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Abstract: In recent years, there has been rapid advancement in new energy technologies aimed at
mitigating greenhouse gas emissions stemming from fossil fuels. Nonetheless, uncertainties persist in
both the power output of new energy sources and load. To effectively harness the economic and oper-
ational potential of an Integrated Energy System (IES), this paper introduces an enhanced uncertainty
set. This set incorporates N-1 contingency considerations and the nuances of source-load distribution.
This framework is applied to a robust optimization model for an Electric Vehicle Integrated Energy
System (EV-IES), which includes Electric Vehicle Battery Swapping Station (EVBSS). Firstly, this paper
establishes an IES model of the EVBSS, and then proceeds to classifies and schedules the large-scale
battery groups within these stations. Secondly, this paper proposes an enhanced uncertainty set
to account for the operational status of multiple units in the system. It also considers the output
characteristics of both new energy sources and loads. Additionally, it takes into consideration the N-1
contingency state and multi-interval distribution characteristics. Subsequently, a multi-time-scale
optimal scheduling model is established with the objective of minimizing the total cost of the IES. The
day-ahead robust optimization fully considers the multivariate uncertainty of the IES. The solution
employs the Nested Column and Constraint Generation (C&CG) algorithm, based on the distribu-
tion characteristics of multiple discrete variables in the model. The intraday optimal scheduling
reallocates the power of each unit based on the robust optimization results from the day-ahead
scheduling. Finally, the simulation results demonstrate that the proposed method effectively reduces
the conservatism of the uncertainty set, ensuring economic and stable operation of the EV-IES while
meeting the demands of electric vehicle users.

Keywords: EV battery swapping station; integrated energy system; N-1 contingency; uncertainty set;
robust optimization; nested column and constraint generation algorithm; multiple time scales

1. Introduction

The IES with diversified energy supply and flexible operation mode, has attracted
widespread attention both domestically and internationally due to its ability to alleviate the
environmental pollution and energy shortages caused by traditional fossil fuels [1,2]. IESs
complement, convert, and absorb various forms of energy. They provide a new approach
to adjusting the energy structure, increasing the utilization of new energy, and reducing
ecological pollution [3]. This represents a significant step towards achieving dual carbon
goals and promoting green energy transformation [4].

EVs are widely embraced by the market for their advantages of low carbon emissions,
high efficiency, and low maintenance costs [5,6]. However, constraints still exist regarding
the widespread adoption of large-scale EV travel and charging infrastructure, such as
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limited driving range [7], unpredictable charging times [8], high battery degradation
costs [9], and inadequate charging facilities [10]. Methods for supplementing electric
energy for EVs include charging and battery swapping [11], with the latter being considered
a potential solution to address the aforementioned drawbacks due to its advantages of short
time consumption and high flexibility. Ref. [12] fully utilized retired batteries to reduce the
purchasing costs of energy storage systems. It proposed battery charging and discharging
control strategies, including fast charging, slow charging, and reverse output, based on
load levels, effectively achieving peak load transfers within the grid. Ref. [13] incorporated
energy prices and electrified traffic loads into the battery swapping station management
system. It optimized the management of grid-to-vehicle and vehicle-to-grid interactions
through predictive, real-time, and auxiliary services. However, the large-scale battery
groups in battery swapping stations would render the battery scheduling model overly
complex. Within the framework of the Energy Internet, integrating the EVBSS into the IES
not only meets the evolving needs of EV users but also fully leverages the energy storage
capabilities of large-scale battery groups, enhances the integration of new energy sources,
and further explores the scheduling potential of EV-IES [14,15].

Accurately predicting natural conditions is extremely challenging, which implies fluc-
tuations in the output of new energy. Moreover, the load within the power system is often
complex and variable [16], resulting in the failure of real-time matching between the power
output of new energy and the system load in the IES. Scholarly research has extensively ad-
dressed the scheduling issues of IES with uncertainty, where robust optimization emerges
as an effective method to address this problem [17,18]. Ref. [19] established a two-layer
optimization model for IES incorporating multiple types of energy storage. The upper
layer aimed to minimize the cost of the energy storage system, while the lower layer aimed
to minimize the operating cost of the IES. The influence of time on wind power output
is introduced, and the Karush-Kuhn-Tucker (KKT) condition is used to solve the robust
model. Ref. [2] proposed a framework for an IES coupled with biogas, solar energy, and
wind energy. It employed a boxed uncertainty set to describe the fluctuation of uncertain
variables introducing diversified evaluation indexes, and verified that the proposed method
can ensure the stable operation of IES under worst-case scenarios. Ref. [20] introduced
a new hybrid robust interval optimization (HRIO) strategy and utilized min—-max robust
techniques to transform the uncertainty constraints of the new energy output into deter-
ministic constraints, allowing for more flexible adjustment of the optimization scheme.
Ref. [21] utilized an uncertainty scenario simplification method, substituting fewer typical
scenarios for the original scenarios. It employed a boxed uncertainty set model and opti-
mal robust scheduling intervals to depict the uncertainty in new energy output. Finally,
it combined the new energy-energy storage system with a value assessment method to
demonstrate that grid connection of new energy introduced power fluctuations into the
system, while energy storage equipment can mitigate the degree of fluctuation and enhance
system revenue. Although the aforementioned literature integrates the system based on
robust optimization, they fail to fully consider the distribution characteristics of uncertain
variables. Furthermore, most of them are conducted under normal operation of the IES.
If the discrete uncertainty of each unit is further considered, the system may operate in
a special mode [22]. In actual operation, the operational metrics under special modes
significantly differ from those in normal modes [23], thus various resources with coupling
and scheduling plans in different states should be considered separately (see Table 1).

Based on the above background, existing IES should incorporate and consider EV
loads to fully utilize the energy storage of large-scale battery populations. Meanwhile,
current research fails to fully consider the spatial and temporal characteristics of uncertain
variables, causing a conservative tendency in scheduling plans. To address these issues, this
paper conducts an in-depth study of EV-IES planning combined with EV battery exchange
services. Additionally, it explores how to improve operational scheduling of uncertainty
aggregation in the N-1 fault state of the system. The main contributions of this study are
as follows:
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An EV-IES comprises electric power, heat power and cold power, encompassing
various energy sources and devices. Furthermore, it considers the battery replacement
needs of EV users.

For the large-scale battery clustering in an EVBSS, a classification scheduling strategy
based on battery State of Charge (SOC) is proposed, integrating a battery charging
and discharging priority function.

Aiming at the new energy output characteristics, the study proposes an improved
uncertainty ensemble with multi-interval distribution characteristics to reduce the
conservatism of the traditional box uncertainty. In addition, the N-1 contingency
uncertainty ensemble is proposed for the discrete operating states of multiple devices
in the IES.

An EV-IES multi-time-scale optimal scheduling model is established. Day-ahead
robust optimization fully considered the multiple uncertainties in the system. Accord-
ing to the distribution of binary discrete variables in the robust model, the nested
C&CG algorithm was used to solve the mixed integer robust model. Intraday optimal
scheduling is based on the day-before robust optimization results to reduce the power
fluctuation caused by the deviation in the predicted source load.

The subsequent sections of this paper are organized as follows: Section 2 introduces the

planning and mathematical modeling of EV-IES. Section 3 presents the EV-IES multi-time-
scale optimization scheduling model with an improved uncertainty ensemble. Section 4
presents the numerical results of case studies. Finally, Section 5 offers concluding remarks.

Table 1. Comparison with several related references.

Robust Solution

Refs. Coupling Resources Battery Model Uncertainty Element Algorithm
Wind, solar, electric
2] Wind, solar, biogas - load, heat load, cold C&CG
load
EV charging station and battery
[11] - swapping station, battery fast - -
charging model
Battery charging process, battery
[12] - discharging process, charging and - -
discharging power regulation model
Battery charging process, battery
[13] - discharging process, energy price -—- -—-
incentive model
. Battery charging process, battery . .
[14] Solar, EV-TES discharging process
Wind, solar, natural gas, Battery charging process, battery . .
[15] EVBSS discharging process Wind, solar
. Wind, solar, electric
[16] Wind, solar - load, heat load C&CG
[17] Wind, solar, natural gas - Wind, solar KKT
[18] Wind, gas - Wind KKT
[19] Wind, solar, natural gas -—- Wind, solar KKT, HRIO
[20] Wind, solar - Wind, solar C&CG
[21] - - N-1 contingency ---
. Battery charging process, battery Wind, solar, electric
This paper Wind, sollaa\l},Bréastural as, discharging process, charging and load, ﬂ)e;é lg?_ Cll’ cold Nested C&CG

discharging priority function contingency

2. EV-IES Model

EV-IES achieves efficient energy utilization through multi-energy coupling, including

electricity, heat, and cold energy [24,25]. Its structure is shown in Figure 1.
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Figure 1. The architecture of the EV-IES.

