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Abstract: The decarbonization of the power system forces the rapid development of electric energy
storage (EES). Electricity consumption is the fundamental driving force of carbon emissions in the
power system. However, the current EES capacity planning research that considers the load-side
carbon emission responsibility is still limited. To fill this research gap, this paper proposes a carbon
incentive mechanism while considering load-side carbon emission responsibility. Additionally, a
bi-level optimal capacity planning model of the load-side EES based on carbon emission flow (CEF)
theory is proposed. The upper level obtained the bus carbon intensities through the optimal economic
dispatch and passed them to the lower level. Considering the carbon incentive mechanism, the lower
level optimized the EES capacity. Finally, the model was tested by MATLAB/Gurobi in the modified
IEEE-39 bus power system. The results show that under the stimulation of the carbon incentive
mechanism, the bi-level optimal capacity planning model of the load-side EES could effectively
promote peak shaving, valley filling, and carbon reduction. Furthermore, compared with the two
existing EES subsidy policies, the proposed carbon incentive mechanism is verified to be more
conducive to reducing system carbon emissions.
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To meet the Paris Agreement temperature goal, reducing carbon emissions is more

Academic Editor: Ahmed Abu-Siada  and more urgent [1-3]. The power system has tremendous technological potential for
decarbonization [4,5]. Vigorously developing renewable energy technologies is an impor-
tant way to realize the low-carbon transformation of the power system [5,6]. Under this
trend, the development of energy storage systems is necessary [7,8]. With the advantages
of a stable output and an energy time-shift, energy storage cooperates with intermittent
renewable energy sources to form a good combination [6,9]. Therefore, the energy storage
technology has become a research hotspot in the field of low-carbon energy, attracting
extensive attention from international scholars [10-12].

At present, the industrial application of energy storage in China is still in the initial

stage of development. Energy storage capacity planning has attracted a large amount of
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research. There have been numerous articles addressing different types of energy storage
capacity planning. The existing research on electric energy storage (EES) capacity planning
under different scenarios is sufficient [13-18]. In addition, there are also studies on capacity
This article is an open access article  Planning for thermal energy storage [19,20] and mechanical energy storage [21,22]. In
distributed under the terms and  recent years, the collaborative planning of hybrid energy storage capacity has become
conditions of the Creative Commons @ New research point. An allocative method of hybrid electrical and thermal energy
Attribution (CC BY) license (https:// ~ Storage capacity based on seasonal differences is proposed in [23]. Hybrid energy storage
creativecommons.org/ licenses/by / capacity planning considering daily, weekly, and seasonal coordinate operations has also
40/). been studied [24]. However, the above studies only plan energy storage capacity from
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the perspective of the energy system, without considering the carbon emissions of the
energy system.

Some studies on source-side and grid-side energy storage planning have considered
carbon emissions. Reference [25] incorporated the carbon emission penalty cost into the
objective function in the planning of a multi-energy system that considered the thermal
storage capacity of the heating network. In [26], the greenhouse gas emission reduction ben-
efit was part of the objective function when jointly optimizing the capacities of distributed
generating units and battery energy storage systems. However, since the impact of the
load-side energy storage on carbon emission is indirect and difficult to estimate accurately,
there are few studies on the load-side EES capacity planning that consider this factor.

Due to the high EES investment cost and insufficient peak-to-valley electricity price
difference, the incentive policy is an important factor to be considered in load-side EES
capacity planning. In China, current incentive policies for load-side EES mainly include
two categories: the fiscal award and subsidy policy, and the preferential tax policy [27].
However, the above policies only drive the EES configuration and operation from an
economic perspective and promote carbon reduction indirectly. The policies directly acting
on the carbon reduction effect of load-side EES have not been researched. The proposed
carbon emission flow (CEF) theory provides a good research approach for measuring load-
side carbon emission responsibility [28,29], which makes an incentive policy directly acting
on the carbon reduction effect of the load-side EES possible. Based on the CEF theory, this
paper proposes a carbon incentive mechanism to realize the carbon-oriented ESS capacity
planning. The carbon reduction and economic effect of the EES configuration under the
carbon incentive mechanism are worthy of further study.

