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The consumption of traditional fossil energy brings inevitable environmental protection
problems, which also makes the low-carbon transition in industrial development imminent.
In the process of low-carbon transition, the power industry plays a very important role.
However, the large-scale integration of renewable energy resources such as wind power
and photovoltaic brings new characteristics to power system dispatch. How to design a
dispatch strategy that considers both low-carbon demand and economic cost has
become a major concern in power systems. The flexible resources such as demand
response (DR) and energy storage (ES) can cooperate with these renewable energy
resources, promoting the renewable energy generation and low-carbon process. Thus, a
low-carbon dispatch strategy for power systems considering flexible DR and ES is
proposed in this article. First, models of DR and ES based on their behavior
characteristics are established. Then, a carbon emission index is presented according
to China’s Clean Development Mechanism (CDM). Finally, the low-carbon dispatch
strategy for power systems is proposed through the combination of the carbon
emission index and flexible resource dispatch models. The simulation results show that
the proposed dispatch strategy can significantly improve wind power consumption and
reduce carbon emission.

Keywords: power system dispatch, flexible resources, demand response, energy storage, low-carbon dispatch
strategy

1 INTRODUCTION

Energy crisis and environmental protection issues are receiving more attention worldwide. Many
countries are focusing on the development of sustainable renewable energy resources. China is in the
stage of energy transformation, facing the challenge of carbon neutrality target by 2060. The strategy
of energy revolution has emerged, which paves the way for low-carbon industrial development. In
addition, in the process of energy structure transformation, flexible resources are important to
achieve low-carbon advancement in power systems.

The trend of clean power integration is irreversible. The uncertainties brought by large-scale
integration of renewable energy resources pose a higher challenge to the secure and stable operation
of power systems (Shan et al., 2018; Cheng et al., 2021). On the one hand, customers are guided to
stagger power consumption and optimize the load structure through reasonable demand response
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(DR) (Shu et al., 2017). On the other hand, high-quality ES
systems should be selected to match the generation dispatch of
the power system (Shan et al., 2018; Zhang et al., 2018). Generally,
DR in power systems refers to the electricity customer behavior of
changing their electricity consumption activities according to
market regulation signals (Hobbs et al., 1993; Federal Energy
Regulatory Commission, 2007; Zhang et al., 2008). The DR in the
electricity market can be classified into price-based response
(PDR) and incentive-based response (IDR) according to the
response mode. In addition, the electricity customers are
guided to respond to the power system dispatch in long-term
and short-term time scales (Wang et al., 2021). As an effective
method for optimal dispatch of power systems, DR has been
proposed in a large number of countries, helping change the
electricity consumption pattern. It supports not only the grid’s
peak-shaving and valley-filling but also renewable power
consuming (Gao et al., 2014; Aghaei and Alizadeh, 2013)
IDR can combine with PDR to improve the reliability and
flexibility of DR and make DR dispatched precisely in real
time (Xu et al., 2019). Zhang et al. (2021) propose an optimal
DR dispatch model considering supply–demand balance and
security constraints; the imbalance pressure caused by
renewable energy is alleviated. In the study by Hong-Tao
et al. (2018), Chen establishes a wind–solar power
consumption model, and it verifies the effectiveness of DR
on reducing the curtailment of wind and solar power. In the
study by Gao et al. (2019), Gao characterizes the uncertainty of
DR participation by considering the risk attitudes. It shows that
the introducing DR can improve the adequacy of generation
systems including wind power. In the study by Li et al. (2021), Li
develops an optimal DR dispatch strategy for DR dispatch
coordinated with the load aggregator to achieve joint
optimization of entity benefits. Furthermore, the application
of automatic DR in smart grids can greatly enhance the security
of power system operation (Taorong et al., 2020). DR can be
applied in frequency modulation to balance the active power
(Zhu et al., 2021) and ensure sufficient voltage balancing control
capacity (Tan and Shaaban, 2020).