The electric energy coupling equipment includes EVBSSs, Combined Heat and Power
(CHP), Wind Turbine (WT), photovoltaic (PV) power generation equipment, electric energy
storage (ES), utility grid, electricity—heat conversion equipment (EHCE), and electricity—
cold conversion equipment (ECCE). The EVBSSs, ES, and the utility grid are able to input
or output electrical power among them. The rest of the equipment can only achieve
unidirectional power flow. Energy inputs include WT, PV, and grid purchase. The heat
energy coupling equipment includes CHP, Heat Energy Storage (HS), Gas Boiler (GB),
EHCE, and Absorption Chiller (AC). Among them, HS can realize the two-way heat power
flow, and the other devices can only carry out one-way flow of thermal power. CHP and
GBs require natural gas as fuel to generate power. The cold energy coupling equipment
includes Cold Energy Storage (CS), AC, and ECCE. Only CS can absorb or release cold
power. Energy outputs include electric load, heat load, and cold load.

2.1. Objective Function

The minimum operating cost of EV-IES is taken as the objective function. Its specific
content is shown in Equation (1).

min; (Cuv + Cps + Ciut)
Cyp = mCHPyCHP
Cps = mgas(GtCHP + GtGB) + (my Py — msPs ) At 1)
Cot = [T}’lCHPPtCHP erGBQtGB + methh 4 mecRe;c + macR?c+
m®(P¢, + P§,) + m"* (Pl + P ) + m"(PS, + Pg )| At

where C,5, Cps, and Cyy are equipment start-up cost, interaction cost, and maintenance cost,
respectively. mSHP is the CHP start-up cost coefficient. Mg, m;, and m; are the unit price of
natural gas, the price of electricity purchased from the grid, and the price of electricity sold.
mCHP yGB eh pec e mes mhs and m'c are the maintenance cost coefficients of CHP,
GB, EHCE and ECCE, AC, ES, HS, and CS systems, respectively. ufHP represents the start
variable of the CHP device. P, and Py are the electricity purchased and sold in period
t. GEHP and GEP represent the natural gas consumption of CHP and a GB, respectively.
PtCHP , QEB, QEh, R{¢, Rf¢, P¢,, PS Ph. Pt P¢ and Pg,t represent the power of CHP, GB,

t e Vg Lopr Bgp Lo
EHCE, ECCE, ES, HS, CS systems, respectively.

2.2. EV Battery Swapping Station

In EVBSSs, due to the large scale of the battery group, decentralized scheduling
needs a lot of time and computing power. So, this paper first divides it into L intervals
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according to the SOC of each battery in each period [26], and its structure is shown in
Figure 2. In Figure 2, 5¢; represents the minimum SOC of the battery in the ¢ period,
Spt represents the maximum SOC of the battery in the t period, and the length of each
interval is the same. N,, represents the total number of batteries in the g interval of
the t period, g=1,2, ..., L. Ng+ and Nq,d,t represent the number of charged batteries and
discharged batteries in the g interval, respectively. Ny represents the number of EV
users replacing batteries in the ¢ period. Assuming that the operation period of IES is T,
each interval can be subdivided into T intervals in a scheduling period, and the length
of each interval is the same. When the EV arrives at the changing station, a battery in
the [Sp_1+ Sp¢] interval is taken out for replacement, and the number of batteries in the
interval will decrease, namely Ny ,; = N ;;—1. At the same time, the replaced batteries of
the EV will be integrated into the [So; S1;] interval, namely Ny ,; = N1 ,4+1. Because the
SOC of the battery in the [S;_1; Sy ;] interval is high, these batteries can only be used for
discharge scheduling or battery replacement services. The SOC of the battery in the [Sg
S51+] interval is low. Only charging can be carried out, and discharging cannot be carried
out. If Nyt EVs in the t period need to be replaced, Ny, is the number of batteries in
the t — 1 period plus the number of batteries replaced, minus the number of rechargeable
batteries in the period, plus the number of discharged batteries in the [S1 ; S;] interval. For
batteries within the [S;_1 ¢ Sy ¢] interval, N ,; is the number of batteries in the t — 1 period
minus the number of replacement batteries, plus the number of rechargeable batteries in
the [Sp—2 S1—1+] period, minus the number of discharged batteries in the period. For the
batteries in the [S;+ S4+1,] interval, it is not necessary to consider the number of battery re-
placements for EVs and rather only the number of charging and discharging batteries in the
adjacent interval. Therefore, Ny, is the number of batteries in the t — 1 period minus the
number of charging and discharging batteries in the interval, plus the number of recharge-
able batteries in the [S;—1; S4] interval, plus the number of discharging batteries in the

[Sg+1,+ Squo,] interval.

v v v v v
[ [So¢Sul | [[SurSal | o+ [[Sus S]] +++ | [Srae Suad] | | [Stue Sudl
R ] (R [(Re] (R
Niat Noat Naat Niat Niat
D | | e w__ I___
}r Niat1 i i Na2at1 i : Niyat1 o NL 1411 i I NLat1 i
‘ i Lo Lo s
- - | - -
H Nt H H Nt H il Nt |i i| Ni 1t |i H Nr_i,ct ”
| + Il + [ + | | + [ - |
H Noat H H Nict H il Nyt |i i| Nioct |i H Nt ”
[N [N ) [N ] ([N ]! [Nar ] CTotal number of batteries
[——— (] [ - [ — i [___JCharged batteries
I + [ + - + | narg .
}| Noas | | :I Notar | [ Nua | | [ IDischarged batteries

L ——————a. - - .

g|, — [C—IReplacing batteries

Figure 2. Battery intervals.

The mathematical model and constraints of a battery cluster include Equations (2)-(7).
Equation (2) indicates that the number of batteries charged or discharged in each interval
shall not exceed the total number of batteries in the corresponding interval. Equation (3)
represents the constraint of total battery charging power and total battery discharging
power. Equation (4) represents the constraint of charging and discharging equipment.
Equations (5) and (6) represent the constraints on charging and discharging priority.
Equation (7) represents the energy constraint of the first and last periods.

0 S Nq,C,t S Nq,a,tfl/ q € ]-/2/' . /L -1 (2)
0 S Nq,d,f S Nq,a,tflr ‘7 € 2/3/' o /L
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Pall,c,t = PCEVZNq,C,tr qe 1,2,---,L-1
q

3
Paas = F§YE Ny 1 €23 1 )

where Py ., and P, 4, represent the total battery charging power and discharging power,
respectively. PEV and PEV represent the charging power and discharging power of a single
charging and discharging device, respectively.

Considering the fact that charging and discharging equipment is limited as well as
the inability to perform charging and discharging concurrently, the actual total number of
batteries charged or discharged should be limited by Equation (4).

0< ZNq,c,t < Nmaxo’cb:tv
q

0 < YNyt < Nmax0y) (4)
q

EV 4 SEV EV ,EV
ool +ogf <1, 05,05/ €{0,1}

where Ny is the total number of chargers in the EV changing station. (Tftv

represent the binary variables of charger charging and discharging, respectively.

In order to ensure that there are enough batteries available for the power changing
service at every moment, batteries with high remaining battery capacity are given priority
in charging when electric energy resources are sufficient. Batteries with low remaining
battery capacity are given priority in discharging when electric energy resources are scarce.
The battery charging priority model is constructed by using the big M method.