To fill the research gap, this paper incorporates the load-side carbon emission re-
sponsibility into the EES capacity planning process and thus proposes a carbon incentive
mechanism. Additionally, a bi-level optimal capacity planning model of the load-side EES
based on the CEF theory is proposed. Through the case studies, the effectiveness of the
proposed mechanism in the bi-level planning model is verified. A comparative analysis
is carried out between the proposed carbon incentive mechanism and the existing energy
storage policies of discharge subsidy and capacity subsidy. Through analysis, it can be seen
that the proposed carbon incentive mechanism has significant advantages in terms of both
economics and carbon reduction. The main contributions of this paper are as follows:

(1) Based on the carbon emission flow theory, this paper proposes a bi-level optimal
capacity planning model for the load-side EES that considers the load-side carbon
emission responsibility.

(2) Focusing on carbon emissions of the power system, a carbon incentive mechanism
of the load-side EES is proposed to promote the carbon-oriented EES configuration
and operation.

(3) Through case analysis, the effectiveness of the bi-level EES capacity planning model
with the carbon incentive mechanism is verified. Furthermore, compared with the
two existing EES subsidy policies, the proposed carbon incentive mechanism has
relative superiority in terms of both economics and carbon reduction.

The structure of this paper is arranged as follows: Section 2 introduces the carbon
incentive mechanism based on the CEF theory, Section 3 introduces the bi-level optimal
capacity planning model of the load-side EES, case studies are carried out in Section 4, and
Section 5 summarizes the research work of this paper.

2. Carbon Incentive Mechanism Based on Carbon Emission Flow Theory

To achieve the goal of planning and operating low-carbon power systems, countries
around the world have introduced a series of subsidy policies to promote the configuration
of the EES to improve the consumption of the renewable energy. Currently, in China,
subsidy policies based on the discharged electricity and the EES capacity are widely
implemented. However, these policies lack a “carbon perspective” and cannot guide the
EES capacity planning and operation strategy more directly and effectively to reduce
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carbon emissions. Therefore, a carbon incentive mechanism based on the CEF theory is
proposed in this paper. The proposed mechanism forms a time-of-use incentive according
to the historical load-side carbon responsibility. The load-side carbon responsibility can be
clarified by tracing the carbon emission flow, which is a virtual flow attached to the power
flow as Figure 1 [30].

Coal-fired Wind
unit turbine
H H
[ SUSRUN S AU N SR
Power grid Y Y _ | Power load

= Power flow ====p Power carbon emission flow

Figure 1. Schematic of the power flow and carbon emission flow.

2.1. CEF in Power System Considering Grid Losses

To accurately calculate the load-side carbon emission responsibility, the carbon emis-
sions resulting from power transmission losses should not be neglected, as the power
system grid loss rate can reach as high as 9% [31]. Therefore, a CEF model that considers
grid losses is adopted in this paper. According to the method introduced in [30,32], the
calculation method of the carbon emission flow is shown in Figure 2.

Distribution
Power flow .
data - matrix
oross FF0SS oross .
ATLB LT Load-side carbon
# cmission responsibility
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. .. carbon flow rates !
Carbon intensitics ¥ .
»  of generators
of generators R

Figure 2. Schematic of the CEF calculation method.

To determine the distribution matrixes that account for grid losses, we define a gross
bus power flux Pg/rioss as a total power flow through bus i which satisfies Kirchhoff’s Current
Law and which would flow if the network was fed with the actual generation and no power
was lost in the network. It can be expressed as:

ng’iOSS — Z Pﬁross + PG/Z (1)
jeit
where P& is the gross flow in branch i — j which would flow if no power was lost, which

Jt
is defined as: Pfj’.mss =P+ Pll],oss ; Piljf’ss is the grid losses on the branch j —i. Pj; denotes the
active power from j to i on the branch j — i; i™ denotes the starting bus set of the branch

injected into bus i; Pg; is the output power of the generator at bus i. Based on (1), we define
a distribution matrix A$™%° as:

