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Abstract

The rapid growth in the number of electric vehicles, driven by the ‘double carbon’ target, and the impact of uncontrolled
charging and discharging behavior and discharged battery losses severely limit electric vehicles’ low carbon characteristics.
Existing research on systemic low carbon emissions and electric vehicle charging and discharging issues is usually determined
by considering only carbon trading markets or charging and discharging management on the source side. In this regard, a
coordinated and optimized operation model that considers the participation of electric vehicle clusters in deep peaking and the
source network load and storage adjustable resources is proposed. The upper layer establishes a real-time price-based demand
response model for the load side with the minimum net load fluctuation as the objective function; the middle layer establishes a
comprehensive operation mechanism for the source and storage side that includes an orderly charging and discharging peaking
compensation mechanism for electric vehicles and a deep peaking mechanism that takes into account clean emissions, and
constructs an optimal operation model with the minimum comprehensive operating cost as the objective function; the lower
layer establishes a distribution network loss minimization model for the network side that takes into account the orderly charging
and discharging of electric vehicle as the objective function. The optimal tidal model with the objective function of minimizing
the distribution network loss is established at the lower level. Finally, the original problem is transformed into a mixed integer

linear programming problem, and the model’s effectiveness is verified by setting different scenarios.



Table. 1

Electric vehicles parameter settings

parameter

Numerical value

parameter

Numerical value

Percentage of charging electric

Percentage of Discharging Electric

vehicles(%) € Vehicles(%) 0
Average charge (ak“\‘:,;”“"“’ge power 18 Charge and discharge frequency (day/time) I
Tab.2 Thermal power unit parameters

Unic Upperlimitof  Lower limit of  Rate of climb/ emism"':a“Mw @eMwn  bsawy  cgs  Sarsop

i output/ MW output/ MW (MW-h') N i i i duration/h
Gl 455 150 130 1.05 0.00048 16.19 1000 8
G2 455 150 130 1.03 0.00031 17.26 970 8
G3 130 20 60 0.85 0.002 16.6 700 5
G4 130 20 60 0.87 0.0021 16.5 680
G5 162 25 90 0.95 0.00398 19.7 450
G6 80 20 40 0.74 0.00712 2226 370
G7 85 25 40 0.76 0.00079 27.74 480
a8 55 10 40 0.65 0.00413 25.92 660
G9 55 10 40 0.64 0.00222 27.27 665

Tab.3 Optimized operating solutions results for different scenarios

Scene classification

Total cost /$
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Abstract—The rapid growth in the number of electric vehicles, driven by the 'double carbon'
target, and the impact of uncontrolled charging and discharging behavior and discharged
battery losses severely limit electric vehicles' low carbon characteristics. Existing research on
systemic low carbon emissions and electric vehicle charging and discharging issues is usually
determined by considering only carbon trading markets or charging and discharging
management on the source side. In this regard, a coordinated and optimized operation model
that considers the participation of electric vehicle clusters in deep peaking and the source
network load and storage adjustable resources is proposed. The upper layer establishes a
real-time price-based demand response model for the load side with the minimum net load
fluctuation as the objective function; the middle layer establishes a comprehensive operation
mechanism for the source and storage side that includes an orderly charging and discharging
peaking compensation mechanism for electric vehicles and a deep peaking mechanism that
takes into account clean emissions, and constructs an optimal operation model with the
minimum comprehensive operating cost as the objective function; the lower layer establishes a
distribution network loss minimization model for the network side that takes into account the
orderly charging and discharging of electric vehicle as the objective function. The optimal tidal
model with the objective function of minimizing the distribution network loss is established at
the lower level. Finally, the original problem is transformed into a mixed integer linear
programming problem, and the model's effectiveness is verified by setting different scenarios.

Keywords- Wind power consumption; Price-Based demand response; Clean emissions; Deep peaking
mechanism; Electric vehicle charging and discharging

and low carbon of the grid operation [5, 6].
Therefore, a suitable combination of units that

With global climate change, the "dual carbon"
strategy has gradually become the development
direction of the power industry [1, 2]. Currently,
China is actively promoting the carbon trading
market mechanism, trying to use the market
mechanism to achieve low carbon emissions in
the power industry [3, 4]. On the other hand, in
the context of "double carbon," electric vehicles,
as a new low-carbon resource, are developing
rapidly, and their disorderly charging and
discharging behavior will affect the system
operation, increase the net loss of the
distribution network and reduce the economy

considers both the carbon trading market and the
orderly charging and discharging behavior of
electric vehicles is of great significance to
improving system economics, reducing carbon
emissions, and promoting new energy
consumption. In this regard, this paper proposes
a comprehensive operating mechanism that
simultaneously considers the carbon trading
market and electric vehicles' orderly charging
and discharging behavior.

With the introduction of the "double carbon"
policy, the penetration rate of new energy
sources has been increasing, and the peaking
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capacity of the power system can hardly match
the rapid development of new energy sources,
leading to serious abandonment of wind and
light in some areas. In the literature [7], an
optimization model of peaking and frequency
regulation auxiliary services considering the
participation of large-scale renewable energy is
proposed, which can effectively improve the
utilization rate of renewable energy. In [8], a
model is developed for the allocation of peaking
capacity with the participation of energy storage,
taking into account the uncertainty of load and
wind power output, which effectively
coordinates the utilization rate of new energy
and system economy. In [9], a peaking auxiliary
service model that takes into account the
uncertainty of energy storage capacity and new
energy sources is proposed to effectively reduce
the pressure of system peaking. In [10], an
optimal dispatch model considering the lowest
market cost for deep peaking of thermal power
units with the participation of multiple energy
forms is proposed to optimize the operating
economy of thermal power units. In [11], based
on the peak and valley characteristics of the load,
load characteristic constraints are added to the
optimal dispatch model before the peaking day
to effectively improve the load fluctuation as
well as the operating economy. The above
studies have conducted a lot of research on the
peaking compensation strategy and peaking
model for the system to participate in the
peaking auxiliary services in the power market,
but they have not taken into account the fact that
the power system should participate in the
system operation with low carbon emissions as
an important indicator in the context of "double
carbon".