Similar to DR, energy storage (ES) also has the function of
flexible regulation. The renewable power curtailment can be
reduced by introducing ES into the system. Thus, the ES
configuration strategy is regarded as an effective approach to
enhance the friendliness of wind and solar power generation
(Zhang et al., 2022). It is also helpful for the stability and
economic efficiency of power systems (Ani, 2021). Dorahaki
developed an optimal VPP dispatch model which contains
distributed wind power and ES devices. The ES device can
smooth the fluctuations caused by wind power in the study by
Dorahaki et al. (2020). In addition, the joint operation of
wind power and ES can relieve the contradiction of renewable
energy supply and reprogram the tariff profit (Zhang J. et al.,
2020). The storage duration, capacity, and charging/
discharging frequency of ES are investigated in the study
by Hargreaves and Jones, (2020) to make it suitable for
renewable energy systems. The combination of DR and ES
is more beneficial to promote the optimal operation of the
power systems (Wang et al., 2016; He et al., 2021). The

adverse impacts of wind power uncertainties on power
system stability can be solved by introducing DR and ES.
Su integrates DR to a hybrid Wind-PV-ES system, achieving a
goal of zero-curtailment of renewable power based on the
correlation analysis (Su et al., 2020). In the study by
Firouzmakan et al. (2019), DR and ES are considered in
comprehensive stochastic energy management system
containing micro-CHP units and renewable energy to
implement resource complementarity and improve integral
revenue. A multi-energy microgrid with wind–solar power
generation considering DR and ES is constructed to provide a
reasonable plan for multiple energy applications (Shen et al.,
2022). In conclusion, the integration of DR and ES offers
additional sources of flexibility in the system (Mimica et al.,
2022).

Carbon emission trading is an effective way to promote global
emission reduction through the market mechanism. In the study
by Lou et al. (2017), Lou includes carbon emission trading cost in
the objective function based on the concept of low-carbon
economy. It optimizes the power generation dispatch under
the random charging/discharging behavior of EVs and
effectively reduces the system’s carbon emission. At the same
time, the focus on carbon emission stimulates the demand for
EVs, which helps take the lead in achieving the goal of “carbon
peak” and “carbon neutrality” (Nie et al., 2022). Melgar-
Dominguez et al. (2020) demonstrates that implementing a
carbon emission trading scheme can make reduction in costs
of the supplied energy and purchase of emission allowances. By
incorporating the cost of carbon emission trading into a multi-
energy complementary system, the environmental factors and
system operating characteristics can be fully considered. Thus,
wind and photovoltaic power curtailment and load shedding are
reduced while minimizing system operating costs (Zhu et al.,
2019). In the study by Zhang W. et al. (2020), Zhang quantitively
evaluates the operation efficiency of different carbon emission
trading systems to determine whether they are profitable to the
economy and environment. Flexible resources such as DR and ES
can cooperate with renewable energy to optimize power system
dispatch and promote renewable power consumption. In
addition, the import of the carbon emission trading market
model can quantify the impacts of the dispatch strategy on
carbon emission.

The existing literature has examined the response
characteristics of DR and ES from various perspectives,
showing the enhancing functions of DR and ES on carbon
emission reduction. However, the integrated utilization of
flexible resources still needs to be further explored, especially
during the low-carbon transition period of power systems.
Therefore, we propose a low-carbon dispatch strategy that
combines carbon emission index and flexible DR and ES
resources in this study. The strategy that realizes the
reasonable coupling of conventional thermal power units,
flexible resources, and carbon trading can effectively reduce
wind power curtailment and quantitatively evaluate the
reduction of carbon emission.

The remainder of this study is organized as follows. First,
Section 2 establishes the models of DR and ES based on their
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behavioral characteristics. Subsequently, Section 3 proposes a
low-carbon dispatch strategy through the combination of carbon
market with the flexible DR resources and ES models. Section 4
demonstrates the effectiveness of the proposed strategy with
simulation results. Finally, Section 5 draws the conclusion of
this work.