T0SS T0SS . .
agoss _ B/ jeit
Y 0 else

@

Equation (3) can be derived from (1) and (2):

P = (Egross _ Agr055)—1PG )
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where Pp represents the power flux column vector of n buses in the system; E$"*® denotes
the n-dimensional identity matrix; correspondingly, we define the distribution matrix

BgTOSS as: oss
peross _ [PLi/ PR =] @
i 0 i#j
Based on (4), we can obtain:
P%I’OSS — BgrOSSPB (5)

where P%mss represents the column vector of the equivalent load of #n nodes considering
grid loss allocation.
From (3) and (5), we can get:

Péiross _ Rgross (Egross — A87055) —1PG = T87%55p (6)

where T8%° denotes a source-to-load power distribution matrix.
The carbon emission responsibility of generators per hour can be defined as R, and
each element of it can be expressed as:

Rg,i = eg,iPg,i @)
where eG ; denotes the carbon intensity of the generator at bus i. According to (6), we have:
R%}’OSS — TgrossRG (8)

where R} represents the vector of the load-side carbon emission responsibility. The
carbon intensity of bus i can be expressed as:

Q0SS 1581058 , ,gr0SS
e =Ry /Py, )

2.2. Carbon Incentive Mechanism

The load-side EES configuration and operation strategy formulation is essentially
a nonrigid demand response without accounting for changes in the energy-consuming
behavior. Currently, the load-side EES configuration and operation are normally driven
by the time-of-use tariff and subsidy policies of the government only from the electrical
perspective. Due to the character of the power system, in which sources depend on loads,
the carbon emission responsibility is caused by the energy consumption of loads. Therefore,
load-side carbon responsibility allocated from the source-side by the CEF theory can inform
the load-side of the carbon emissions caused by their energy consumption and be adopted
as the signal to drive the load-side EES configuration and operation [33]. From the emission-
considered perspective, a carbon incentive mechanism is proposed to achieve low-carbon
load-side EES configuration and operation.

Analogous to the time-of-use tariff, the carbon incentive mechanism should use differ-
ent incentive coefficients in different periods; this would be to facilitate the discharging of
the EES in the period of high carbon emissions and charging in the period of low carbon
emission. The current peak-valley electricity price difference is not enough to make energy
storage profitable, so in general, the carbon incentive mechanism should be presented as a
subsidy for the loads necessary to promote energy storage configuration. The proposed
carbon incentive mechanism includes the following three parts:

e Based on the CEF theory, calculate the historical load-side carbon responsibilities
according to historical power flow data and adopt the average value of the historical
load-side carbon responsibilities as the baseline.

e  Compare the historical load-side carbon responsibilities with the baseline and form
a time-of-use carbon incentive price. If the historical load-side carbon responsibility
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is higher than the baseline, a high incentive price is adopted. If the historical carbon
responsibility is lower than the baseline, a low incentive price is adopted.

e  According to the incentive price, the carbon emission intensity of each load, and the
actual discharge and charge electricity of the EES, the carbon incentive cost of each
load can be obtained.

The subsidy under the carbon incentive mechanism is based on the contribution of an
EES to carbon reduction. The total carbon incentive subsidy of load i can be expressed as:

T
Crl =Y prled P At (10)
t=1

where p¢! represents the carbon incentive price at time ¢. PftES represents the charged
power of the EES if it is negative and the discharged power if positive. At represents the
time step. The proposed carbon incentive mechanism is bi-directional and the punishment
caused by charging will be deducted from the total subsidy.