With the increasing penetration of new
energy, electric vehicles' charging, and
discharging behavior management is challenging
to adapt to the rapid development of new energy,
leading to severe problems of wind and light
abandonment problems in some regions. The
literature [12] proposes a charging and
discharging strategy for EVs based on charging
and discharging decision functions to reduce
charging demand fluctuations. In [13], a
two-stage optimal scheduling model with EV
charging power volatility and path planning is
considered to minimize EV charging and system

operation costs. In [14], an optimal scheduling
model that considers EV charging and
discharging power losses and charging station
construction is proposed to reduce charging and
discharging power losses effectively. In [15], a
multi-objective optimal dispatching model is
developed considering the high pollution of
thermal power generation and the intermittent
and fluctuating characteristics of renewable
energy. The results show that the proposed
strategy  achieves optimal grid-connected
dispatching of EVs. The literature [16] suggests
a dispatching approach that uses the V2G
characteristics of EVs to achieve energy supply
and demand balance and achieves the optimal
balance of system energy by controlling the
energy flows associated with the residence, EVs,
and the grid. The above studies have conducted
extensive research on the participation of EVs in
power system operation and their charging and
discharging scheduling schemes, but they have
not considered the impact of EV low-carbon
output characteristics on the coordinated process
of the coordinated operation method and the
setting of incentives to improve the willingness
of EV users to discharge, as well as the impact
of orderly charging and discharging on the tidal
distribution of the distribution network in the
context of "double carbon".

Demand response is an effective means of
load regulation to optimize the load profile. In
[17], a demand response uncertainty model is
developed to reduce load wvolatility while
maintaining the economy. In [18], a price-based
demand response model based on artificial
neural networks is designed to improve the
effectiveness of energy management strategies
to address price uncertainty. In [19], a linear
regression dynamic tariff scheme is constructed
to enhance the comfort and economy of load
users. In [20], a price-sensitive demand response
model considering wind energy consumption is
used to improve the flexibility and economy of
unit operation. In [21], a two-tier optimized
dispatch model considering a time-sharing
pricing mechanism is developed to promote the
balance of energy supply and demand using
integrated demand response while maintaining
the overall customer satisfaction within an
acceptable range to exploit the potential of
demand response further. The above literature



has researched the involvement of demand
response in system operation, optimizing the
load curve and reducing the load peak-to-valley
differential. Still, due to the differences in load
peak-to-valley times, the real-time tariff
mechanism should guide customers to orderly
electricity consumption.

From the above literature, it can be found
that:

1) most references enhance the flexibility of
system operation by optimizing the deep
peaking mechanism, without further research on
the impact of clean emissions and EV
participation in deep peaking;

2) new energy consumption and EV mobile
energy storage characteristics are research
hotspots, but previous research on using EV
mobile energy storage characteristics to promote
new energy consumption is limited;

3) there is less research on using EV mobile
energy storage characteristics to build a
coordinated operation of
source-grid-load-storage low-carbon resources.

In summary, this paper proposes a
coordinated operation method considering
integrated operation mechanism and demand
response for EV charging and discharging
management, new energy utilization, and low
carbon emission of the system in the context of
"double carbon." The upper layer constructs a
real-time price-based demand response model
for the load side to optimize the load distribution
and derive the EV charging and discharging
price; the middle layer takes into account the
mobile energy storage characteristics of EV
clusters and considers the EV orderly charging
and  discharging peaking compensation
mechanism and the deep peaking mechanism
considering clean emissions for the source and
storage sides to obtain thecoordinated operation
method and EV charging and discharging time
scheme that meets low carbon and economy; the
lower layer is based on the impact of EV
charging and discharging method on the
distribution network tide distribution. The lower
layer is based on the impact of the EV charging
and discharging scheme on the distribution of
the distribution network tide. The charging and
discharging space distribution scheme is
obtained. Finally, we establish the unit
combination model for different scenarios and

prove that the model can effectively reduce the
actual carbon emission, system operation cost,
and network loss of the distribution network and
enhance the capacity of new energy
consumption.

The main contributions of this study can be
summarized as

1. Build a coordinated operation model of
source-grid, load and storage that takes into
account the  mobile energy  storage
characteristics of electric vehicles, to improve
the economy and low carbon of system
operation, to reduce the network loss of
distribution network operation, and to strengthen
the connection between source-grid, load and
storage resources;

2. Propose a deep peaking mechanism
considering clean emissions, improve the
operational flexibility of thermal power units,
increase the consumption rate of new energy and
reduce unit operating costs;

3. Propose an orderly charging and
discharging peaking compensation mechanism
that takes into account the cost of electric
vehicle discharging losses to enhance the
willingness of electric vehicle users to
participate in discharging, reduce the cost of
charging and discharging for vehicle owners,
and assist thermal power units in peaking.