2 MODELS OF FLEXIBLE RESOURCES IN
POWER SYSTEM DISPATCH
2.1 The Response and Configuration Model
of Multiple Demand Response Resources
We consider incentive-based DR (IDR) and price-based DR
(PDR) in this study. Here, three types of IDR including
interruptible load (IL), direct load control (DLC), and
transferable load (TL) are modeled.

Generally, IL and DLC adjust the response amount and
duration within a period according to a dispatch plan as there
is a supply–demand balance problem in the system.

The cost of IL and DLC can be expressed as

Cu(t) � μu · fu ·
∣∣∣∣Qu(t)

∣∣∣∣ ·Xu(t)/tu.int (1)
The dispatch of TL can shift part of the load from the peak

hours to the valley hours, releasing the load pressure and reducing
thermal unit start-ups and shutdowns.

The cost of TL response can be expressed as

Cv(t) � Pv(t) · Qv(t) ·Xv(t) (2)
The PDR participates in system dispatch according to price

signals, and the response amount and cost of PDR can be
expressed as

Qw(t) �
⎧⎪⎨⎪⎩

qw(t) − qw,max qw(t)> qw,max, lmp(t)≥ lmp1

qw,min − qw(t) qw,min >qw(t), lmp(t)≤ lmp2

0 othercases
(3)

When the locational marginal price is not in the threshold
interval, the PDR resource can choose whether to respond and
adjust to the specified load level. PDR can obtain the
corresponding economic compensation from the system. The
PDR acquisition response cost can be expressed as

Cw(t) � Pw(t) · Qw(t) ·Xw(t) (4)
The cost model of multiple DR is introduced above. Generally,

DR also requires considering the constraints such as response
duration, interval time, and amount constraints. The constraints
on DR resources are as follows.

• Maximum response duration constraint:

∑k+Tumax

t�k
Xu(t)≤Tumax, k � 1, 2, ..., T (5)

• Maximum response count constraint:

∑T
t�1
Xu(t)[1 −Xu(t)]≤Numax. (6)

• Minimum response interval time constraint:

[Tu,int(t − 1) − Tu,min][Xu(t) −Xu(t − 1)]≥ 0 (7)

• Load response amount constraint:

Qumin ·Xu(t)≤ |Qu(t)|≤Qumax ·Xu(t) (8)

2.2 Energy Storage Model
The ES of power systems are modeled as follows. It is established
based on its charging/discharging power, charging/discharging
efficiency, maximum charging/discharging rate, self-discharging
rate, and state of charge (SOC).

• Charging and discharging power constraints:

{ 0≤pch(t)≤pch
r ·XES(t)

0≤pdis(t)≤pdis
r ·XES(t) (9)

• Charging and discharging capacity constraints:

⎧⎪⎪⎨⎪⎪⎩
Gch(t) � ηch · pch(t) · Δt, Gch(t)≤Gch

max

Gdis(t) � 1

ηdis
· pdis(t) · Δt, Gdis(t)≤Gdis

max

(10)

• Self-discharging capacity constraint:

Eself(t) � ES(t − 1) · (1 − r) (11)

• Storage capacity:

ES(t) � ES(t − 1) − Eself(t) + Gch(t) − Gdis(t) (12)

• SOC constraint:

SOCmin ≤
ES(t)
ESmax

≤ SOCmax (13)

3 THE LOW-CARBON DISPATCH MODEL
CONSIDERING FLEXIBLE DEMAND
RESPONSE AND ENERGY STORAGE

3.1 A Carbon Market Model Based on Clean
Development Mechanism Trading
Mechanism
The carbon emission trading mechanism is proposed to promote
CO2 emission reduction. Based on the current economic
situation, China participates in the Clean Development
Mechanism (CDM) market. The large-scale grid integration of
wind power is in accordance with the objective of the CDM. It can
meet the demand of low-carbon dispatch of power systems. With
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the introduction of the CDM, power generation entities are pre-
assigned a certain baseline of CO2 emissions, and the actual
carbon emission is monitored (Lou et al., 2017).