3. Bi-Level Optimal Capacity Planning Model of the EES
3.1. Model Overview

The structure of the proposed bi-level optimal capacity planning model is shown
in Figure 3. The upper-level conducts economic dispatch for the power transmission
network and obtains the carbon intensity of buses, which can be regarded as a regional
load aggregate, based on the CEF theory. The lower level takes the bus carbon intensity
as the boundary condition, and the optimal EES capacity configuration of each bus can be
obtained and passed back to the upper level. The process iterates until the results stabilize.

|' __________________________________ A
I Upper level: Power transmission economic dispatch :
I

I
| DC OPF model :
I |
| Jr :
: CEF model |
| |
o |

Regional bus carbon intensity Charging and discharging
power of EES

|' ________________________________ =

Lower level: Optimal capacity planning of the load-side EES

Region 1 max EES net profit Region N
s.t. EES operation constraints

|
|
|
Region i :
|
|
|

Figure 3. Structure of the bi-level model.

3.2. The Upper Level: Economic Dispatch Model
3.2.1. Optimization Objective
The upper-level model performs an economic dispatch to minimize the cost of power

generation. Equation (11) is the objective function of the upper level and represents the
total power generation cost.
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T [ Ncg
mznZ( Z CCGPCG+ Z CGGPtGG—F Z CWT WT> (11)
t=0

CG=1 GG=1 WT=1

where ccg, cgg, and cyr represent the power generation cost coefficients for coal-fired
generators, gas-fired generators, and wind turbines, respectively; P<C, PEG, and PVT
represent the power output of coal-fired generators, gas-fired generators, and wmd turbines
at time ¢, respectively; Ncg, Ngg, and Nyt represent the number of coal-fired generators,
gas-fired generators, and wind turbines in the system, respectively; T represents the model
calculation period.

3.2.2. Constraints

This paper adopts the DC power flow model to consider grid losses for the power sys-
tem [34]. Equations (12)—(20) represent the operational constraints of the power system. Specif-
ically, inequalities (12)—(14) represent generator output constraints. Equations (15) and (16)
represent branch power flow and grid loss constraints. Inequality (17) represents the
branch power flow transmission capacity constraint. Equation (18) is the bus power balance
constraint. Inequality (19) is used to constrain the phase angle difference of each branch
within a reasonable range. Equation (20) is the slack bus phase angle constraint.

Puin < PFC < P, (12)
Puin < PP < P (13)
Py < PI'T < Poiy (14)
Bij ¢
ij,t xij
P = g7 (16)
Pij,min < P < Pz] max 17)
PiCG +P1‘GG PWT Z Z PlOSS Piloﬂd (18)
jeQ, ]eQ
Oijmin < Oijt < Oijmax (19)
Gref,t =0 (20)

where PG and Pnggq denote the maximum and minimum output power of coal-fired
generators, respectively; P&<; and P¢C denote the maximum and minimum output power
of gas-fired generators, respectively; Pyl and PYI denote the maximum and minimum

output power of wind turbines, respectively; 0;;;, x;j, and g;; represent the phase angle

difference, reactance, and conductance of branch i — j, respectively; DPijs and Pl’]"fs denote

the transmission power and losses of branch i — j, respectively; P, i,max and Pij min denote
the maximum and minimum transmission power of branch i — j, respectively; P<¢, PSC,
and PVT denote the power injection; Pll"”d denotes the power demand of bus i; (); denotes
the set of buses connected to bus i; 0ij,max and 6;; iy denote the maximum and minimum

phase angle difference of branch i — j; 6,.¢; denotes the phase angle at the slack bus.

3.3. The Lower Level: EES Capacity Planning Model
3.3.1. Optimization Objective

The lower-level optimization model plans the energy storage capacity configured on
the load buses. The objective is to maximize the EES net profit as (21). Specifically, the
cost of the EES includes the investment cost and operation and maintenance cost as (24)
and (25), and the benefit of the EES includes time-of-use tariff arbitrage income as (22),
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the carbon incentive mechanism subsidy as (10), and the recyclable value of EES devices

as (23). N
max 'y (cite+cE 4 cpee — e — ) (21)
= 1 1 1 1 1
1=
Clele _ E Pele (Pcha szs)A (22)
C"’EC = r)/TECCl'nU (23)
ESS ESS ESS ESS
ciro _ EENT Ty, (24)
i 365 X 24Ny
N ss (1+i, \"
core — Lot Cope N (11‘3’) T (25)
i 365 x 24Ny