2. Operational framework for integrated
service mechanisms and demand response
with EV

2.1.  Analysis of real-time price-based demand
response models

In the context of "double carbon", the economic
and low carbon constraints are not to be ignored
in the unit mix. In this paper, we start from the
source network, load storage, and resources and
use the price-based demand response and
integrated operation mechanism to construct the
unit mix framework.

AQ, /O

el (1)
Ap; I p,

Where: ¢, ; - moment i load to moment j

i,j

tariff elasticity coefficient, AQ - the amount of
load change at the moment [ after the demand
response, Ap, - the initial amount of j



moment load, for the amount of tariff change at
0

Pj -

the initial amount of tariff at the j; moment.

the moment after the demand response,

The relationship between the amount of
change in electricity and the amount of change
in tariff after the implementation of peak and
valley tariffs is

AQ /0 Apy/
A0,/Q" | | Bl 2
AQ,/0,0 Ap, 1 p!

Where: E, - Price elasticity of demand

matrix.
Then the price-based demand response model
in this paper is

0 0’0 -0 Ap, | p° o’ (3)
Q,Z _ 0: Q:2 .4,:0 B, A,az:/p2 N Qq
o] 0o 00 Ao lp! ] O]

Where: O - Electricity after demand

response.

2.2.  Analysis of deep peaking mechanism
considering clean emissions
At present, the peaking market mainly contains
deep peaking, start-stop peaking and shutdown
peaking, etc. This paper mainly considers deep
peaking auxiliary services. The power market
can use deep peaking auxiliary services to
compensate the peaking units for participating in
the deep peaking process, and the power market
will compensate according to the depth of
peaking units according to the ladder type offer.
The peaking process of thermal power units
is divided into regular peaking and deep peaking,
and the cost of regular peaking is the cost of coal
consumption without the compensation benefit
of peaking.

G = aiPi,zt +biPz',t +¢ 4)
Where: C,,, - conventional peaking cost of
unit i at moment ¢, P, -unit i output at

moment ¢, a -~ b - ¢
coefficient of thermal power units.

In the process of deep peaking without oil
injection it is necessary to consider the unit life
loss cost cost of thermal power units, which is
given by

N, =0005778P, —2.682F, +434.8P,—8411  (5)

- coal consumption

Where: N,, -the rotor cracking cycle of unit

i at time t, When the deep peaking unit output is
less than the minimum value of conventional
peaking output, the life loss of thermal units is
calculated.

€= Lyt (©)

T 2N,
Where: C,,, - the loss cost of the deep
peaking phase of unit i at time t, L - the
operating loss factor of the unit, C,, - the

purchase cost of the unit.

When the unit enters the deep peak fueling
stage, it needs to be fueled, thus bringing
additional fueling cost, the equation is

G, =0,C, D

Where: C - the cost of oil input at the

3,it
deep peaking stage of unit i at time t, Q, - the oil

consumption of oil input to fuel the deep
peaking of thermal power units, C, - the fuel
oil price.

The operating costs of the peaking units in
the system at different stages of operation can be
described by a segmented linear function, whose
equation is

Lit < <
€ ~{GutC <P <R, (8)
Clj,x +C2.i,z +C3,z,r ’PGB < B,/ <
Where: C,, - the cost of peaking stage of

P,

unit i at time t, P, s

Go > Foo s B - the
maximum value of regular peaking output, the
minimum value of regular peaking output, the
minimum value of non-oil-operated output, the
minimum value of oil-operated output.

The peaking benefits of system participation

in deep peaking are

M T
Zz(kl (Pc.l _R,z ))’ PG2 = Pu < PGl
C — =l t

dp.i M_T
ZZ(kt +kz(Pcz _Pi,l))af)G:% < R,z p Pcz

=l

Where: C

d,p,i
revenue, k , k,

9

- deep peaking compensation
- deep peaking without oil

stage unit power generation compensation price,
deep peaking with oil stage unit power
generation compensation price, k- deep

peaking without oil stage total compensation
revenue.



In order to adapt to the development trend of
clean energy, the Kyoto Protocol of the United
Nations Framework Convention on Climate
Change defines a clean energy strategy, and it is
necessary to incorporate clean emissions into the
deep peaking model of the system, while
considering the economy and low carbon of the
system operation.

In this paper, the baseline method is used to
allocate the initial carbon emission allowances
for the system, which is calculated by the
following formula:

E,, = i l(i P, + P, +P, )
t=1

= i=1

(10

Where: E,, - the total carbon emission

allowance of the system, P, - the output of

- the

output of wind power units at moment t, and
PB.,, -the output of EV at moment t.

ED,t
Considering the Clean Emissions Mechanism,

the carbon cost of the system is

Koo, +K (B, =By, — B, J0< By, <By, —E,

‘CDM,¢

thermal power units at moment t, P,

w,t

¢ =) KB~ Bo) 0<E, ~E, <En, (11
[ Keo(Bp, —E) 0<E, By, <Egy,
K ouFoow, 0<Enw, <E,-E,,

Where: K, - the price per unit of carbon

emissions traded under the Clean Emission
Mechanism; K - the penalty per unit of excess

emissions under the Clean Emission Mechanism,;

Ecoy, - the upper limit of emission credits

traded by the system through the Clean Emission
Mechanism in the tth time period, allocated
according to the load share in the operation
cycle; E,, - the actual carbon emissions in the

tth time period.
In summary, the cost of a deep peaking
mechanism considering clean emissions is

CP = C’z’,t + Cd,p,i + Cc,t (12)
Where: C,
considering clean emissions at time period t.