_M5q,c,t S Nq,c,t S M(Sq,c,t

Ngi1at-1 —M(1 = 0g,ct) < Ngy1cr 5)
(Sq,c,t S 5q+l,c,tr 5q,c,t € {0/1}

EV
and U4

where §, . + represents the charging state of the gth interval in the ¢ period; M is a sufficiently
large constant [27,28]. When 6, .+ is 1, it indicates that the gth interval can be charged. In the
first constraint, the number of battery charges in the gth interval (N ¢ +) can be selected in
the range —M to M. In the second constraint, Nj;1 -1 < Ngy1,0+- Combining Equation (2),
Ngi1,4t-1 = Ngi1,c+- At this point, all batteries within the g + 1th interval are charging. In
the third constraint, d;,1 . must be 1. The battery in the g + 1th interval is in a charging
state. Combining the second and third constraints, if batteries in the gth interval can be in
a charging state, then batteries in higher intervals must also be in a charging state. Through
these three constraints, batteries with more remaining power can be prioritized for charging.
When (Sq,c,t is 0, it means that the gth interval cannot be charged. The first constraint directly
states that the number of chargeable batteries must be 0. In summary, 4 restricts the
charging state of the gth interval but does not restrict the number of charged batteries.
When (5q,c,t is equal to 1, it also ensures that all batteries in the g + 1 interval are charging.
The discharge priority model is constructed in the same way.

—Mdg 4+ < Ngar < Mg a4
Nq—],a,t—l - M(l - qu’d’t) S NQ*l,d,t (6)
Sg-1,4t = Sqdpr Sgar € {0,1}

where J, 4, represents the discharge state of the gth interval in the  period. When 6, is
1, it indicates that the gth interval can be discharged. In the first constraint, the number
of battery discharges in the interval can be selected in the range —M to M. In the second
constraint, Ny_14¢-1 < Ny_1,4¢ Combining Equation (2), Nj_1,4:-1=Ng_1,4;. At this point,
all batteries within the g — 1th interval are discharging. In the third constraint, 6, 7,4, must
be 1. The battery in the g — 1th interval is in a discharging state. Combining the second and
third constraints, if batteries in the gth interval can be in a discharging state, then batteries
in lower intervals must also be in a discharging state. Through these three limitations,
batteries with less remaining power can be prioritized for discharge. When §, 4, is 0, it
means that the gth interval cannot be discharged. The first constraint directly states that the



World Electr. Veh. ]. 2024, 15,170

7 of 26

number of dischargeable batteries must be 0. In summary, §, 4 restricts the discharging
state of the gth interval, but does not restrict the number of discharged batteries. When
04,4, is equal to 1, it also ensures that all batteries in the g — 1 interval are discharging.

In order to ensure the stability and continuity of the operation of the electrical changing
station, the total electric energy of the starting stage should be equal to the total electric
energy of the ending stage. The electric energy of each interval can be approximately
expressed as the product of the mean SOC and the number of batteries.

L S;—10+ S50 L Sq1r+S,T
Z N ,a,O% — Z Nq,a,T% 7)
q=1 q=1

2.3. CHP Model

A CHP device can convert natural gas into both electrical energy and heat energy.
Equations (8) and (9) are the constraints of CHP energy conversion. Equation (10) represents
the constraint on the operational status. Equation (11) is the constraint of maximum and
minimum power generation.

HP HP
PtC At = GE LngWCHP 8)
CHP CHP
cup _ P (L= 1cup = i) )
=
ficHP
CHP _ ,CHP _ ,CHP
wy =X T4 (10)
MEHP >0
HP pCHP HP HP ,CHP
xtc Prgin < Ptc < XE Prgax (11)
where 1 and u¢HP represent the operation state and start variable of the CHP device,

respectively, which are binary variables. PCH” and QFHP are the electric power and heat
power of CHP in the period of t, respectively. G-HP is the consumption of natural gas. Ly,
is the low calorific value of natural gas. #cyp and 1751.? P represent the power generation

efficiency and heat loss coefficient of CHP, respectively.

2.4. Utility Grid

If the energy that is produced by the new energy sources is less than the system’s
demand, the EV-IES must purchase the excess power from the grid. If the generated power
exceeds the system’s demand, the IES can sell the excess power to the grid to make a profit.
The limits on buying and selling power are as follows.

0< Pbt SPbmax
, p 12
{OSPs,tSPS,max ( )

where Pp; and Ps; are the electricity purchased and sold in period t. Py max and Ps max are
the upper limits of the electricity purchased and sold.
2.5. GB Model

GB can convert natural gas into heat energy. Equation (13) is the energy conversion
constraint. Equation (14) is the upper and lower limit constraint of energy conversion.

QFBAt = GFBLugnc (13)
0< QP <rgpQSE,, rp € {0,1} (14)

where Q8 and G are the heat power and natural gas consumption of a GB, respectively.
1cB is the heat efficiency of a GB. Q$E, is the upper limit of heat power conversion. rgp is
the N-1 contingency mark of a GB, where 1 represents normal operation of the equipment
and 0 represents the fault state of the equipment.



World Electr. Veh. ]. 2024, 15,170

8 of 26

2.6. Electricity—Heat Conversion Equipment and Electricity—Cold Conversion Equipment

The EHCE can convert electric power into heat power, and ECCE can convert electric
power into cold power. The conversion relationships and constraints are as follows.

Qt = CaP¥! (15)
RE = CooPY*

{ 0< Pteh < rehprer?aw Ten € {0/1} (16)

0 < Pf¢ < recPisax, tec € {0,1}

where Q¢ and P{"* are the heating power and electric power consumed, respectively. R
and P;¢ are the cold power and electric power consumed, respectively. C,, and C, are
the conversion coefficients of electricity-heat and electricity—cold equipment, respectively.
Pﬂ‘ax and PZ,, are the maximum values of heat and cold conversion power, respectively. 7,

and 7. are the N-1 contingency signs of EHCE and ECCE, respectively, where 1 represents
normal operation of the equipment and 0 represents failure of the equipment.

2.7. Absorption Chiller

AC can convert heat power to cold power, and its conversion relationship and con-
straints are as follows.

i = CacQf" (17)
0 < RY® < raeR%, 1o € {0,1} (18)

where R{¢ and Qf° are the cold power and heating power of the absorption refrigerator,
respectively. Cy is the refrigeration coefficient. RS, is the upper limit of the conversion
power. 1, is the N-1 contingency sign of the AC, 1 represents the normal operation of the

equipment and 0 represents the fault state of the equipment.

2.8. Energy Storage System

The energy storage system can be divided into ES, HS, and CS. The power and energy
change relationship and constraints are, respectively, formulations (19)—(23). Equation (19)
represents the constraint of energy storage system change with time. Equation (20) rep-
resents the constraint of charging and discharging power. Equation (21) represents the
constraint of upper and lower limits of the energy storage system. Equation (22) represents
the constraint of equal initial and final energy. Equation (23) represents the set-based
S constraint.

PS
d,t
EPf = E}y + (n5,PS — —5) Ot (19)
Nais
0 S Pc?t S PCZmaxo-csét
0< Pd,t < Pd,maxad,t (20)
O'CS,t + a‘it <1
/\rsninEg < Ets < ArsnaxErsz (21)
E§ = Ef (22)
S={eh,c} (23)

where S is the set of electrical, heat, and cold energy storage devices. E is the energy of
the energy storage system in the period ¢, including electrical energy, heat energy, and
cold energy. Ej and Ej3 represent the initial energy and final energy of the energy storage
system, respectively. Pg, ,and Pcs,t are the power output and power input of the energy
storage system, respectively. 112 ;s and ”gh are the power output efficiency and power input

efficiency of the energy storage system, respectively. Pgmax

and Pds, max Tepresent the upper

limit of power input and output, respectively. 05, and ¢, are the binary variables of
power input and output of the energy storage system, respectively. The input and output
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cannot occur simultaneously. A5, and A$, . are the lower limit coefficient and upper limit

coefficient of the energy storage system, respectively. Ej is the rated capacity of the energy
storage system.

2.9. Power Balance

At any time, the electrical, heat, and cold power of the IES should be balanced, which
can be expressed by the following constraints:

Pprt+ Papt e+ Py + Pog + P+ PEC = PS, + Py + PEHP + Pyy + Pyre + Ppyy, (24)

Por + P+ Qf° = QFFP + P!, + QFF + of", (25)
Prrs + PSy = Py, + RiC + Rf (26)

where Pwry, Ppyy, Ppr i, Port, and Pgyp ¢ represent the actual power values of the WT, PV
power generation, electrical load, heat load, and cold load of an IES, respectively.

