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Abstract. Since the stochasticity of the charging of electric vehicles (EVs) may bring impact to the grid,
there is a high possibility that the demand charge will be applied to charging stations. Therefore, a load-
forecasting-based demand contracting strategy is proposed for charge stations in this paper. A stochastic

optimization model is established by regarding the maximal demand as a stochastic parameter, and the
object of the model is to minimize the expectation of demand charge, and the analytic solution is derived.

To obtain the distribution of actual maximal demand, a Monte-Carlo-based charge load forecasting method
is proposed. It gives the distribution of the daily maximal demand, based on which the distribution of
monthly maximal demand is also derived. The case study illustrates the feasibility and the validity of the

proposed strategy.

1 Introduction

In recent years, countries around the world have paid
attention to environmental pollution including air
pollution, one of the important sources of which is the
traditional autos using internal combustion engines.
Since electric vehicles (EVs) are driven by electric
energy, no fossil fuels are burned directly to emit
exhaust gas. Besides, EVs have the advantages of low
noise, so they are regarded as "clean vehicles" and are
ideal alternatives to internal combustion engine vehicles.

The number of electric vehicles has been increasing
in recent years, which puts forward higher requirements

for the development of electric vehicle charging facilities.

Nowadays, "mileage anxiety" is still one of the main
reasons that restrict people from buying electric vehicles,
so convenient and fast charging has become an important
thrust to promote the development of the electric vehicle
industry. For this reason, many countries are vigorously
developing the electric vehicle industry and
infrastructure construction. The Ministry of Industry and
Information Technology of the People's Republic of
China proposed that by 2025, the sales ratio of new
energy vehicles will reach about 25%, and it clearly
states that it must "improve infrastructure construction"
and "improve the level of charging infrastructure
services."!l. The electric vehicle industry has the same
phenomenon abroad 31 In 2016, Norway built the
world's largest electric vehicle fast charging station.
London has built more than 225 fast charging stations in
2019. EVgo, which is the electric vehicle charging
network operator in American is advancing the
construction of fast charging stations with battery energy
storage systems. In terms of electricity prices, many
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countries in the world have implemented a segmented
charging model 31, In 2014, the National Development
and Reform Commission of China made it clear that
large-scale industrial electricity prices would be applied
to the centralized charging facilities, and the basic
electricity charges would be waived before 2020061,

The basic electricity charge is a form of electricity
fee charged for large users with a transformer capacity of
100kVA and above. This kind of users need to
implement a two-part electricity price, including
electricity price (charged based on electricity
consumption) and basic electricity price (charged based
on maximum power) 1. The basic electricity charge can
be charged in two ways: according to the transformer
capacity or the maximal demand, which can be freely
selected by users. It is generally believed that charging
the basic electricity fee based on the maximal demand
(referred to as the demand charge) is a more reasonable
method®l. The main purpose of the basic electricity
charge is to promote the rational use of electricity and
limit the short-term load spikes generated by high-power
users®). The charging of electric vehicles is stochastic,
and there are quite a few studies to point out that large-
scale electric vehicle charging may bring impact to the
grid"%151 Measures need to be taken to limit the short-
term high-power operation of charging stations, which is
in line with the concept of demand charge. Although
charging stations are tentatively exempted from the basic
electricity charge in order to promote the development of
electric ~vehicle charging infrastructure, in the
foreseeable future, they are very likely to become one of
the charging objects of the basic electricity bill in order
to promote the safety and stability of the grid.
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In this context, electricity expenses will be the one of
the major costs of charging stations, of which demand
charge will be a significant part. When demand charge is
charged, the operator should sign a contract with the grid
company to declare its own "contract demand" (this
process can be referred to as "demand contracting"), and
be charged according to the contract demand. However,
if the actual maximal demand exceeds 5% above the
contract demand, the excessive part will be charged by
doubled price. Therefore, a reasonable choice of the
contract demand will have a significant effect on the cost
reduction of the charging station.

Based on the above background, this paper studies
the demand contracting strategy for charging stations
and proposes a load-forecasting-based demand
contracting strategy. This paper establishes a
mathematical model of the demand charge based on the
current demand charge rules, and derives the optimal
solution for the contract demand through mathematical
analysis. Since the effectiveness of the above demand
contracting strategy largely depends on whether the
charging station operator can better obtain the
distribution of the actual maximal demand, this paper
proposes a load-forecasting-based demand contracting
strategy. Furthermore, the method of obtaining the
distribution of monthly maximal demand is given.
Finally, the effectiveness of the method proposed in this
paper is demonstrated through the analysis of a
numerical study.