- the cost of deep peaking

2.3.  Analysis of orderly charging and
discharging peaking compensation mechanism
for electric vehicles

As an important low-carbon resource, EV
charging and discharging behavior will affect
the system. EV orderly charging and discharging

peaking compensation mechanism, using
different charging and discharging prices to
guide EV charging and discharging management,
and because discharging behavior will lead to
battery loss, set up a ladder compensation to
improve users' willingness to discharge,
participate in deep peaking through discharging
behavior to gain revenue, and arbitrage in the
power market to reduce system operating costs,
reduce carbon emissions and optimize
distribution of tidal currents in the distribution
network, Reduce carbon emissions and optimize
the distribution of tidal currents in the
distribution network. Considering the peaking
compensation mechanism of EVs, it strengthens
the connection between low-carbon resources
and thermal power units and promotes the
rationalization of energy structure, and the
parameters of EVs are set as in Table 1.

The total charging and discharging costs of
electric vehicles are

CE = ec,tPEC,t + CBATPED,t (13)
P,.,=N_P.At

EC,t c, (14)
Py, =N, P,A

Where: C, the total charging and

discharging cost of the electric vehicle during
time period t; B, - electric vehicle charging

- EV discharge
battery depletion cost factor; e, « e,, - the

load during time period t; Cg,,

charging and discharging price of the electric
vehicle during time period t; N, . N,, - the

c,t d,t
total number of electric vehicles charged and
discharged at time slot t; P . P, -the average

charging power and discharging power of
electric vehicles; Ar - the duration of time slot
t.

As EVs impact battery life when discharged,
some EV users are reluctant to discharge, so an
orderly discharge incentive compensation
mechanism can attract users to discharge. The
cost of charging and discharging EVs is
L0< P, <04B

€. Fn, D0 ED,max

e, Py, +kP. 04P, <P, <0.6P.

ED,t ED,¢t ED, max ED,¢ ED,max ( 1 5)

" e, B, + k(D) By J0.6By, . <Py <08P

ED,/ ED,/ ED,max

e, Py, +k(U+20) By 08B, . <Py <P,

ED,/ ED,1 ED,max

D, max
D, max
Where: C, - Electric vehicle discharge gain

during time period t; e,, - the discharge price

N



of the electric vehicle during time period t;
P, - Maximum discharge power of electric

ED,max
vehicles; k - electric vehicle discharge
compensation price; J - Discharge
compensation growth rate for electric vehicles.
Cip =G +C, (16)

Where: C
discharging electric vehicles in time period t.

s - lotal cost of charging and

Table. 1 Electric vehicles parameter settings
Numerical Numerical
parameter parameter
value value
Percentage of Pgsfgjgfn()f
charging electric 60 1 emneg 30
vehicles(%) E 'ectrlc
Vehicles(%)
Average charge Cdligzizraréd
and discharge 1.8 frequen%y 1
power (kW) (day/time)

3. Coordinated operation model of
integrated operation mechanism considering
low-carbon characteristics of EV

With the implementation of the national "dual
carbon" policy, the power system needs to be
regulated from multiple resources to enhance the
low-carbon nature of the power system. To this
end, this paper constructs a three-stage optimal
operation model that considers demand response,
deep peaking with clean emissions and orderly
charging and discharging peaking compensation
mechanism to meet the needs of the power
system, taking into account the source network
load and storage resources.The optimized
operation model is shown in Figure 1.

3.1.  Model objective function

3.1.1 Upper-level objective function

The upper-level model starts from the load side,
optimizes the net load curve, and adopts a
real-time tariff strategy to guide customers'
electricity consumption behavior, with minimum
net load fluctuation as the objective function.

£ = min Zr: (Poyy = Pos) (17)
ch,z = PL,t - Pw,r (18)
P, = %ZT: P, (19)

f - net load fluctuation; P_ -

eq.t

Where:
momentary ¢ net load; P, - net load average,

P, , - momentary ¢ electrical load.

3.1.2 Mid-level objective function

The optimized load £, and real-time

electricity prices p, obtained from the upper

model is substituted into the middle model,
which optimizes the source and storage side, and
constructs the objective function with the lowest
comprehensive cost by considering the unit
generation cost, electric vehicle charging and
discharging cost, wind power operation and
maintenance cost, wind abandonment cost, and
the cost of carbon trading market.

C =min(C, +C, +C, +C,) (20
C - total cost of unit combination
C, - generation cost of thermal units,

Where:

model,
C, - cost of participating in the integrated service
mechanism, C, - cost of wind power operation
of wind

and maintenance, C, - cost

abandonment penalty.
(1) Generation cost of thermal power units
C=yYE By @D

CHB)=aF +hP, v (22)
CiU =U;, (1- Uiy )Gz (23)

Where:, C/(P,) ¢’ - the unit coal

consumption cost, start and stop cost, u,, - the
start and stop state of the unit at the moment of
t, as 0-1 variable, O is the stop state, 1 is the
start state, G, - the single unit start and stop cost.

(2) Cost of participation in
mechanisms

integrated

C,=Cyp+GC, 24)
(3) Wind power operation and maintenance
costs

C, = i S,P,, (25)
(4) Wind Abandonment Costs
.=k (B -P,) (26)

Where: k, - the cost of wind abandonment
penalty per unit of electricity generated by wind
power, P, - the projected power generated by
wind power.