3. Multi-Time-Scale Optimization Scheduling Model
3.1. Improving the Uncertainty Set

Considering the prediction deviations of renewable energy output and load, it is diffi-
cult to ensure the stable operation of an IES using deterministic optimization model [29,30].
Therefore, this paper establishes an improved uncertainty set to describe the volatility of
wind power, PV power generation, and load. Traditional robust models usually adopt
a box-type uncertainty set to describe prediction errors [30]:

— px* Tt P oo
Pwrt - Pw,t + Pw,tsw,t Pw,tgw,t

welp ;(ei,t ) < erfi,ue;,t €{0,1} 27)
! Ez,t ey =1

P, € {Pwr, Ppy, Ppr, PoL, Pri}

where P:,,t, P:j, ¢ and P, are the estimated value, upper limit of forecast deviation, and
lower limit of forecast deviation of each uncertain variable in the set P, in each period.
E;t and ¢, , are the upper and lower deviation marks of each variable, which are binary
variables. I, is the upper and lower deviation budget of each variable. w is the set of
uncertainties, including the WT, PV, electrical load, heat load, and cold load. The constraint
in the first row shows that the power of an uncertain variable is the sum of the predicted
value and the upper and lower deviations. The constraint in the second row means that
the total number of up and down deviations occurring should be limited by the uncertain
budget I1,,. The constraint in the third row shows that the upper and lower deviations of

the actual value cannot occur at the same time.

3.1.1. Uncertainty Set with Multi-Interval Distribution Characteristics

In the box-type uncertainty set represented by Equation (27), if the upper and lower
deviation ranges are given, the results of robust optimization always make the uncertainty
fall on the maximum deviation boundary [31]. The frequency of deviation in one direction is
often far more than that in the other direction, as shown in Figure 3a. The upper deviation
of the actual value is one, and the lower deviation is four. All deviations occur at the
boundary of the uncertain domain. However, this situation is too conservative and it rarely
occurs in reality.

Therefore, this paper discretizes the uncertain domain into finite intervals, dividing it
into K}, intervals so that the actual value of the uncertainty can fall within intervals with
smaller deviations multiple times. Only a very small number will fall on the maximum or
minimum value point, as shown in Figure 3b. The actual value takes Py, + Pg,* or Py + Pfu_
only once, takes Py, + P%* or Py, + Pz%’ three times, and takes Py, + PI},+ or Py, + P}U’ twice.
Large deviations are avoided. Simultaneously, the deviation budget I1, is also divided
into Kj, which can limit the number of times the actual value falls within each deviation
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interval. In the long run, the prediction error should not always be biased towards a certain
direction. The probabilities of upper and lower deviations should be approximate or equal,
as shown in Figure 3c. The total number of up deviations of the actual value is 4 times. The
total number of down deviations is also 4 times. They exhibit symmetry.

—+— Predicted values - <= - Actual values

PP,

Figure 3. Improved uncertainty set comparison chart: (a) Box-type uncertainty set. (b) Multi-interval
uncertain set. (¢) Multi-interval symmetric uncertainty set.

Combined with the above content, Equation (27) can be rewritten as Equation (28).

Kp
_ p* b+ b+ b— b—
Pwrt - Pw,t + bgl (Pw,tsw,t - w,t‘c’w,t)

Ky
Y (b 4ebn) < 1,ebf sﬁ;t € {0,1}

w,t w, w,t’
b=1

L T b
Py El (et +e0p) <TIG (28)

where Kj, is the number of intervals. Pi’;; and Pi’ft, respectively, represent the upper and

lower deviation limits of the power generation amount in the bth interval. si’;t and eﬁ;t
respectively, represent the upper and lower deviation markers in the bth interval. I, is
the deviation budget of the bth interval. The first row of the constraint indicates that the
actual value is determined by P ,, Pi’:;, and PZ}. Since Pff; and Pfj,_t have a total of Kj, the
uncertainty domain is divided into Kj. This also shows that the deviation in the actual
value can be large or small. The second row of the constraint shows that since si’;’rt and si’;t
are binary variables, in any period, the sum of the two is less than or equal to 1, indicating
that the upper bias and the lower bias cannot occur simultaneously. The third row of the
constraint shows that, in a scheduling period, the total number of times the actual value
falls within the bth deviation interval will not exceed I1,. The fourth line of the constraint
indicates that, in a scheduling period, the sum of the total number of times the actual value
falls into all deviation intervals will not exceed I,,. The fifth row of constraint shows that
the number of up and down deviations in the actual value should be equal. This also makes

the uncertain set symmetric.



World Electr. Veh. ]. 2024, 15,170

11 of 26

3.1.2. N-1 Uncertainty Set of Contingency State

In addition to the uncertainties of renewable energy and load, the uncertainties of
a gas-fired boiler, EHCE, ECCE, and AC in the IES when N-1 contingency occurs can be
expressed as
P {rlrcp + rac + ren +rec <11, } (29)
where I1, is the sN-1 contingency budget, which can be adjusted to study the robustness
of the system under different fault states. When an emergency occurs on a device, its
emergency flag is set to 1. For example, when a GB is faulty, rgp is set to 1. Equation (29)
states that the sum of the faulty devices in the system should be less than or equal to IT,.
Note that a large I, indicates that a large number of devices may fail, potentially causing
the system to crash. Therefore, this paper only studies the failure of a single device.

3.2. EV-IES Multi-Time-Scale Optimization Scheduling Strategy

To mitigate power fluctuations resulting from discrepancies between wind power
and multiple load forecasts and actual intraday values, three optimization models are
developed: a day-ahead optimization scheduling model, an intraday long-time-scale rolling
optimization model, and an intraday short-time-scale, real-time optimization model. The
day-ahead optimization scheduling model generates optimization strategies for each unit
in EV-IES for one scheduling cycle. It utilizes day-ahead forecast information and considers
source-load uncertainty as well as the N-1 contingency state of the system. It serves as
a reference for the intraday optimization model. The intraday long time-scale rolling
optimization model follows the day-ahead plan, combines the latest intraday forecast
information, and redefines the operating state of each unit within the T;r of the dispatch
cycle. The intraday short-time-scale, real-time optimization model follows the day-ahead
optimization and the intraday long-time-scale rolling optimization. According to the real-
time forecast information, it updates the output status of each unit within the Ty of the
dispatch cycle.

3.2.1. Day-Ahead, Two-Stage Robust Optimization

The day-ahead scheduling of an EV-IES is a two-stage robust model, enhanced by
improvements to the uncertainty set. In the first stage, it addresses the day-ahead mini-
mization problem, while the second stage focuses on minimizing the objective function
under the worst-case scenario of the uncertainty set.

T T
ming Y- (Cyp) +maxmin Y (Cps + Cmt)}
x — u o yz

x = [x£P, ufHP)
Ng,at, Ng,ct, Ngats Nait,e .t Naia pr Pait et Pait,d ¢ Pouys Psets

y= | PCHP,QCHP GCHP GB GGB (yeh peh Rec pee Rac qac (30)
P¢, P, E¢, Pt Py, EL P, PS, ES

z= [‘7 f,tf Ucb,tf Oictr Oid,tr g4 O s ‘T?,t/ Ug,t' Tt Uﬁ,t}

= et el 7]
where x is the first-stage variable, including the operation variable and start variable of
CHP, which is the decision variable of the day before. It is not affected by uncertainty. u is
the second-stage uncertain variable, which can only change in the uncertain set and decide
the worst case of the day. y and z include the continuous variable and discrete variable of
multiple units. They carry out real-time adjustment after determining the worst case of the
day to realize the minimization of the objective function.

3.2.2. Intraday Long-Time-Scale Rolling Optimization Model

The intraday long-time-scale rolling optimization obtains operation plans for multiple
units based on the two-stage robust optimization from the previous day, including the
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start/stop status of CHP units, charging and discharging status of EVBSS, and charg-
ing/discharging status of the ES system.