2 Demand contracting strategy for
charging stations

According to the current regulations on the demand
charge, when users calculate the basic electricity charge
based on the maximal demand, a general formula of the
basic electricity charge can be written as:

_ | px+p,(D-kx), kx<D<C
c= ~
J4B ’ D<kx
where ¢ presents the demand charge; C is the

capacity of the transformer; D is the actual maximal
demand of users; x is the contract demand, obeying
D<x<C; D is the minimal contract demand limit,

(1

obeying D =0.4C ; k is the threshold for charging a
punitive price, which is 1.05; p,, p, are the price for
the actual maximal demand within & times of the
contract demand (called the basic demand price) and the
demand price for the part that exceeds k times of the

contract demand (called the punitive demand price)
respectively, obeying p, / p, =2 ; however, the values

of p,, p, vary in different provinces.
Equation (1) shows that the demand charge is related
to C, Q,D,x,k, p,» P, . For charging station operators,

the only variable that is fully controllable is the contract
demand x . Therefore, from the perspective of the
contract demand, Equation (1) can be rewritten as:

i {(pl—kpz)xwzﬁ, D<x<DJk
= )

DX ) x> Dfk

It can be seen that the demand contracting strategy
for charging stations aims to determine the contract
demand x that can make the basic electricity charge
minimized. However, the actual maximal demand of the
charging station is a random parameter, which mainly
depends on the charging status of the electric vehicle.
Therefore, a stochastic optimization model is established
by regarding the maximal demand as a stochastic
parameter, the object of which is to minimize the
expectation of demand charge.

. - C
Min E[¢(0)] = px+ [ p(=k)fp(@)dr  (3)
s.t. D<x<C 4
where f,(+) presents the probability density function
of the actual maximal demand D .
Through derivative analysis of the optimization

problem expressed by equation (3) and equation (4), the
analytical solution of the problem can be obtained as:

k—
D, Fy (kD) 2 P20
. Pk
t F3'[1=p, /(p,k)] k ©)
D P /P, , F[)(kQ)<p2 2
k D,k

where F(e) presents the cumulative distribution

function of the actual maximal demand D .

The specific derivation process can be found in
literature [16]. When the probability that actual maximal
demand of users is below 0.42C is not less than 0.524,
the optimal value of the contract demand is equal to the
minimal contracting limit D =0.4C ; Otherwise, the

optimal value of the contract demand is equal to
F;'(0.524)/1.05.

3 Demand contracting strategy for
charging stations

3.1 NHTS data processing

From the demand contracting strategy for charging
stations obtained in Section 1, it can be known that
whether users can better determine the contract demand
depends largely on whether the user can predict a better
distribution of the actual maximal demand. For electric
vehicle charging stations, the electricity load mainly
comes from the load of electric vehicles that charging at
the charging station. Therefore, in order to obtain the
maximal demand of the charging station in the future,
the electric vehicle charging load forecast of the
charging station is extremely important. In this section,
we propose a Monte Carlo simulation method based on
the trip chain theory to predict the charging load of the
charging station.

The users of public charging stations are mainly
household EVs and passenger EVs. For these vehicles,
their service scenarios are usually people's daily travel.
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The behavior characteristics of this type of vehicles can
be considered to have similarities with that of private
cars. Therefore, the use of travel survey data for
household petrol vehicles has an important value for this
research. On account of the above considerations, the
household travel survey data NHTS 2017 led by the US
Federal Highway Administration is used as the data basis.

For the travel characteristics of the private car,
various destinations can usually be divided into 5
categories according to the purpose of travel: H (home),
W (work), SE (shopping & errands), SR (social &
recreation), O (other). The closed loop among the five
types of destinations and centered on H is called a trip
chain. Since trip chains with too many midway
destinations are minority, and usually include temporary
parking (where charging behavior is usually unlikely to
occur). Therefore, only trip chains with no more than 2
midway locations are considered. The classification of
trip chains is shown in Fig. 1.

Simple chains

E1=[3
Complex chains

TR PERTY

SE/SR/O ’ W/SR/O ’ W/SE/O ’ W/SE/SR

Fig. 1 Classification of trip chains

In NHTS 2017 data, about 923500 records of
household trips with necessary information of each trip
are recorded. The following steps are taken to analyse
the characteristics of household EVs trips.

Step 1: Read the data of the current travel records.

Step 2: When all the necessary data for the closed
trip chains is recorded, add it to the data set of the
corresponding type of the trip chain.

Step 3: Accumulate the data of each trip of various
trip chains in the data set, and use the kernel density
estimation method to fit the probability density function.

Through the above data processing process, the
following probability statistical results related to the
electric vehicle trip chain can be obtained:

(1) The Distribution of the starting/ending time, the
trip duration, the trip length, and average speed in each
type of trip chains;

(2) The distribution of staying duration at every
midway site of every type of trip chains.

(3) The proportion of each trip chain.

3.2 Load forecasting method based on Monte
Carlo simulation

Based on the data processing of NHTS 2017, a statistical
feature of trip characteristics is obtained. The whole trip
chains of EVs are simulated in a way that is designed to
be close to the real using scenarios. In the simulation,
necessary parameters are generated according to the
fitted distribution.

Specifically, the simulation process can be described
as the following process:

Step 1: According to the proportion of various types
of trip chains, randomly select the type of trip chains
(travel purpose) for this EV trip.