Depending on the actual situation in China, the allowance
allocation method is feasible. The allowance can influence the
trading scale of the emission trading market and is regarded as an
important factor of carbon emission trading cost. Therefore,
allowances need to be measured in advance to assess the cost.

Enterprises responsible for emission reduction obligations
attend the initial allocation of carbon emission trading
allowances. The competent department of carbon emission
trading distributes carbon emission allowances to them
through legal means.

Enterprises obtain carbon emission rights through the initial
allocation of carbon emission allowances. A reasonable allocation
method is conducive to the optimal allocation of resources. It can
enable enterprises to produce in a low-carbon and economically
efficient way (Lou et al., 2017). We adopt the industry baseline
method to calculate the free carbon emission allowances for
power producers.

M � ∑T
t�1
∑G
i�1
ξC · pi(t) · Δt. (14)

The amount of carbon allowances and the distribution method
set by the government directly affects the effect of the supply of
carbon emission rights. It further impacts the trading price in the
carbon emission trading market. If an enterprise does not get
enough allowances, it will enter the secondary market of trading
to buy more. Conversely, when an enterprise emits less carbon
than its allowances, it can earn revenue by selling the excess
emission allowances. Therefore, the carbon emission of the
participating carbon market in the model can be expressed as

MC � ∑T
t�1
∑G
i�1
ξCi · pi(t) · Δt. (15)

The different allocation methods lead to different amounts of
allowances for each enterprise. Thus, it indirectly affects the
reasonableness of the supply of allowances. As a result, the
motivation of enterprises to reduce emissions also changes,
which affects the trading price.

The cost of emission CC, namely, the costs incurred by carbon
emission trading or paying penalties for the excess can be
expressed as

CC � f(M,MC) (16)

3.2 The Dispatch Model Considering
Flexible Demand Response and Energy
Storage Resources.
3.2.1 The Objective Function of the Dispatch Model
The dispatch model consists of five main parts: f1, f2, f3 , f4,
and f5, representing the thermal unit dispatch cost, carbon
emission trading cost, penalty cost of wind power curtailment,
DR participation cost, and ES operation cost, respectively.

• Thermal unit dispatch cost

The thermal unit dispatch process includes the start-up and
shutdown cost and fuel cost.

The shutdown cost of thermal units is generally set to a small
constant independent of the duration of continuous operation,
and the start-up cost is set as an exponential function of the time
constant for the shutdown time. The start-up and shutdown costs
of thermal units are set as fixed parameters to simplify the
analysis in this article, which can be expressed as

Cup
i (t) � mi(t) · cupi (17)

Cdown
i (t) � ni(t) · cdowni (18)

Then, the start-up and shutdown costs of thermal units in a
dispatch cycle can be expressed as

C1 � ∑T
t�1
∑G
i�1
[Cup

i (t) + Cdown
i (t)] (19)

The fuel cost of thermal units is usually a binomial of its power
output, which can be expressed as

C2 � ∑T
t�1
∑G
i�1
⎡⎣ai · pi(t)2 + bi · pi(t) + ci · ui(t)⎤⎦ (20)

Thus, the total cost of thermal unit dispatch is expressed as

f1 � C1 + C2 (21)

• Carbon emission trading cost

Based on CDM, the cost of carbon emission trading is as
follows (Lou et al., 2017):

f2 � CC � KCDM · ΔMCDM + Kp · ΔMp −KCDM · ΔM′CDM

(22)
⎧⎪⎨⎪⎩

ΔMCDM � max[0,min(MC −M,Mmax
CDM)]

ΔMp � max(0,MC −M − ΔMCDM)
ΔMCDM′ � max[0,min(M −MC,M

max
CDM)]

(23)

When MC > M, it means that the actual emission is higher
than the allowances. In that case, it is required to obtain
allowances for the excess part through CDM trading or paying
penalty. The operating cost of the power systems will be increased
accordingly. WhenMC ≤M, it means the actual emission is lower
than the allowances. Then, the power systems can sell the surplus
allowances for profit, hence equivalently reducing the integrated
system cost.

