative results may depend on this
optimistic resource-capacity assumption. Future work will test the proposed mechanism
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under different renewable-to-controllable capacity ratios to evaluate its scalability and
applicability to systems with more diverse resource portfolios. Future research will incorpo-
rate distribution network topology, power-flow constraints, and scenario-dependent grid
usage costs, including distribution network charges, wheeling charges, congestion-related
charges, and network-loss-related charges, to evaluate more comprehensively the economic
benefits of distributed resource aggregation.
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Appendix A

Table Al. Main system and resource parameters.

Category Parameter Value
Simulation Scheduling horizon/time interval(h) 24/1
System scale Thermal units/wind producers/DRA 5/2/1
Maximum output (kW) [1800, 2000, 1500, 1200, 800]
Minimum output (kW) [400, 500, 350, 250, 150]
Thermal units Energy cost (yuan/kWh) [0.20, 0.26, 0.34, 0.42, 0.52]

Upward regulation cost (yuan/kWh)

[0.45, 0.55, 0.65, 0.80, 0.95]

Downward regulation cost (yuan/kWh)

[0.42,0.52,0.62, 0.78, 0.92]

DRA renewable resources PV /wind turbine capacity (kW) 800/800
Installed renewable capacity in the 1600
High-renewable-capacity case setting DRA(KW)
Renewable-to-gas-turbine capacity ratio 5.33
Minimum/maximum output (kW) 60/300
Micro gas turbine —
Upward/downward ramp limit (kW /h) 150/150
Maximum charging/discharging
power(kW) 500/500
Energy storage SOC minimum /maximum(kWh) 200/1000
Initial SOC(kWh) 600
Charging/discharging efficiency 0.95/0.95
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Table Al. Cont.

Category Parameter Value
Maximum reducible-load proportion 15% of the baseline load
Reducible-load compensation
: cost(yuan/kWh) 0.05
Flexible loads
Maximum time-shiftable-load power(kW) 28.8
Time-shiftable-load compensation 0.005
cost(yuan/kWh) )
Energy transaction range(kW) [—500, 500]
DRA market limits Maximum upward /downward regulation
. 80/120
capacity(kW)
Benchmark carbon price(yuan/kg) 0.27
Carbon-price growth rate 0.10
Carbon parameters Carbon-emission interval length(kg) 10
Thermal-generation share of grid purchases 0.85
Micro gas turbine/grid emission
40/0.91
factors(kg/kWh) 0.40/0.9
TGC trading price(yuan/ certificate) 225
TGC parameters Maximum carbon-offset ratio 0.08
PV /wind TGC conversion coefficients 0.001/0.001
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