Where: S, - the operation and maintenance

costs of wind power output unit power



generation, P, , - the actual power generated by

wind power at the moment of 7.

Load forecasting
curves

Price-based
Objective function demand response

Minimal net load

Wind power fluctuations
forecast curves Load constraints
PDR optimized load

curve with EV
charging and
discharging price

Unit operating
characteristics

Unit
constraints

Upper layer model

Orderly charging
and discharging
mechanisms for
vehicle owners

Objective function:
lowest total cost

mechanism
considering clean
emissions

Optimized operating
solutions and EV
charging and discharging
time scenarios

Mid-level model

|
I
1
1
1
1
1
1
i
i
i
l Deep peaking | |
I
|
|
1
1
1
1
1
i
i
i

Objective function:
lowest network loss
in the distribution
network

Consider EV orderly
charging and
discharging space

solutions Lower level model

Fig.1 A three-stage optimal operation model of
source-grid-load-storage considering the mobile
energy storage characteristics of electric vehicles
3.1.3 Lower-level objective function
The lower layer model starts from the
network side, optimizes the distribution of
distribution network tide based on the optimal
tide, and determines the spatial distribution
scheme of EV charging and discharging nodes in
the distribution network by the charging and
discharging time distribution scheme obtained
from the middle layer model, with the minimum
network loss of the distribution network as the
objective function.
g = min ZT: Z I;._ir,/. (27
t=1 ijeE

Where: g - the active network loss of

distribution network; FE - the collection of
distribution network branches; I, - the branch

ij current at the moment of 7; 7, - the branch

ij resistance.

3.2.  Model Constraints
3.2.1 Upper Level Constraints

SRY A (28)

-a-P ,<AP,, <a P, (29)
~B-pl<Ap, <B-p! (30)
iPD.r(prn+Apz)SiPL.tpt“ (31)

t=1

Egs. (28), (29), (30), (31) represent the
response power balance constraint, response
power constraint, tariff change constraint, and

customer cost constraint, where, £, - the

demand response load at ¢ moments; « - the
upper limit of load response at each moment;
AP, - the load change at ¢ moments after the

response; /3 - the upper limit of tariff change at

each moment.
3.2.2 Mid-level constraints

M
PD,: + P, = Pw,! JrPED,z +ZE,: (32)
i=1
0<P <P
it G,max (33)
0 < Pw,l < Pw,max
_Rd < E,z - Pi,r—l < Ru (34)
t+Tg~1
1—u V2T (u,, ,—u,
AZ::, (—v, ) 2T (uy oy —u; ) (35)
t+T5 -1

z Ui i = To (ui,t _”1,1—1)
k=t

Ci,ru 2 Gi (Ui.z _Ui,t—l) 20 (36)

M
Z (ui.zPG,max ) + Pw,r + PEB,r 2 PL,r + Puc,z + Rt (37)

i=l1

0<N,, <N (38)
0<N,, <NM™
T

N,
ZNATNTN (39)

T
> N, At< NJ™At,

Egs. (32), (33), (34), (35), (36), (37), (38),
(39) represent the power balance constraint, unit
output constraint, unit climbing constraint, unit
start/stop time constraint, unit start/stop cost

constraint, rotation standby constraint, EV
chargeable quantity constraint, EV
charge/discharge demand constraint,
respectively.where, M - the total number of
units; P, the maximum rated power
generation of thermal wunits; P~ - the

maximum rated power generation of wind

power;, R, R, - the down and up climb rate

limits of thermal units;, 73 7 - the minimum



unit shutdown time and start-up time; G, - the

single start-up cost of i units at the moment of
t; R, - the rotating reserve factor of the system
NI

at the moment of ¢ ;, N - the

maximum number of EVs that can be charged
and discharged at the moment of 7, ym™

N - the total number of all EVs that can be
charged and discharged; Af, At - the average

charging and discharging time.
3.2.3 Lower Level Constraints

P, +PN,,~P, ~PN, —P, =0 (40)
Qs = Oy = Qi =0 (41)
Viwin SVt <V (42)
Ly <1, <1, 0 (43)
Pymin S By Sy (44)
0<N,,+N,, <N, .. (45)
2 N = e (46)
> N = N,

Egs. (40) and (41) denote the node power
balance constraint; Eq. (42) denotes the node
voltage magnitude constraint; Eq. (43) denotes
the branch current constraint; Eq. (44) denotes
the branch power transmission constraint; Eq.
(45) denotes the node charging and discharging
capacity constraint; Eq. (46) denotes the electric
vehicle charging and discharging quantity
constraint.where, £, N,, F,, N,, P

Di t cit Tijt "~
N

the active power emitted by the active source of
the node i at the moment ¢, the number of
discharged cars of the node i at the moment ¢,
the active load of the node i at the moment ¢,
the number of charged cars of the node i at the
moment f, the transmitted active power of the
node i atthe moment ¢, Ouii Opii Oyt ™ the

reactive power emitted by the reactive source of
the node i at the moment ¢ moment reactive
power from the reactive power source at node 1,
t moment reactive load at node i, ¢ moment
transmitted reactive power at node i, 5

i,min
A

y - minimum and maximum values of voltage

I - minimum and

ij,min Ij,max
A

at node 1, 7

maximum values of current at branch ij; p

ij,min
ij,min

P --the minimum, maximum value of the

ij ,max

transmitted power of the branch ij ; n  --the

maximum number of charging and discharging
vehicles of the node i; A --the collection of
distribution network nodes.