• Penalty cost for wind power curtailment

f3 � ∑T
t�1
pw(t) ·Wpw (24)

• DR participation cost
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The DR participation cost in a dispatch cycle can be
expressed as

f4 � ∑T
t�1
⎡⎣∑Nu

u�1
Cu(t) +∑Nv

v�1
Cv(t) + ∑Nw

w�1
Cw(t)⎤⎦ (25)

• ES operation cost

According to the ES model presented in 2.2, the operation cost
of ES can be expressed as

f5 � ∑T
t�1
[Gch(t) · Vch(t) − Gdis(t) · Vdis(t)] (26)

Through integration of the aforementioned five subobjectives,
the main objective function can be expressed as

minf � f1 + f2 + f3 + f4 + f5 (27)

3.2.2 The Constraints of the Dispatch Model
The model also includes constraints on the operation of thermal
power units and relative constraints of DR and ES.

• Spinning reserve constraint:

∑G
i�1
yi(t) · psi(t) +∑k

j�1
Xv(t) · Qv(t)≥ γ · L(t) (28)

• Power balance constraint:

∑G
i�1
pi(t) +∑Nu

u�1
Qu(t) +∑Nv

v�1
Qv(t) + ∑Nw

w�1
Qw(t) +W(t) − pw(t)

+E(t) � L(t). (29)

• Upper and lower limit constraints of thermal unit output:

yi(t) · pi,min ≤pi(t)≤yi(t) · pi,max (30)

• Minimum start-up and shutdown time constraints:

{ [yi(t − 1) − yi(t)][Ti,on(t − 1) − Tu,i]≥ 0[yi(t) − yi(t − 1)][Ti,off(t − 1) − Td,i]≥ 0 (31)

• Ramping constraints:

{pi(t) − pi(t − 1)≤Ru,i

pi(t − 1) − pi(t)≤Rd,i
(32)

• Maximum start-up and shutdown power constraints:

⎧⎪⎨⎪⎩
�pi(t)≤ Sd,i · ni(t + 1) + pi,max · [yi(t) − ni(t + 1)] shutdowns at time t + 1
pi(t)≥pi(t − 1) − Rd,i · yi(t) − Sd,i · ni(t) shutdowns at time t
�pi(t)≤pi(t − 1) + Ru,i · yi(t − 1) + Su,i ·mi(t) startsup at time t

(33)

• System stability requirement:

∑NG

i�1
ps
i(t)≥ L(t) · β (34)

Constraints of DR resources in Eqs 1–8 (35)
Constraints of ES resources in Eqs 9–13 (36)

FIGURE 1 | Modified IEEE 30-bus test system.

FIGURE 2 | Outputs of thermal units at each period in Scenario 1

Frontiers in Energy Research | www.frontiersin.org April 2022 | Volume 10 | Article 8836025

Han et al. Power System Flexible Resource Dispatch

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


4 CASE STUDY

To verify the effectiveness of our proposed low-carbon
dispatch strategy, a modified IEEE30-bus test system is
selected and shown in Figure 1. It has six thermal units
and 41 lines. The system is assembled with three DR
aggregators (named as D1, D2, and D3 in Figure 1)
containing different DR resources at Bus 5, 7, and 21,
respectively. D1 and D2 each contain three IDRs, and D3
contains one PDR resource. A wind farm with a total capacity
of 45 MW is located at Bus 28. An ES module with a capacity
of 500 MW·h is located at Bus 15. The relevant parameters of
thermal power units, DR resources, ES device, system load
forecast, and wind power forecast output are given in
Supplementary Material S1. The model proposed in this
study is solved by GAMS on a 16-core CPU/16G RAM PC. To
quantitively access the impact of flexible DR and ES resources
on the wind power consumption and carbon reduction, three
scenarios are designed as follows.