where Cfle represents the benefit of energy storage by reducing electricity purchase costs
in period T; CZ.CI represents the total subsidy of the carbon incentive mechanism as shown
in (10); CI*° represents the recycling value of the EES devices; C/"” represents the average
cost of EES investment in period T; Cfpe represents the average cost of EES operation
and maintenance in period T; ¢ and cE5° represent the per unit investment cost of
the EES capacity and rated power; EESS and Pﬁis represents the optimal EES storage
capacity and rated power of ESS;; Ny represents the service life of the EES; c,pe represents
the per-unit cost of operation and maintenance; i, and d, represent the inflation rate and
discount rate; PCh“ and P"lls represent the charging and discharging power of EES; at time

t, respectively; pﬁl‘f represents the electricity purchase price at time ¢; 7y, represents the
recyclable value rate.

3.3.2. Constraints

Energy storage modeling includes energy and power constraints, as shown in
Equations (26)-(33). Equation (26) denotes the relationship between the state of charge
(SOC) of the EES at time ¢ + 1 and time ¢. Equation (27) indicates that the SOC of the EES
is equal at the beginning and end of the planning period. Inequalities (28)—(30) are the
upper and lower limits of the SOC, charging power, and discharging power of the EES at
time t, respectively. Constraints (31)-(32) are used to ensure that the EES does not charge
and discharge at the same time. Equation (33) denotes the relationship between the rated
capacity and rated power of the EES.

Ett1 = (1= 710ss) Et + (Wchapdm P/ ﬂdis) At (26)
Eo = Er (27)

minEN < Ef < amaxENn (28)

0 < P < Bshapy (29)

0 < Pfs < Biispy (30)

0 < Bgha 4 Bfis <1 (31)

Bha, Bs ¢ {0,1} (32)

I'=En/Pn (33)

where E; represents the SOC of the EES at time t; 7,4 represents the self-discharge rate of
the EES; 7.y, and 145 represent charging efficiency and discharging efficiency, respectively;
En and Py represent the optimal rated capacity and rated power of the EES, respectively;
Xmax and a,,;, represent the upper and lower limit coefficients of EES charge and discharge
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depth, respectively; Bf** and B#* are Boolean variables used to represent the state of charge
and discharge of the EES at time t, respectively; I' represents the rated time of the EES.

To convert the model to a mixed integer linear programming (MILP) problem, B,  Px
and Byj; Py in Equations (29) and (30) need to be linearized. Let PIC\}” = th”PN and
Pis = Bdis Py, then inequalities (29) and (30) can be linearized to (34)~(38) and (39)-(43),
respectively, based on the big-M method.

0 < Pfha < pgha (34)

Pi* < MB{™ (35)

P >0 (36)

P < Py (37)

PSla > py — M(1 - thﬂ) (38)
0 < pffis < piis (39)

P < MB{® (40)

Plis >0 (41)

Pl < Py (42)

Plis > py — M(l - B‘Z“) (43)

4. Case Study

To verify the effectiveness and superiority of the proposed model, a modified IEEE
39-bus power system was employed as the test object. The optimization results of the
proposed bi-level model are discussed, and the carbon reduction effects of the proposed
mechanism and existing energy storage subsidy policies are compared.

4.1. Test System and Initial Parameters

The modified power system is shown as Figure 4. The power system included six
coal-fired units, three wind turbine units, and two gas-fired units. The parameters of units
are shown in Table 1 [35,36]. The detailed data of each power load are shown in Table 2.
According to the actual electricity price of a city in eastern China, the parameters of the
time-of-use tariff are shown in Table 3. Four typical days of four seasons, aggregated to
96 h in seasonal order with 1 h time resolution, were employed as the EES optimal capacity
planning period. Similarly to other studies [37,38], typical data of four-season wind turbine
output were used as initial parameters. The per-unit values of 24-h wind turbine output and
power demand of each four-season typical day are shown in Figures 5 and 6, respectively.
The wind turbine capacities in Table 1 and maximum power loads in Table 2 were adopted
as base values, respectively. The coefficients of the carbon incentive mechanism are shown
in Table 4. The iron-lithium battery was chosen as the EES in this study, and its parameters
are shown in Table 5 [39,40]. Case studies were carried out on the MATLAB/YALMIP
platform by adopting Gurobi solver.
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Figure 4. Modified IEEE 39-bus power system.
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Figure 6. Power demand of four-season typical days.
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Table 1. Parameters of power units.