4. Example analysis

4.1. Basic data and parameters

In this paper, a modified 10-unit transmission
system with IEEE 33-node distribution network
is used for arithmetic analysis. The transmission
system consists of 9 thermal units with 1 large
120 MW wind farm, the wind farm replaces
thermal unit 10, unit 1 is a deep peaking unit,
and the unit parameters are shown in Table 2.

In this paper, the carbon trading base price is
set at 25 $/t, and the baseline carbon emission
factor for this system is 0.75; the wind power
operation and maintenance cost is selected as 30
$/MW -« h, the abandoned wind penalty cost is
100 $/MW <h; thermal power units participate in
deep peaking auxiliary service price of &, is 40
$/MW, k, is 80 $/MW, the operating loss

factor of the unit without oil deep peaking stage
is 1.2, and the operating loss factor of the oil
deep peaking stage is 1.5; there are 150,000
electric vehicles in this transmission system, the
battery loss cost is 150 $/MW « h, the discharge
compensation base price is 100 $/MW, J=50%
load and wind power forecast data is shown in
Figure 2.
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Fig.2 Load and wind power forecasting



Tab.2 Thermal power unit parameters

Carbon

Upper limit of ~ Lower limit of Rate of climb/

Start/stop

Unit output/MW output/MW (MW-h") emissi(;]n)s(t/MW' @/ SMWD bi MW C; /8 duration/h
Gl 455 150 130 1.05 0.00048 16.19 1000 8
G2 455 150 130 1.03 0.00031 17.26 970 8
G3 130 20 60 0.85 0.002 16.6 700 5
G4 130 20 60 0.87 0.0021 16.5 680 5
G5 162 25 90 0.95 0.00398 19.7 450 6
G6 80 20 40 0.74 0.00712 2226 370 3
G7 85 25 40 0.76 0.00079 27.74 480 3
G8 55 10 40 0.65 0.00413 25.92 660 1
G9 55 10 40 0.64 0.00222 27.27 665 1
As can be seen from Figure 4, there is a
4.2.  Analysis of demand response results negative correlation between users' electricity

In this paper, a price-based demand response
model is used to guide customers' electricity
consumption behavior through a real-time tariff
mechanism. The main diagonal element of the
price-based elasticity matrix is -0.2 and the
non-diagonal element is 0.033, and the
electricity price before the response is a fixed
tariff of 0.1 $/kWh. The electric load and
real-time tariff after the response are shown in
Figure 3 and Figure 4.

B [.oad before optimization Hl Optimised electrical load

01:00 05:00 10:00 15:00 20:00 24:00
Hour/t

Fig.3 Load curve before and after response

As can be seen from Figure 3, the
peak-to-valley difference of the load curve after
demand response is reduced compared with the
original load curve, and the load curve is
optimized so that the peak loads in the
08:00-15:00 and 19:00-21:00 periods are shifted
to the 22:00-07:00 and 16:00-18:00 periods,
effectively  reducing the  peak-to-valley
difference of the load.
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Fig.4 Real-time price after PDR

15:00 20:00 24:00

consumption behavior and tariff setting. The
tariffs in the 22:00-07:00 and 16:00-18:00
periods are lower than the fixed tariffs, which
guide wusers to increase their electricity
consumption during the low tariff period; the
tariffs in the 08:00-15:00 and 19:00-21:00
periods are higher than the fixed tariffs, which
guide wusers to reduce their electricity
consumption during this period and shift the
transferable load in this period is transferred to
the low tariff period.

4.3.  Analysis of the results of different
scenarios of operation

In this paper, the linearized model is solved
by invoking the CPLEX solver through the
YALMIP toolbox, and the improved 10-unit
transmission system is simulated with a 24h
period and 1h step, and four scenarios are set up.

Scenario 1: Coordinated operation scenario
of EV fixed charging and discharging price
considering only demand response;

Scenario 2: Coordinated operation scenario
considering demand response with EV charging

and  discharging peaking compensation
mechanism;
Scenario 3:  Considering  coordinated

operation scenarios of demand response with
deep peaking mechanism considering clean

emissions and EV fixed charging and
discharging price;
Scenario 4: Consider the coordinated

operation scheme of demand response and
integrated operation mechanism.

Comparing the total cost under each scenario,
the number of EV discharges, the wind power
consumption rate, and the actual carbon



emissions, the results are shown in Table 3. The
EV's orderly charging and discharging price are
shown in Figure 5.

0.25
B Charge Price B3 Discharge Price
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Fig.5 EV orderly charge and discharge price in
Scenario 4

Tab.3 Optimized operating solutions results
for different scenarios
Scene EV discharge Wind Actual
X . Total cost N X power carbon
classificati quantity/vehi . ..
on /$ cle consumpti emission
on rate/% s/t
: 1,031,054. 12770 20,45 26,559.3
41 6
2 835,149.46 45,000 75.54 26’119 30
1,024,845. 22,515.5
3 - 23,473 100 s
4 801,907.16 45,000 100 22’1334'0
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-
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— Unit 1
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Fig.6 Optimized operating solutions results for
scenario 1
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Fig.7 Optimized operating solutions results for
scenario 2
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Fig.9 Optimized operating solutions results for
scenario 4

From Figure 6, it can be found that in the
fixed charge/discharge price unit combination
model considering only demand response, units
1, 2, 3, 4, and 5 are on, with units 1 and 2 as
base-load units and an entire generation,
effectively improving the economics of the
coordinated operation method; EV discharge is
concentrated in peak load hours to obtain
discharge revenue; as units 1 and 2 maintain
base-load, they do not leave enough space for
wind power feed-in, reducing the economics of
the scheme. Due to the peak-shaving and
valley-filling role of demand response, a
particular space is left for wind power to go
online, while EV charging and discharging
behavior is equivalent to increasing the system's
rotating standby, prompting wind power to be
consumed, but the lack of peaking capacity of
base-load units limits the system's use of wind
power; as discharging causes battery losses, EV
users discharge less and charging and
discharging behavior is in line with residents'
living habits.