Scenario 1
In this scenario, DR resources do not participate in the system
dispatch process.

The outputs of thermal units are shown in Figure 2. The
amount of wind power curtailment and daily operation costs of
the system are shown in and Tables 1, 2, respectively.

It can be found from Table 1 that the wind power curtailment
occurs frequently in Scenario 1. In Table 2, the total cost of
system operation is $105512, of which the thermal unit dispatch
cost, carbon emission trading cost, and wind power curtailment
penalty are $87613, $2,985, and 14913, respectively.

Scenario 2:
In this scenario, only DR resources participate in the system
dispatch process.

The characteristic parameters of IDR and PDR resources are
listed in SupplementaryMaterial S1 and the LMP curves of PJM.

The outputs of thermal units, values of DR response, and
amount of wind curtailment are shown in Figures 3, 4; Table 3,
respectively. The daily operation costs of the system are listed in
Table 4.

The wind power curtailment amount in Scenario 1 and
Scenario 2 are 497.10 and 242.00 MW, respectively. Compared
with Scenario 1, the participation of DR resources in Scenario 2
helps reduce the wind power curtailment by 51.32%. In addition,
it is worth noting that the carbon emission trading cost before and

TABLE 1 | Amount of wind power curtailment at each period.

Time/h 1 2 3 4 5 6 7 8 9 10 11 12

Amount/MW 31.9 44.3 31 37.5 11 5.6 38.7 52.9 30 5.6 0 0

Time/h 13 14 15 16 17 18 19 20 21 22 23 24
Amount/MW 0 0 10.6 10.5 13.4 5.2 36.3 40.1 27.1 18.5 26.8 20.1

TABLE 2 | Daily operation cost of the system in Scenario 1

Total cost/$ Thermal
unit dispatch cost/$

Carbon emission trading
cost/$

Wind power curtailment
penalty/$

105,512 87,614 2,985 14,913

FIGURE 3 | Outputs of thermal units at each period in Scenario 2 FIGURE 4 | Response values of DRs at each period in Scenario 2
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after DR participation is $2,985 and $2,776 respectively. With DR
participation in the system dispatch, the overall outputs of
thermal power units decrease. In addition, the peak-to-valley
gap of the system is reduced, which directly reduces carbon
emission. DR provides more opportunity for wind power

generation and avoids frequent start-up and shutdown actions
of the thermal units. Therefore, it also helps relieving the pressure
of high load peaking.

Scenario 3
In this scenario, both DR and ES participate in the system
dispatch process.

The outputs of thermal units, values of DR response, and
variation of ES capacity are shown in Figure 5, Figure 6, and
Figure 7, respectively. The blue curve representing energy storage
capacity in Figure 7 is associated with the left Y-axis, and the
green and yellow bars representing the charging and discharging
capacity are associated with the right Y-axis. The daily operation
costs of the system are listed in Table 5.

In Scenario 3, the time distribution of wind power resources is
further optimized with the participation of ES in the system
operation process. The wind power here is completely consumed.
The flexible dispatch strategy and superior response performance
of DR resources and ES play an important role in wind power
consumption and system power balance maintenance. Moreover,
ES helps with relieving the pressure of peaking. In carbon
emission reduction, the effect of ES is reflected in the
consumption of wind power to reducing carbon emission at
the source-side.