Tir
min Y (Cps.rr + Cur.Lr)M1T

XLTYLT/2LTt—1

X|T =X (31)
sty Yrr =y +Ayr

(1) — (26)

where the subscript LT represents the intraday long-time-scale variable. Ay;r is the de-
viation value of the intraday long-time-scale variable. The first constraint states that the
start-stop variables of the CHP unit are determined by day-ahead robust optimization. The
second constraint states that the intraday long-time-scale variable y;r takes the day-ahead
robust optimization result as the reference value. The rest of the constraints are the same as
day-ahead robust optimization. Additionally, the WT, PV, electric load, heat load, and cold
load are updated to the intraday long-time-scale rolling optimization predictions

3.2.3. Intraday Short-Time-Scale Real-Time Optimization Model

Intraday short-time-scale real-time optimization adjusts the scheduling plan of each unit
again according to the short-term forecast information on the basis of day-ahead robust
optimization and intraday long-time-scale rolling optimization. Intraday short time scale
real-time optimization also does not consider short term forecast errors. The corresponding
deterministic optimization model is as follows.

Tst

min_ ). (Cps.sT + Cur.s7)AtsT

XST/YST/ZSTt=1

XsT = X (32)
sty Ysr = Yrr + Aysy

(1) — (26)

where the subscript ST represents the intraday short-time-scale variable. Aygr is the
deviation value of the intraday short-time-scale variable. The first constraint states that the
start-stop variables of the CHP unit are determined by day-ahead robust optimization. The
second constraint states that the intraday short-time-scale variable yst takes the intraday
long-time-scale optimization result as the reference value. The rest of the constraints are the
same as day-ahead robust optimization. Additionally, the WT, PV, electric load, heat load,
and cold load are updated to the intraday short-time-scale rolling optimization predictions.

3.3. Model Solving Method
For the convenience of subsequent description, the above two-stage robust model and

constraints are simplified into the following matrix form.
min{ch + maxmind”y + gTz}
x u Yz
st.Ax <b,x € {0,1}
Cy+Dz+Ex+Fu<fze{01}

(33)

where ¢, d, and g are all cost coefficient vectors. A, C, D, E, and F are constraint coefficient
matrices. b and f are constraint coefficient vectors. The second formula represents all
constraints on x in the first stage. The third formula represents constraints on x, u, y, and z
in the second stage.

Since the min—-max-min robust model is non-convex and cannot be directly solved,
the max—min problem in the second stage can be converted into the max—-max form by
using strong dual theory or KKT conditions. It can be merged into a single-layer max
problem. Therefore, solving this robust model is equivalent to solving a two-stage mixed
integer linear programming model. The C&CG algorithm is selected to decompose it into
main problems and subproblems, gradually approaching the upper and lower bounds to
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obtain the optimal solution via interactive iteration [32]. However, the C&CG algorithm
requires that the third-layer min problem only contains continuous variables, and z in
Equation (33) belongs to discrete variables. It does not meet the strong dual theory and
cannot directly solve the robust model. Therefore, this paper adopts the nested C&CG
algorithm to transform and solve the min—-max-min model, relaxing the restrictions on
variables in the third-layer min problem. It decomposes the max-min problem into inner
main problems and inner slave problems for solution.

3.3.1. The Main Problems
T
rgcl/%n cx+ry
st Ax <b (34)
n>dy +¢"z
Cy, +Dz +Ex+Fu* < f

where k is the number of iterations of the main problem. u* is the determined value after
solving the slave problem. The main problem is a mixed integer linear programming
problem, which can be directly solved using a commercial solver.

3.3.2. The Slave Problem

The slave problems can be expressed as follows:
— ; T T
n —ml?xrry1’12nd y+gz

(35)
s.t.Cy+Dz+Ex*+Fu<f,ze {01}

where x* is the definite value after solving the main problem. However, due to the existence
of discrete variable z, the dual transformation cannot be directly adopted. So, the C&CG
algorithm is used to decompose Equation (35) into inner-main problem and inner-slave
problem again.
The inner-slave problem
¢ =mind y+g"z
Y,z (36)
s.t. Cy+Dz+ Ex* + Fu, < f,z € {0,1}

where u;; is the definite value after the nth iteration of the inner-main problem.
The inner-main problem

maxd
u,7m

& < gzt + n’(f— Ex* — Fu — Dz}) (37)
st. —xtc<d', = >0,

where 7t is the dual variable of variable y in Equation (35). Zj is the definite value
after the nth iteration of inner-slave problem solving. Since the discrete variable z has
been determined, only continuous variables exist in the second stage. The subproblem is
transformed into a single-layer max problem according to the strong dual theory [33].
However, there is a nonlinear term 7t'u in Equation (37), which maintains the model
as a non-deterministic polynomial (NP) hard problem [34]. Considering that the uncertain
set has been discretized into multiple intervals, SI(JJ,Lt and slzujt in each interval are binary

discrete variables. The following method can be used to convert it into a linear constraint.
T Fu = Y ¥ Fo ¢[00, P 4 —i—Z(ﬂthbJr b+) Y (7w P t wt)}
w t b

38
:ggﬂu,t[”wt t+2 t]’lwt 2 tﬂwt] vuew;’"wtrywte{()l} %)
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—Melf, < pf, < Mel,

nwt—M(l—e“) <ywt<7(wt+M(1—£i)+t) 39)
—Ms P S Hgp < Ms

Tt~ M(1 =€) < Moy < —Twr +M(1—€l)

w,t

where y;jt and p,,, are auxiliary variables. In Equation (38), there is the case where
the continuous variable Pb '+ is multiplied by the bivariate variable £b+ It is a nonlinear
constraint. In order to linearize it, the auxiliary variables w and p, , are introduced and
transformed by Equation (39). In Equation (39), the range of y$ ; and p,, , is limited by the
big M method. If el w, t =0, then yw ; is also equal to 0. If el w, t =1, then yz,t is equal to 11, ¢
M, is the same.

For N-1 contingency variables rGp, ac, e, and 7, in the uncertain set, the big M
method is also adopted for linear transformation. Take Equation (14) containing rgp as

a case:
7! Fgptgy = ZZ bt (TgbiTep) = Y 3 FontRept, (40)
w t
—Mrgp, < Rept < Mrg
Teopt — M(1 = 7rgp) < Rgp s (41)

Rgb,t < TCab,t + M(l - 7gb)

where Ry, is an auxiliary variable. The remaining N-1 contingency variables can be con-
verted in accordance with the same method.

3.3.3. Solving Process of Nested C&CG Algorithm

The solving process of the nested C&CG algorithm is shown in Algorithm 1. Its
specific steps are as follows:

1. Initialization: Set the number of iterations as k = 1. Give the convergence threshold e.
Give a set of feasible solutions of the main problem xy, and bring them into the slave
problem Equation (35) to obtain u, yi, and zk. Set the upper bound UB = +oc0 and the
lower bound LB = —co.

2. Substitute uy into the main problem Equation (34) to solve for x,;, and update the
lower bound LB = min {LB, ¢ x; + #;}.

3. Substitute xy into the slave problem Equation (35) to solve u,1, yx+1, and zi41. The
steps are as follows:

@ Initialization: Set the number of subproblem iterations n = 1. Give a set of
ug as the feasible solution of the inner-slave problem, and solve the inner-
slave problem with u( and x to obtain y,, and z,. Set the upper bound of the
subproblem UB;j, = +00 and the lower bound of the subproblem LBy, = —co.

2) Substitute x; and z, into the inner-main problem Equation (37) to solve for u,
and ®;, and update LB;, = ;.

3) Substitute x; and u,, into the inner-slave problem Equation (36) to solve for
zy+1 and ¢, and update UB;, = ¢y,.

(4) If UBj, — LBj, < ¢, then stop the iteration, output u,, z,.1, and ®,, and up-
date LB =cTx; + ®,,. Otherwise, set n = 1 + 1, and return to (2) to continue
the solution.

4. If UB — LB < ¢, stop the iteration and output the best result. Otherwise, set k =k + 1
and return to 2 to continue solving.
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Algorithm 1. Solving process of nested C&CG algorithm

1: Initial LB = —oo, UB = co, k = 1, and ¢, and solve the slave problem with xg to obtain u, yx, and zj
Repeat
2: Solve the main problem with #; to obtain (x; and #y),
and update LB = min {LB, Ty + i)
3: Solve the slave problem with x; to obtain (#y11, Yi+1, and zx+1)-
Repeat
(1) Initial LB;, = —oo, UBj, = +00, n =1, and ¢, and solve the inner-slave problem
with (xg, 1) to obtain (yy, z,).
(2) Solve the inner-main problem with (x,, and z;) to obtain (u, and ®,,),
and update LBj, = ®y,.
(3) Solve the inner-salve problem with (x,; and u;) to obtain (z,+1 and ¢,),
and update UB;, = ¢y,.