From Figure 7, it can be found that the
coordinated operation model considering only
demand response and EV orderly charging and
discharging peaking compensation mechanism,
units 1, 2, 4, 5, 6 and 8 are on, and units 6 and 8
are used as flexible regulation units to meet load
balancing. The charging time of electric vehicles
is concentrated at 23:00-05:00 and 17:00, and



the discharging time 1is concentrated at
09:00-14:00 and 20:00-21:00, during which
electric vehicles participate in auxiliary peaking
to obtain maximum economic benefits. Too
many vehicles are involved in the discharge,
while Unit 1 is in full generation all day, and the
peaking capacity is seriously insufficient,
leaving not enough space for wind power to be
connected to the grid, leading to a decrease in
the wind power consumption rate compared to
Scenario 1, and an increase in the cost of wind
abandonment penalty, reducing the economics
of the scheme.

From Figure 8, it can be found that the
coordinated operation model considering only
the deep peaking mechanism of demand
response and clean emissions, units 1, 2, 3, 4, 6,
8 and 9 are on, and the output of unit 2 is
flexibly adjusted under the influence of clean
emissions, and low-carbon units 3, 4, 6, 8 and 9
are fully fired throughout the day, and the
low-carbon nature of the system is greatly
enhanced. EV charging time is mainly
concentrated in 23:00-05:00, and discharging
time is concentrated in 09:00-13:00 & 20:00.
Considering the mobile energy storage
characteristics of EV users, EV discharging is
increased compared with Scenario 1 in order to
meet the power balance. As Unit 1 is always in
the deep peaking stage, it obtains deep peaking
compensation, leaving enough space for wind
power to be connected to the grid and increasing
the system operation economy.

From Figure 9, it can be found that the
optimized operation scheme of EV orderly
charging and discharging price considering
demand response and integrated operation
mechanism needs to consider both the low
carbon as well as economic aspects of the
optimized operation scheme. Units 1, 2, 3, 4, 6,
8, and 9 are on power; under the influence of the
deep peaking mechanism considering clean
emissions, the power of high carbon emission
units 1 and 2 is greatly reduced, low carbon
units 3, 4, 6, 8, and 9 are in full power all day
long to improve the low carbon and economic
operation of the units, and units 5 and 7 have
higher carbon emissions and their power cannot
meet the load demand in the peak period, so
units 5 and 7 are shut down. Unit 1 is always in
the deep peaking stage to obtain peaking

compensation and reduce carbon emission at the
same time.With the reduction of total output of
Units 1,2 base-load units, the flexibility of unit
output is improved, leaving enough space for
wind power to go online; at the same time, the
system achieves total wind power consumption,
gets more initial carbon emission allowances,
reduces carbon penalty cost, and the orderly
charging and discharging behavior of electric
vehicle users gets tariff to guide auxiliary
thermal units for deep peaking and obtains
peaking compensation income.
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Fig.10 Distribution of EV charging and
discharging quantity in Scenario 1

From Figure 10, it can be found that under a
fixed charging and discharging price and no
peaking compensation mechanism,charging
vehicles are distributed at 23:00-03:00,
16:00-17:00 and 19:00; discharging vehicles are
distributed at 08:00-09:00, 11:00-12:00 and
20:00. EV charging and discharging behavior is
equivalent to acting as an energy storage unit,
increasing system rotating backup, which can
promote wind power consumption, but EV
discharging will cause battery loss, user
participation in discharging is low, the number
of discharging users is low, and charging and
discharging behavior is in line with residents'
living habits.
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Fig.11 Distribution of EV charging and
discharging quantity in Scenario 4
From Figure 11, Charging EVs are
distributed in the low charging tariff
23:00-05:00 hours and 17:00 hours when EV
charging costs are lowest; discharging EVs are



distributed in the high discharging tariff hours,
i.e., 09:00-14:00 and 20:00-21:00 hours, when
EV discharging revenues are highest; due to the
discharging incentive compensation mechanism,
EV users are attracted to At the same time, due
to the discharge incentive compensation
mechanism, EV users are attracted to discharge,
which enhances their willingness to discharge
and increases the number of EVs participating in
the discharge behavior.

As can be seen from Table 3, scenario 4
compared to scenario 1, the total cost is reduced
by 22.22%, the number of discharged EVs is
increased by 32,230, the rate of wind power
consumption is increased by 19.55%, and the
actual carbon emission is reduced by 16.66%;
compared to scenario 2, the total cost is reduced
by 3.98%, the number of discharged EVs is the
same, the rate of wind power consumption is
increased by 24.46%, and the actual carbon
emission is reduced by 15.49%; compared to
scenario 3, the total operating cost is reduced by
21.75%, the number of discharged EVs is
increased by 21,527, the wind power
consumption rate is the same, and the actual
carbon emissions are reduced by 1.69%; since
Scenario 4 considers the orderly charging and
discharging peaking compensation mechanism
for electric vehicles, which enables the system to
receive discharge compensation income from the
electricity market, high-carbon units 1 and 2
significantly reduce their output, reducing
carbon emissions and leaving enough space for
wind power to connect to the grid. Due to the
comprehensive consideration of the deep
peaking mechanism for clean emissions and the
orderly charging and discharging peaking
compensation mechanism, Scenario 4 has the
lowest cost and carbon emissions and the highest
wind power consumption rate.