Cost Coefficient ~ Emission Intensity

Unit Type Capacity (MW)

($/MWh) (tCOL,/MWh)
G1 Coal-fired 1040 35 1.303
G2 Wind turbine 725 15 0.006
G3 Coal-fired 925 35 1.303
G4 Coal-fired 852 35 1.303
G5 Coal-fired 908 35 1.303
G6 Coal-fired 887 35 1.303
G7 Wind turbine 725 15 0.006
G8 Gas-fired 564 62 0.564
G9 Gas-fired 865 62 0.564
G10 Wind turbine 725 15 0.006
Table 2. Parameters of Power Loads.
Bus Power Load (MW) Bus Power Load (MW)
3 322 23 247.5
4 500 24 308.6
7 233.8 25 224
8 522 26 139
15 320 27 281
16 329 28 206
20 680 29 283.5
21 274 / /

Table 3. Parameters of Time-of-use Tariffs.

Period Electricity Price ($/kWh)
0:00~8:00 0.036
8:00~22:00 0.126
22:00~24:00 0.036

Table 4. Coefficients of the Carbon Incentive Mechanism.

Period Coefficient ($/tCO,)
period of higher carbon emission responsibility 5
period of lower carbon emission responsibility 3

Table 5. Parameters of the EES.

Parameter Value Parameter Value

Unit power cost 100 $/kW Charge depth 90%

Unit capacity cost 250 $/kWh Discharge depth 10%
Operation cost 25$/(kW-Year) Recyclable value rate 10%

Service life 8 Years Inflation rate 2%
Charge/discharge efficiency 95% Discount rate 10%

4.2. Optimization Results of EES Capacity Configuration

Based on the CEF theory, the carbon emission responsibilities of each power load were
calculated according to the historical data of four-season typical days. Taking the power
load in bus 3 as an example, its 96-h carbon emission responsibility is shown in Figure 7.
As shown in Figure 7, the blue solid line represents the carbon emission responsibility
of power load in bus 3, and the red dotted line represents the average value of its 96-h
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carbon emission responsibility. In typical spring days, the maximum wind output during
the daytime is higher than in the other three seasons. According to the carbon incentive
mechanism proposed in Section 2, when the carbon emission responsibilities are above the
average value, a high carbon incentive coefficient is applied. When the carbon emission
responsibilities are below the average value, a low carbon incentive coefficient is applied.

450
|—I— Carbon emission responsibility = = Average valuel

e
=
=

W
h
=

memsmajesccssssscsscsssscsanasans)

Carbon emission responsibility/tCO,

1 8 16 24 32 40 48 56 64 72 80 88 96
hour/h

Figure 7. Carbon emission responsibility and average value.
For blank control, we analyzed the unsubsidized case and the case considering the
proposed carbon incentive mechanism. The comparisons of energy supply cost, subsidy,

and total capacity configuration of the EES are shown in Table 6. The EES capacity configu-
rations of each load are shown in Figure 8.

Table 6. The Comparisons of Energy Supply Cost, Subsidy, and Capacity Configuration.

Case Energy Supply Cost Subsidy Capacity Configuration of EES
(1079) (10%9) (MWh)
Unsubsidized case 1.201 0 0
Proposed method 1.174 1.071 6564.9
1000

800

600

400

200

Energy storage capacity/MWh

3 4 7 8 15 16 20 21 23 24 25 26 27 28 29
BUS

Figure 8. EES capacity configuration after the EES configuration.