@n=n+1.
Until UBy, — LBy, < ¢, output (#,41, Yn+1, Zn+1, and ®;,), and update UB = cTx + D,
d:k=k+1.

Until UB — LB < ¢, output the best result.

3.3.4. Multi-Time-Scale Model Solution

The EV-IES multi-time-scale optimal scheduling strategy solution flow is shown in

Figure 4.

Day-ahead robust optimizatiomn
model  Initialization information: Enter EV-IES parameters
and source load day-ahead prediction information

A two-stage robust optimal scheduling model with EV-IES cost
minimization as the objective function for the first day of the week

v

Solve the robust model using a nested C&CG algorithm to
obtain a day-ahead optimized scheduling scheme

v

=0 Input intraday short-time-scale forecast
information to build an intraday short- €—
time-scale rolling optimization model

Input intraday long-time-scale forecast
— information to build an intraday long- Obtaining real-time optimized

time-scale rolling optimization model scheduling solutions for intraday
short-time-scale

Obtain an intraday long-time-scale
rolling optimized scheduling solution

t=t + A tsr

Intraday short-time-scale real-time
optimization models

Intraday long-time-scale rolling

optimization models

No

Whether t reaches the next Tsr cycle

No

logical judgment

Figure 4. Multi-time-scale optimization model solution process.

First, we entered the initialization information: the parameters of all units in the
EV-IES and the predicted values and deviation limits of all uncertain variables. Then, the
nested C&CG algorithm was used to solve the two-stage robust model Equation (30). The
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solution results x, y, and z are passed to the day-ahead long-time-scale rolling optimization
model as day-ahead optimization schemes.

Second, enter intraday long-time-scale forecast information, including the actual
values of all uncertain variables. According to the results of day-ahead robust optimization,
the deterministic scheduling model Equation (31) is solved. The power of each unit is
redistributed to obtain intraday long-time-scale scheduling results.

Finally, enter the forecast information for a short-time-scale within the day. According
to the day-ahead robust optimization scheme and long-time-scale rolling optimization
results, short-time-scale model Equation (32) is solved. A short-time-scale real-time opti-
mization scheme is obtained.

4. Case Study

The grid purchase price adopts time-of-use electricity price. Peak periods: 10:00-15:00
and 18:00-21:00, 1.5 CNY/kWh. Normal periods: 7:00-10:00, 15:00-18:00, and 21:00-23:00,
1.35 CNY/kWh. Valley period: 23:00-7:00, 1.1 CNY/kWh. The other parameters are shown
in Table 2. Figure 5 shows the predicted values and error intervals of wind power, PV power,
electric load, heat load, and cold load. The number of electric vehicle battery exchanges
in each period. The prediction deviations of wind power and PV power generation are
set as three intervals. The deviations are £10%, £5%, and £2% of the predicted values,
respectively. The errors of electric, heat, and cold loads are set as one interval. The
deviations are all 5% of the predicted values. The deviation budgets of each interval
in the WT {ITiy, [T37, [Ty7) are set as {1, 2, 7}, respectively. The deviation budgets of
each interval in PV power generation {ITby, [Ty, 13} are set as {1, 2, 5}, respectively. The
budget deviations of basic electric load, heat load, and cold load {TT5, HlQL, [T}, } are set
as {8, 8, 8}, respectively. In order to verify the effectiveness of the proposed robust model,
the optimized scheduling model is developed using MATLAB and solved using CPLEX
via YALMIP.

Table 2. Parameter of IES.

Parameter Value Parameter Value Parameter Value Parameter Value
K 7 PEV 5kW PEV 45kW T 24h
At 1h Nimax 300
EVESS [S1 Sasl [0.150.25] [Sas S34] [0.25 0.35] Nia0 260 N0 25
[S3s Sarl [0.350.45] [Sas S5 [0.45 0.55] N3 a0 25 Niao 30
[S5+ Se r] [0.55 0.65] [Se.+ S74] [0.65 0.75] Ns a0 25 Ngao 35
[S7+ Ss ] [0.750.85] N7, 300
C C C
CHP nGHP 0.45 peHP 405) éw PCHP 1000 kW HcHp 0.3
CHP CHP . 3
my; 20 CNY m CNY/kWh Lng 9.7 kWh/m
GB 1GB 0.93 CB 1000 kW Mgas CN@H@ mGB 0.005
EHCE Con 2.8 Pt 2000 kW
ECCE Cec 2.8 P, 800 kW
AC Cac 1.2 RES, 1000 kW
E§ 1500 kWh Nais 0.92 7%, 0.93 Alin 0.2
Al ax 0.9 ES 2000 kWh P¢ ax 1000 kW P o 1000 kW
Energy El 1200 kWh s 0.93 b, 0.93 PLN 0.1
storage Al 0.9 El 2000 kWh Pl 500 kW Pi 500 kW
system E§ 1200 kWh M 0.92 5 0.92 AE 0.1
Aax 0.9 E 2000 kWh PS nax 500 kW P ax 500 kW

0.005

es hs
T, Te 0.99 m CNY/kWh m*, m

he 0.001 CNY/kWh

Utility grid Py, max 2000 kW P, max 2000 kW Mo 0.4 CNY/kWh
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Figure 5. EV-IES initial parameters: (a) Wind power. (b) PV power. (c) Electric load. (d) Heat load.
(e) Cold load. (f) Number of battery exchanges.

4.1. IES Optimal Scheduling Scheme without N-1 Contingency States

Since the system is less likely to experience N-1 contingency, the proposed method can
also be applied during normal system operation, requiring only the setting of the value of
I, in Equation (29) to 4. The optimal scheduling scheme of the EV-IES is shown in Figure 6.
The total cost of IES is CNY 22,539.

From Figure 6a, it can be observed that, when considering only the uncertainty of
the power source and load, the WT experiences lower deviation during 18:00-21:00 and
24:00, while upper deviation primarily occurs during 11:00-14:00. Lower deviation for
PV power generation happens at 10:00, 13:00, 15:00-16:00, and other times. Lower de-
viation for electric load occurs at 3:00-6:00 and 11:00, with upper deviation occurring at
18:00-21:00. Combining with Figure 6b, it can be seen that, during the periods of 1:00-9:00
and 17:00-24:00, CHP needs to assist with higher power generation to meet the system’s
power demand due to minimal or no PV power generation. Particularly during 18:00-21:00,
the actual electric load is high, while PV power generation is low. The system faces a severe
shortage of power. At this time, the battery cluster and ES system at the EV charging station
release their stored energy to maintain balance. It can be seen that battery clusters can not
only meet the user’s swapping needs, but also work with the ES system to assist in peak
shifting. In the period of 23:00-24:00, the IES has to purchase excess power from the grid to
fulfill the swapping needs of EV users. It also need to conserve energy within the battery
cluster over a dispatch cycle. Despite the low electricity price during this time, the system
cost still increases significantly. From 10:00 to 16:00, although the actual values of wind
and PV power are reduced to varying degrees, the IES still has excess power for charging
other devices, owing to substantial PV power generation. Thus, CHP ceases operation. The
battery cluster and ES system charge at high power. Even in the periods of 11:00 and 14:00,
the system also sells excess power to the power grid to obtain additional income under the
premise of full load of the ES system.
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Figure 6. Results without N-1 contingency: (a) Worst source-load scenario. (b) Electric power

distribution. (c) Heat power distribution. (d) Cold power distribution. (e) Number and power of
charged and discharged batteries. (f) Number of batteries in each interval.

The lower deviations of both heat and cold loads mainly occur during 11:00-14:00,
while the upper deviations are mostly concentrated during 18:00-24:00. As can be seen from
Figure 6¢,d, the EHCE and ECCE need to operate continuously to maintain the balance of
heat and cold power. During the noon period, the actual value of the heat load is small. The
energy of the IES is abundant. So, the EHCE can provide all the heat power and provide
excess heat power for the ES equipment. However, the heat load reaches its maximum
deviation during 19:00-24:00, especially during 17:00-24:00. The CHP unit and gas-fired
boiler need to operate simultaneously to meet the rapidly increasing heat load demand.