4.4.  Analysis of EV charging and discharging
behavior on distribution network loss results

In this paper, we use the IEEE 33-node
distribution network to simulate the calculation
of EV charging and discharging behavior on the
network loss of the distribution network,
assuming that 5% of EVs in the transmission
system are distributed in this distribution
network, and the distribution network is shown
in Figure 12, and 2 scenarios are set.

Scenario 5: the distribution network does not
contain EVs.

Scenario 6: The distribution network contains
EVs, and the EV charging and discharging time
follows the EV charging and discharging time of
scenario 4.

22 o 23 o 24
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Fig.12 IEEE33-node distribution network
topology
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The impact of EV on the distribution network
loss is shown in Figure 13, in which the network
loss of the distribution network without EV is
2.4964MW and the network loss of the
distribution network with EV is 2.1915MW, and
the network loss of the distribution network is
reduced by 13.91%, indicating that adding EV to
the distribution network and doing proper
planning for the charging and discharging
behavior of EV can effectively reduce the
network loss of the distribution network and

Fig.13

optimize the distribution network tide
distribution.
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Fig.14 Voltage level for scenario 5
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Fig.15 Voltage level for scenario 6

Comparing Fig. 14 and 15, it can be found
that in the distribution network without EVs, the
voltage at the nodes closer to the busbar is
higher than the voltage at the end nodes; the
distribution network with EVs can make use of
the mobile energy storage characteristics of EVs
to arrange EVs with the willingness to discharge
to the end nodes for discharging, to support the
voltage at the end nodes and avoid voltage
collapse. In contrast, EVs desiring to charge are
dispatched to the first node for charging to avoid
the impact of disorderly charging and
discharging of EVs on the voltage level of the
distribution network.
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Fig.16 Temporal and spatial distribution of
charge vehicles in distribution network
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Fig.17 Temporal and spatial distribution of
discharge vehicles in distribution network
From Figures 16 and 17, it can be seen that

charging vehicles are distributed between 17:00
and 23:00-05:00 in time and spatially distributed
in the nodes at the head end of the distribution
network; discharging vehicles are distributed
between 09:00-14:00 in time And 20:00-21:00,
spatially distributed at the end nodes of the

distribution network, which can effectively
reduce the net loss of the distribution network
and improve the operation economy of the
distribution network.

To sum up the above analysis, it can be seen
that the model established in this paper
combines price-based demand response, deep
peaking mechanism considering clean emissions,
and orderly charging and discharging peaking
compensation mechanism to make the
coordinated operation method play a role in
promoting low-carbon emission reduction,
improving the utilization rate of new energy, and
improving the system economy. At the same
time reduce the network loss of the distribution
network.

5. Conclusion

Under the background of "double carbon," in
order to improve the utilization rate of new
energy, reduce carbon emissions and rationalize
the use of low-carbon resources such as EVs,
this paper proposes a three-stage coordinated
operation model considering demand response,
deep peaking mechanism considering clean
emissions and orderly charging and discharging
peaking compensation mechanism from the
source network, load and storage aspects, and
obtains the following conclusions:

(1) To build a model of coordinated operation
of source, network, load, and storage resources
that considers the characteristics of electric
vehicle mobile energy storage, which can
effectively improve the economy and low
carbon of system operation and reduce the
network loss of distribution network operation.

(2) Considering the cost of EV discharging
losses, EV users are not willing to participate in
discharging behaviors. By deriving orderly
charging and discharging prices through
price-based demand response, the economy of
the coordinated operation method is effectively
enhanced through a combination of peak
compensation compensation mechanisms and
mechanisms that consider clean emissions, while
increasing users' willingness to discharge and
reducing carbon emissions.

(3) Compared with the demand response and
fixed charging and discharging mechanism
models, the three-stage coordinated operation
method model proposed in this paper, which



takes into account the low-carbon characteristics
of EVs, reduces the total cost by 22.22%%,
increases the number of EVs involved in
discharging by 32,230, improves the wind power
consumption rate by 19.55% and reduces carbon
emissions by 16.66%, effectively improving the
economy of system operation and low-carbon
performance.

(4) Through rational planning of EV charging
and discharging behavior, the tidal distribution
of the distribution network can be optimized,
and the network loss of the distribution network
containing EVs is reduced by 13.91%.

This paper proposes a three-stage coordinated
operation method that considers the source-grid
load and storage resources, which can
significantly  improve the wind power
consumption rate, effectively enhance the
economics and low carbon of the coordinated
operation method, and reduce the network loss
of the distribution network.
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Fig.5 EV orderly charge and discharge price in Scenario 4
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Fig.6 Optimized operating solutions results for scenario 1
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Fig.7 Optimized operating solutions results for scenario 2
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Fig.8 Optimized operating solutions results for scenario 3
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Fig.9 Optimized operating solutions results for scenario 4
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Fig.16 Temporal and spatial distribution of charge vehicles in distribution network
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Fig.17 Temporal and spatial distribution of discharge vehicles in distribution network
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