TABLE 3 | Amount of wind curtailment at each period in Scenario 2

Time/h 1 2 3 4 5 6 7 8 9 10 11 12

Amount/MW 3 15.5 2.1 9.1 11 5.6 4 27.9 19.3 14.7 0 0

Time/h 13 14 15 16 17 18 19 20 21 22 23 24
Amount/MW 0 0 20.7 4.5 7.5 5.2 30.3 0.1 12.1 18.5 26.8 4.1

TABLE 4 | Daily operation costs of system in Scenario 2

Total cost/$ Thermal
unit dispatch cost/$

Carbon emission trading
cost/$

Wind power curtailment
penalty/$

DR response cost/$

97418 81,479 2,776 7,260 5,902

FIGURE 5 | Outputs of thermal units at each period in Scenario 3

FIGURE 6 | Response values of DRs at each period in Scenario 3

FIGURE 7 | Variation of ES capacity at each period in Scenario 3.
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As can be found from Table 6, the participation of DR in the
system dispatch process has optimized the operation of
thermal units, reducing their peaking pressure and the
costs arising from frequent start-ups and shutdowns. In
addition, the increase in wind power consumption results
in significant reduction in wind power curtailment penalty.
The improvement of thermal unit outputs has reduced the
carbon emission trading cost of the system by 7.00% with DR
participation. Although the involvement of ES brings added
costs to the system, it is notably less than the decrease in the
wind power curtailment penalty. Thus, compared with
Scenario 1 and 2, the total cost in Scenario 3 decreases by
7.67 and 13.77%, respectively.

5 CONCLUSION

In this article, we propose a low-carbon dispatch strategy for
power systems considering flexible DR and ES. First, the models
of flexible DR resources and ES is established based on their
behavior characteristics. Second, by combining the carbon
market model with the flexible DR resources and ES model,
the low-carbon dispatch strategy is proposed. Finally, the
effectiveness of the proposed strategy is verified with
simulations.

From the presented work, general conclusions can be drawn as
follows:

1) The cooperation of DR and ES has a remarkable impact on the
power system dispatch. The combined operation mode of DR
and ES effectively promotes peak-shaving and valley-filling.

2) The combined DR–ES dispatch has a notable function on
wind power consumption. Through the dispatch of flexible
resources, the wind power curtailment can be greatly reduced.

3) The low-carbon dispatch strategy can quantitatively evaluate
the reduction of carbon emission, realizing the reasonable
coupling of conventional thermal power units, flexible

resources, and carbon trading. It can help design carbon
reduction policies according to DR and ES activities.

In the future work, we plan to combine the uncertainties
derived from power and load with our framework and make the
proposed model appropriate for short-time scale dispatch
environment.
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TABLE 5 | Daily operation costs of the system in Scenario 3

Total cost/$ Thermal unit
dispatch costs/$

Carbon emission
trading cost/$

Wind power
curtailment penalty/$

DR response
cost/$

ES cost/$

90988 81,479 2,776 0 6,189 544

TABLE 6 | Comparison of costs in each scenario.

Scenario Total cost/$ Thermal unit
dispatch cost/$

Carbon emission
cost/$

Wind power
curtailment penalty/$

DR response
cost/$

ES cost/$

1 105,512 87,614 2,985 14,913 0 0
2 97,418 81,479 2,776 7,260 5,902 0
3 90,988 81,479 2,776 0 6,189 544
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GLOSSARY

Indices

t Index of hours

i Index of thermal units

l Index of branches

Parameters

μu Weight factor of IL and DLC

lmp1/lmp2 Maximum and minimum locational marginal price ($/MW·h)
qw,min/qw,max Maximum and minimum response amount of PDR (MW)

Tumax Maximum duration of a single DR response (h)

Numax Maximum response hours of DR in a dispatch cycle (h)

T A dispatch cycle

G Number of the thermal units

Tu,min Minimum response interval of DR (h)

Qumax/Qumin Maximum and minimum load response amounts of
DR (MW)

Pv(t)/Pw(t) Unit price of the compensation for TL/PDR in period
t ($/MW·h)
pch
r /p

dis
r Rated charging and discharging power of the ES (MW)