Since there is no direct cold equipment in the IES, the cold power must be provided
by absorption refrigeration or electricity-to-cold conversion equipment. Therefore, the AC
machine operates at full power in all periods. Since electric power is abundant during the
noon period, the electricity-to-cold conversion equipment can also provide a large amount
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of cold power. The ES system continues to store cold energy. However, almost all the
cold power is used to meet the load demand due to the high cold load during the rest of
the time.

Figures 6e and 6f, respectively, display the number and power of charged and dis-
charged batteries, as well as the number of batteries in each interval. During the period
of 9:00-14:00, the number of charged batteries reaches the maximum value of 300 and the
charging power is also maintained at the maximum value due to a large amount of PV
power generation. In the period of 18:00-22:00, the batteries begin to discharge electricity
to maintain the stability of THE system power due to the almost-zero PV power generation
and the extreme lack of electric energy. At the same time, when the batteries are charged,
they follow the order of Ng.t, N5t Nact, N3ct, Nocy, and Ny, so as to ensure that
the number of charged batteries is always greater than the number of users’ demands.
When the batteries are discharged, they follow the order of No ., N3¢, Nact, N5, Nocts
and N7 ;.

4.2. IES Optimal Scheduling Scheme Considering N-1 Contingency States

If N-1 contingency occurs in the system, the contingency budget in Equation (29) is set
as three. The results are shown in Figure 7.
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Figure 7. Results with N-1 contingency: (a) Worst source-load scenario. (b) Electric power distribu-
tion. (c) Heat power distribution. (d) Cold power distribution.

As shown in Figure 7a, the lower deviation of wind power occurs between 17:00-21:00,
while the upper deviation mainly occurs between 10:00-14:00. The lower deviation of
PV power occurs at 12:00 and 15:00-17:00. The lower deviation of electric load occurs at
5:00-6:00 and 10:00-11:00. The upper deviation occurs at 17:00-20:00. It can be clearly seen
in Figure 7c that the power of the GB remains at 0. It indicates that the GB in the worst-case
scenario. This also indicates that the electric-heat conversion equipment must operate
at maximum power. This is supplemented by CHP heating and heat release from the ES
system to maintain heat power balance during the period from 17:00 to 24:00 when the
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heat load is high and upper deviations occur repeatedly. At the same time, the system is
at various critical points of energy shortage during this period. Therefore, the IES must
achieve energy time shifting through battery clusters and ES systems. It is necessary to
purchase part of the electric energy from the grid when compensating for energy shortages.
During the period from 10:00 to 15:00, the system can achieve heat power balance by
shutting down the CHP equipment and relying solely on the electric-heat conversion
equipment due to the small actual value of the heat load. It can also heat the HS system.
During the period from 1:00 to 9:00, CHP must be used to assist in heat generation to ensure
the stable operation of the system as the heat load exceeds the maximum value of the
electric-heat conversion equipment. Overall, the failure of the gas-fired boilers results in
the system having to purchase more power from the grid to achieve power balance during
peak load periods. So, the IES cost rises rapidly to CNY 23,755, which is about 5.4% higher
than the operating cost without considering the N-1 contingency status.

4.3. Multi-Interval Uncertainty Set Analysis

To verify the effectiveness of the proposed multi-interval uncertainty set, the following
calculation cases are set up for comparative analysis. The results of WT and PV power
generation are shown in Figure 8. The IES costs are presented in Table 3.
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Figure 8. New energy power in worst-case scenario: (a) Wind power. (b) PV power.

Table 3. IES costs under different uncertain sets.

Case 1 Case 2 Case 3 Case 4
Cost/CNY 28,133 24,558 23,312 22,539

Case 1: The original uncertainty set of Equation (27) is adopted.

Case 2: Use the first constraint, second constraint, and third constraint of Equation (28)
as the uncertainty set.

Case 3: Equations (27) and the fourth constraint of Equation (28) are adopted as the
uncertainty set.

Case 4: Equation (28) is adopted as the uncertainty set (this paper).

As shown in Figure 8a, the actual values of wind power in Case 1 and Case 2 both
decline from 15:00 to 24:00. The difference lies in the fact that it reached the extreme
deviation point every time in Case 1. In Case 2, it only occurred once, with the rest falling
within a smaller deviation interval. To achieve symmetry in deviation occurrences, in Case
3, wind power increased from 10:00 to 14:00. It decreased from 17:00 to 20:00 and 22:00. In
Case 4, wind power increased at 7:00 and 11:00 to 14:00. It decreased from 18:00 to 21:00
and at 24:00.

As shown in Figure 8b, the actual values of PV power generation in Case 1 and Case 2
both exhibit downward deviation from 10:00 to 17:00. The difference lies in the fact that
it reaches the extreme deviation point every time in Case 1. In Case 2, the most serious
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deviation occurs only at 15:00. Case 3 has a downward deviation from 13:00 to 15:00. Case
4 has a downward deviation from 10:00 to 13:00 and 15:00 to 16:00.

Overall, in Case 1, all deviations of uncertainties reach the extreme deviation point.
All deviations are in the same direction, which makes the worst-case scenario too radical
and the scheduling scheme overly conservative. As shown in Table 3, the IES cost is
CNY 28,133 at this time, which is approximately 24.8% higher than that in Case 4. In
Case 2, although the uncertainty set is discretized finitely, all deviations still occur in
the same direction in the worst-case scenario. Despite the significant cost reduction, it
is still unreasonable. In Case 3, introducing deviation symmetry makes the upper and
lower deviations equally and effectively reduce the IES cost. However, both the upper
and lower deviations reach the extreme points of the deviation interval. The deviations
are significant. In Case 4, the system cost can be freely selected within multiple deviation
intervals. The number of small deviation intervals obtained using wind power or the actual
value of PV power limited by the deviation budget is far greater than that of large deviation
intervals. It reduces the system cost effectively. Compared with Case 2 and Case 3, the cost
of Case 4 is reduced by approximately 8.96% and 3.43%, respectively. It indicates that the
improved uncertainty set proposed in this paper can effectively reduce the conservatism of
the uncertainty set and balance the economic benefits of IES.

A sensitivity analysis of the multi-interval uncertainty ensemble is conducted to limit
the number of fluctuations in the new energy output by varying the parameter I1,p,. The
results are displayed in Table 4.

Table 4. Multi-interval uncertainty ensemble sensitivity analysis.

WT

Case Iy Iy I,  Cost/CNY Case Il 13, 113,  Cost/CNY
1 10 0 0 23,718 1 8 0 0 21,906
2 7 1 2 23,155 2 6 1 1 21,668
3 4 2 4 22,409 3 4 1 3 21,345
4 1 3 6 21,617 PV 4 2 2 4 20,934
5 0 2 8 21,190 5 0 0 8 20,526
6 0 0 10 20,957 6 0 4 4 20,749
7 0 6 4 21,643 7 0 6 2 20,888
8 0 10 0 21,993 8 0 8 0 20,984

From Case 1 to Case 4 in Table 4, it can be observed that the IES cost gradually reduces
as parameters I}y, and I}, decrease. The lowest system cost occurs when they reach
zero. The reason is that they limit the actual values of wind and PV power generation
within the maximum deviation range (+10%). Reducing I}, and ITh, can gradually
increase the wind and PV power obtained by the system, making the system operation
more economical. For parameters H%\,T and H%V, it is evident that the IES cost will increase
with their growth (Case 5, Case 7, and Case 8) when IT},; and T1};, remain unchanged.
The reason is that the growth of I13,; and T3, inevitably leads to a decrease in I3, and
I13,. If the number of occurrences where the actual value falls within the small deviation
interval (£2%) decreases, it will inevitably fall more times within the medium deviation
interval (£5%). This results in a decrease in the actual power output of new energy sources.
The system has to obtain power through other units to increase costs. Overall, when the
actual value falls near the boundary of a larger deviation interval, the IES cost rapidly
increases. The scheduling results tend to be conservative. When the actual value falls near
the boundary of a smaller deviation interval, the IES cost gradually decreases. However,
although this approach achieves better economic performance, it reduces the robustness
of the system. When the system encounters a worse actual situation within the day, it
may incur greater costs. Therefore, it is necessary to allocate uncertain budget parameters
reasonably to balance the robustness and economic efficiency of the system.
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4.4. Analysis of Intraday Multi-Time-Scale Optimal Scheduling Results

The scheduling results obtained from the robust optimization in Section 4.1, which
does not consider the system N-1 fault status, are used as the day-ahead plan. The par-
tial results of intraday long-term rolling optimization and intraday short-term real-time
optimization are shown in Figure 9.
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Figure 9. Multi-time-scale optimization of partial unit scheduling results: (a) Charging of ES system.
(b) Discharge of ES system. (c) CHP. (d) EHCE. (e) ECCE. (f) GB.