As shown in Table 6, when there is no subsidy, the EES will not be configured, as the
current time-of-use tariff arbitrage income is not large enough. In the case considering the
proposed method, the overall carbon incentive mechanism is shown as a subsidy to the
power loads. In this way, the power loads are stimulated for EES configuration and the
energy supply cost is correspondingly reduced.
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After generating the bi-level planning model that considered the carbon incentive
mechanism, the total power demand and carbon emission responsibility before and after
the EES configuration were calculated; they are shown in Figures 9 and 10, respectively.

5000 | | —=— Before ESS configuration —e— After ESS conﬁgurationl

-
wn
=
=

Power load/MW
&
=

3500

3000

0 4 8 12162024283236404448%5660646872768!]84889296
hour

Figure 9. Total power demand before and after the EES configuration.

2

oA

=

=

=
T

I-I— Before ESS configuration == After ESS conf‘guratlonl

5000 |
4000 Aﬁf\

3000

Carbon emission responsibility/tCO

1 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96
hour/h

Figure 10. Total carbon emission responsibility before and after the EES configuration.

As can be seen from Figure 9, the model can effectively shave peaks and fill valleys
for power loads by time-shifting the power demand with the EES. As shown in Figure 10,
for original carbon emission responsibility, the curve is relatively stable every night. This
was caused by two reasons: first, the minimum limit of thermal-power unit output caused
the same fundamental carbon emission responsibility in each period; second, the excess
power demand above the lower output limit of thermal power units at night was met by
abundant wind power resources and would only cause extremely small carbon emissions.
In a typical spring day, due to having the most abundant wind power resources of the four
seasons, the peak of carbon emission responsibility was relatively low and could be fully
shaved by time-shifting the power demand with EES. In typical spring and summer days,
the time-shifted power demand to shave the carbon responsibility peak did not result in a
significant increase in nighttime carbon emission responsibility. This is because the wind
power resources in spring and summer are relatively abundant, and the time-shifted power
demand may be fully met by wind power. Correspondingly, in typical autumn and winter
days, the wind power resources are not abundant and the time-shifted power demand to
shave the carbon responsibility peak results in a significant increase in nighttime carbon
emission responsibility. As shown in Figure 10, total carbon emission responsibility is
effectively reduced by 5.2% through the EES configuration.
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The charge or discharge power and SOC of bus 3 are shown in Figure 11. The carbon
emission responsibility before and after EES configuration is shown as Figure 12. As shown
in Figure 11, the EES is generally charged at night and discharged in the daytime. Due
to the time-of-use tariff, it is more economical to charge the EES at night and discharge
it in the daytime. For the proposed carbon incentive mechanism, it is more cost-effective
to discharge the EES when the carbon emission responsibility is higher than the average
value, in order to achieve the effect of shaving carbon emission responsibility peaks.
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Figure 11. Optimal scheduling of the EES at Bus 3.
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Figure 12. Carbon emission responsibility of the load at bus 3 before and after the EES configuration.

4.3. Comparison of the Proposed Mechanism with the Two Existing Policies

To demonstrate the superiority of the proposed mechanism, three different cases
are compared.

e  C(Case 1: Bi-level optimal capacity planning of the load-side EES with the proposed
carbon incentive mechanism;

e Case 2: Bi-level optimal capacity planning of the load-side EES with a discharge
subsidy policy;

e  Case 3: Bi-level optimal capacity planning of the load-side EES with a capacity sub-
sidy policy.

The two kinds of subsidy policies in Case 2 and Case 3 are widely used to promote
energy storage configuration in China. For the discharge subsidy policy, the actual subsidy
price is 15 $/MWh. For the capacity subsidy policy, the actual subsidy price is 23 $/MWh.
Furthermore, to compare the three cases, different subsidy prices are considered. The
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relationship between carbon reduction and total subsidy cost in three cases is shown in
Figure 13.

x107
1.95 | . —'—Casel—O—CaseZ—‘-—Case3|

7

—

1.90 | Best subsidy

1.85

Actual subsidy,-~

.-

1.80

L.75

D

Actual subs-idy

1.70
165 F A ~a—*
1 1

0 1

Carbon emission reduction/tCO,

6  x10°

3 4
Total subsidy cost/$

Figure 13. The relationship between carbon reduction and total subsidy cost in three cases.