ηch/ηdis Charging and discharging efficiency of the ES

Gch
max/G

dis
max Maximum charging and discharging capacity of the ES (MW·h)

r Self-discharging rate of the ES

SOCmax/SOCmin Maximum and minimum state of charge

ESmax Rated capacity of the ES (MW·h)
ξC Initial allocation factor of carbon emission

ξCi Actual carbon emission intensity factor of the ith unit

cupi /cdowni Fixed start-up and shutdown costs ($/MW·h)
ai/bi/ci Fuel cost factors of the ith thermal unit

KCDM/Kp CDM unit price and unit excess penalty ($/ton)

Mmax
CDM Maximum amount of allowance power systems can trade through

the CDM (ton)

Wpw Unit price of wind power curtailment penalty ($/MW·h)
γ Reserve demand factor to deal with the system load forecasting error

pi,max/pi,min Upper and lower limits on the output power of the ith thermal
unit (MW)

Td,i/Tu,i Maximum and minimum continuous running time of the ith
thermal unit (h)

Ru,i/Rd,i Upward and downward ramping rates of the ith unit (MW/h)

Su,i/Sd,i Maximum start-up and shutdown power of the ith unit (MW/h)

β Minimum demand factor to meet the system stability requirement

Variables

Cu(t)/Cv(t)/Cw(t) Response cost of IL and DLC/TL/PDR in period t ($)

Qu(t)/Qv(t)/Qw(t) Response amount of IL and DLC/TL/PDR in
period t (MW)

Xu(t)/Xv(t)/Xw(t) Response state of IL and DLC/TL in period t

fu Response number of DR in a circle

tu.int Time interval after the last action of DR (h)

qw(t) Predicted day-ahead load in period t (MW)

lmp(t) LMP in period t ($/MW·h)
Tu,int(t) Accumulated interval from the last action of DR in period t (h)

XES(t) Status constraint variable of the ES in period t

pch(t)/pdis(t) Charging and discharging power of the ES in period t (MW)

Gch(t)/Gdis(t) Charging and discharging capacity of the ES in period
t (MW·h)
Eself(t) Self-discharge energy of the ES in period t (MW·h)
ES(t) Storage capacity of the ES in period t (MW·h)
M Free carbon emission allowance of the system (ton)

MC Actual carbon emission of the system (ton)

CC Cost incurred by carbon trading or paying penalty for the excess ($)

pi(t) Power output of the ith thermal unit in period t (MW)

f1 Thermal unit dispatch cost in a dispatch cycle ($)

f2 Cost of carbon emission trading in a dispatch cycle ($)

f3 Penalty cost of wind power curtailment in a dispatch cycle ($)

f4 Cost of DR participation in a dispatch cycle ($)

f5 Cost of ES operation in a dispatch cycle ($)

mi(t)/ni(t) Start-up and shutdown state of the ith thermal unit in period t

Cup
i (t)/Cdown

i (t) Start-up and shutdown cost of the ith thermal unit in
period t

C1 Start-up and shutdown cost in a dispatch cycle ($)

C2 Fuel cost of thermal units ($)

ΔMCDM/ΔM9CDM Allowance power systems purchased and sold
through the CDM (ton)

ΔMp Allowance power systems obtained through penalty payment (ton)

pw(t) Amount of wind power curtailment in period t (MW)

Vch(t)/Vdis(t) Contract price for ES charging and discharging in period
t (MW·h)
yi(t) State of the ith thermal unit in period t

psi(t) Spinning reserve provided of the ith thermal unit in period t (MW)

Fl(t) Active power of the branch l in period t (MW)

θ(t) Voltage phase-angle in period t

W(t) Wind power output in period t (MW)

E(t) Power supplied by the ES in period t (MW)

L(t) Predicted load of the system in period t (MW)

Ti,off(t)/Ti,on(t) Cumulative shutdown and start-up time of the ith unit
in period t (h)
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