Combining Figure 5a,b, it can be seen that there are significant deviations between
the intraday forecast values and the day-ahead forecast values for wind power generation
during 1:00-4:00, 9:00-14:00, and 16:00-20:00. The intraday forecast values exceed the day-
ahead forecast values during 12:00-15:00 for PV power generation. The intraday forecast
values and day-ahead forecast values of electric load exhibit significant deviations during
1:00-3:00, 6:00-8:00, and 21:00-24:00. The power deviation is primarily adjusted through
the CHP and ES system. Taking 21:00-22:00 as an example for analysis, the intraday
forecast value of the electric load is lower. Although there is some deviation in wind power
generation, it Is relatively small. There is no output from PV power generation. At this
time, the overall load of the system is low. There is sufficient electricity. Therefore, in
Figure 9a—c, the output of the CHP unit decreases while the discharge of ES decreases
simultaneously. Overall, the system charges the ES unit at a higher rate due to the high
output of PV power generation during 12:00-14:00. In other periods, the system lacks
electrical energy due to the lower output of PV power generation. The ES unit frequently
discharges. It is supplemented by the CHP unit to generate electricity. The overall trend is
similar to that of day-ahead robust optimization. For the heat load, there are significant
deviations between the day-ahead forecast values and the intraday forecast values during
1:00-3:00, 8:00-11:00, and 19:00-22:00. For the cold load, the number of occurrences of
upper deviations in the intraday forecast values compared to the day-ahead forecast values
is much higher than that of lower deviations. This will lead to an overall overestimation
of the cold load during intraday scheduling. Therefore, the power of the electric—cold
conversion equipment is numerically overestimated in the results of long-time-scale and
short-time-scale optimization in Figure 9e.

4.5. Analysis of Battery Charge and Discharge Prioritization Algorithm

In this paper, large-scale battery clusters are categorized based on their current charge
level, followed by the introduction of a charge and discharge priority function. The effec-
tiveness of the charge and discharge priority function is then analyzed through numerical
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examples. The cost of each numerical example is shown in Table 5. The number of batteries
for N 4+ and Ny, are illustrated in Figure 10.

Table 5. IES cost analysis.

Case 1 Case 2 Case 3
Electricity purchasing cost/CNY 3030 3030 4427
Electricity selling income/CNY 397.6 397.6 0
Total cost/CNY 22,539 22,539 24,959
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Figure 10. Number of batteries: (a) Ny 4¢; (b) Ny q4.

Case 1: Adopting the charge and discharge priority function (this paper).

Case 2: Without the charge or discharge priority function.

Case 3: Batteries are only allowed to charge.

According to Table 5, it can be seen that the total costs of Case 1 and 2 are the same, but
Case 3 cannot discharge during peak system loads due to the batteries only being able to
charge. It has to purchase additional electricity from the grid, resulting in a rapid increase
in purchased electricity costs. Compared to Case 1, the purchased electricity costs have
increased by 46.1%. The total costs have increased by 10.7%. Therefore, the introduction
of battery discharge functionality makes battery scheduling more flexible. It plays a role
in peak shaving and valley filling effectively for reducing costs. Figure 10a shows the
numbers of batteries in the Ny ,; interval. It can be seen that all three examples can meet
the battery replacement needs of EV users at any time, but the number of batteries varies
significantly in each period. In Case 1, the charging and discharging priority function
is to prioritize charging batteries with higher SOC, thus keeping Ny ,; at a higher level
throughout. Simultaneously, it ensures that a greater number of batteries have lower
charging levels compared to Case 2. In Case 3, since batteries can only be charged, Ny , ;
remains consistently above 300. In Case 2, due to the system’s ability to allocate batteries
freely, Ny, is lower for most time periods compared to the other two cases. Additionally,
the quantity of batteries is at a lower level during the 19:00-24:00 period. Given that Case 1
has more batteries and ES capacity compared to Case 3, it holds a comparative advantage
in emergency situations. Overall, the introduction of the charge and discharge priority
function makes battery scheduling more flexible. It enables better control of the system’s
total costs. Additionally, there are more batteries with higher charge levels and lower
charge levels, which can better respond to emergencies.

4.6. Analysis of Nested C&CG Algorithm

Since the third layer variable in Equation (33) contains binary discrete variables, the
nested C&CG algorithm is adopted for solving. This section compares and analyzes the
calculation cases of different solving methods. The results are shown in Table 6. The
calculation cases are set as follows:
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Table 6. IES cost under different algorithms.
Casel Case 2 Case 3 Case 4 Case 5
Cost/CNY 20,227 28,430 24,377 27,940 23,755

Case 1: Deterministic optimal scheduling model.

Case 2: The original uncertainty set of Equation (27) is adopted and the traditional
C&CG algorithm is adopted for solving.

Case 3: The improved uncertainty set is adopted and the traditional C&CG algorithm
is adopted for solving.

Case 4: The original uncertainty set of Equation (27) is adopted and the nested C&CG
algorithm is adopted for solving.

Case 5: The improved uncertainty set is adopted and the nested C&CG algorithm is
adopted for solving.

When deterministic optimal scheduling is used, the IES operating cost is only CNY
20,227. At this time, the predicted and actual values of uncertain quantities are equal.
Although the system operating cost is the lowest, the likelihood of this occurring is relatively
small. Once the uncertain variables fluctuate, the IES will call for more resources to keep
the system stable. At this time, the operating cost will be substantially increased.

Both Case 2 and Case 4 adopt the original uncertainty set. This will lead to the extreme
point of deviation for uncertain parameters in many instances. It often tends towards the
same direction. This is quite different from the actual situation. Compared with Case 5, the
total cost of Case 2 and Case 4 is increased by about 19.68% and 17.62%, respectively. The
results are too conservative. Both Case 3 and Case 5 adopt the improved uncertainty set,
but Case 3 needs to determine the variables of multiple devices before the day. Although
the calculation of intraday scenarios is reduced, it is impossible to readjust the variables
of each unit when the actual value differs significantly from the predicted value. A small
number of transactions with the power grid is needed to balance the load. While Case 5
adopts the nested C&CG algorithm, the system will readjust the scheduling plan to meet
the operational requirements of the system when any scenario in the uncertainty set occurs.
Compared with Case 3, the operating cost of the IES is reduced by about 2.62%, proving
the effectiveness of the algorithm.

5. Conclusions

In this paper, an IES optimal scheduling strategy based on an improved uncertainty
set is proposed for IESs with EVBSSs. The following conclusions can be drawn:

(1) Integration of EVBSSs in IESs not only meets the battery swapping needs of EV
users but also utilizes large-scale battery clusters to co-schedule with ES for better
energy transfer.

(2) Limited discretization of the deviation intervals of uncertain variables to form a multi-
interval distribution error set effectively reduces the conservatism of the original
box-type uncertainty set. Meanwhile, including the N-1 contingency states of multiple
devices in the uncertainty set, although it leads to a slight increase in system costs,
enables more effective response to emergencies when the system fails.

(3) Adopting a multi-time-scale optimization scheduling strategy, transferring the results
of robust optimization in advance to real-time optimization, and reallocating power
within a shorter forecast period to address prediction deviations.

(4) Using nested C&CG algorithms to solve two-stage robust models with multiple
discrete variables, achieving real-time scheduling of multiple units within IESs. Al-
though, increasing the operational demands on advance scheduling can improve the
economic operation of IES.

This paper has mainly focused on the optimization scheduling of an electric-heat—cold

IES containing an EVBSS. However, the integration of other energy sources such as carbon
and hydrogen is not sufficiently explored. Additionally, there is a significant relationship
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between renewable energy output and weather. Therefore, how to consider the impact
of weather factors on source-load uncertainty in system planning is also a key focus of
future research.
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