As shown in Figure 13, as the total subsidy cost increased, the carbon reduction effect
in three cases generally increased first and then stabilized. However, the carbon reduction
effect of Case 2 slightly decreased in the case of the actual subsidy, because excessive
discharge subsidies can cause unnecessary charging during high carbon periods. In general,
with the same total subsidy cost, the carbon reduction effect of using the proposed carbon
incentive mechanism was better than the other two subsidy policies. Specifically, when the
subsidy costs of the proposed mechanism were about 1/4 of the actual discharge subsidy
policy and 1/7 of the capacity subsidy policy, the carbon reduction effect could be increased
by about 11.5% and 7.3%, respectively. Therefore, compared to the other two existing
policies, the proposed mechanism can significantly promote the carbon reduction effect by
directly guiding the EES to low-carbon-oriented operation.

The 96-h total power load and carbon emission responsibility in the three cases are
shown in Figures 14 and 15, respectively. The power demand curves after the EES configu-
ration in Case 2 and Case 3 are more volatile than it in Case 1. As elaborated in Section 4.2,
the key to carbon reduction is to shift the power demand in carbon-peak periods to other
periods with redundant wind power. Taking the load at bus 3 as an example, the SOCs of it
in the three cases are shown in Figure 16 and the bus prices of bus 3 are shown in Figure 17.
The bus price represents the unit electricity purchase cost of the bus after deducting the
subsidy. For Case 2, the power load and carbon emission responsibility after the EES con-
figuration were sometimes higher than those before the EES configuration. This is because,
under the discharge subsidy policy, the EES were encouraged to discharge more to profit.
The unnecessary charging and discharging during the daytime led to the weakening of the
carbon reduction and peak shaving effects. For Case 3, as shown in Figures 14 and 15, the
capacity subsidy policy did not facilitate the EES to shift the power demand in carbon-peak
periods to other periods and therefore weakened the carbon reduction effect. To sum up,
the proposed carbon incentive mechanism based on load-side carbon emission responsibil-
ity can effectively shift the power demand in carbon-peak periods to other periods with
redundant wind power, thereby reducing carbon emissions.
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Figure 15. The total carbon emission responsibility before and after the EES configuration in three cases.
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Figure 17. The bus prices of Bus 3 in three cases and the time-of-use tariff.

5. Conclusions

In this paper, a bi-level optimal capacity planning model of the load-side EES is
proposed. In the upper level, the load bus carbon intensities were obtained based on the
power economic dispatch and the CEF theory. In the lower level, a low-carbon optimal
capacity planning model of the regional load-side EES was carried out with the objective
of maximizing the net profit of the EES. Moreover, a carbon incentive mechanism was
proposed and employed in the lower level to promote the configuration and operation
of the load-side EES in a low-carbon direction. Cases based on the modified IEEE 39-bus
power system were studied to test the effectiveness and superiority of the proposed bi-
level model and the carbon incentive mechanism. The results show that the proposed
bi-level model embedded with the carbon incentive mechanism can effectively guide
the configuration and operation of the load-side EES, thereby promoting wind power
consumption, realizing load peak shaving and valley filling, and reducing system carbon
emission by 5.2%. Furthermore, compared with the two existing EES subsidy policies, the
proposed carbon incentive mechanism has an obvious advantage in stimulating the EES
carbon reduction. Specifically, when the subsidy costs of the proposed mechanism are
about 1/4 of the actual discharge subsidy policy and 1/7 of the capacity subsidy policy, the
carbon reduction effect can be increased by about 11.5% and 7.3%, respectively. This paper
provides a reference for policymakers to formulate load-side carbon incentive policies to
encourage the low-carbon configuration of energy storage.

This research serves as a starting point for further research into the impacts of carbon
taxes and carbon trading on load-side energy storage planning.
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