Step 2: According to the corresponding type of the
travel chain, randomly select the end time of the first leg
of the trip. Considering that the start time of a day’s
schedule is relatively fixed (such as work time, the time
appointed by customers or friends), the first moment to
be generated is set to be the ending time of trip 1.

Step 3: According to the random distribution of the
distance and average speed in the current trip chain,
select the distance and average speed of trip 1. The
length of each trip is determined by the distance between
the starting site and the destination, and is the main
factor influencing power consumption. The average
velocity, which is affected by factors including weather
and traffic congestion, is the determinant for trip
duration when length is fixed.

Step 4: According to the current type of the trip chain,
select the staying duration at the midway site. It is
generally believed that the charging behavior of EVs
mostly occurs at the midway site. The principle of
charging is to ensure the usage of EVs. Therefore, the
EVs are set to be charged when the state of charge (SOC)
is inadequate for the next trip. Considering a security
redundancy of 20% SOC remained after the next trip, the
EV is charged when:

SOC, —ul,/c<0.2 (6)
where SOC, is the SOC when reaching the nth site
of the trip chain; u is the power consumption per
kilometer; /, is the length of the nth trip of the trip chain;
c is the battery capacity.
The EV’s SOC at the nth site can be calculated by
SOC, =S0C,_, —ul,_, @)
where the initial SOC (SOC,) is set to be 1 if the
user owns a private charging post, or a random value in
[0.5, 1] if the user does not. When an EV is charged at a
site, the charging power of it is added to the charge load
of this site during the whole charging duration. The
charging duration at site » is the minimum between
staying time and the necessary charging time till the EV
is fully charged.
=min{T,,,.(1-SOC,)-c/p} (8

where p presents the charging power.

T;‘harge,n stay >

Step 5: If the EV's trip has not ended, repeat steps 3
and 4 until the EV's trip is completely simulated. Finally,
the charging power is added on the charging load curve
at point H.

The simulation procedure can be expressed as the
flow chart in Fig. 2.
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Fig. 2 Flow chart for Monte Carlo simulation procedure

After obtaining the day-ahead charging load curve of
the five types of locations, the day-ahead charging load
of a specific charging station can be obtained by

5
psmtion = Zpl : I’; (9)
i=1

where ?i is the load of the 5 sites, and 'i is the
function proportion of the 5 kinds of sites. For instance,
7, = 0.04 means 4% home function of the whole studied

area is accumulated in the service area of the station.

4 Obtaining the
demand distribution

actual maximum

Based on the Monte-Carlo-based charge load forecasting
method, the charging load curve of the charging station
within one day can be obtained. Since the charging
power of EVs accounts for the main part of the power
used by the charging station (especially for peak
charging periods), the maximal value of the charging
load in a day is regarded as the maximal demand of the
charging station that day.

d, presents maximal daily demand predicted by
Monte Carlo simulation. It meets the condition:
d ~N(c§0,0'2) . Therefore, the probability density
function of the maximal daily demand g;(+) can be

written as:

| _(d-dy)
g(d)=—=—e (10)
d o~N2rx

However, the demand charge is charged according to
monthly maximal demand Therefore, the distribution of
monthly maximal demand needs to be derived based on
the distribution of daily maximal demand. It is assumed
that the daily maximal demand of each day in this month
is an independent event and obeys the same distribution
(10). Since the monthly maximal demand is also the
maximal among the daily maximal demands, when Ad
approaches zero, the probability density function of
monthly  maximal demand f5(+)  satisfies:

N N
[ d)Ad =[G(d)] ~[G,(d—Ad)] (11)
where G, (¢) presents the cumulative distribution

function of the daily maximal demand.
Equation (11) can be rewritten as:

G.@)) -[G.(d-ad)]
= SOL= 00D

It is observed that the right part of equation (12)
conforms to the definition of derivative. Therefore, it can
be expressed as:

fyd)=[Gy@)"]
=N-G,(d)"" -G, (d) (13)
=N-G,(d)""-g;(d)

Equation (13) shows that the probability density
function of monthly maximal demand can be obtained
through the distribution of daily maximal demand.

5 Case study

5.1 Load forecasting results

In this case study, the meanings and values of input
parameters are shown in Table 1. To obtain the charging
load adapted to the actual situation, these input
parameters can be adjusted.

Table 1. The parameters of the numerical case

Parameter Value
Down 50%
ngy 10000
Pcharing 60 kW
CEy 40 kWh
u 0.2 kWh/km
r [0.04 0.1 0.2 0.1 0.1]
C 2500kW

The day-ahead charging load curve of the charging
station based on the Monte Carlo simulation method is
shown in Figure 3.
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Fig. 3 The charging load of the station

Fig.3 shows that the maximum of the charging load
curve is 1020, which is the predicted daily maximal
demand.

5.2 Contracting strategy

The predicted daily maximal demand has been obtained
in the section 4.1. Assuming that the standard deviation

of the forecast error meets the condition: o = 0.1d, , the

probability density function of the daily maximal
demand can be expressed as:
_(d-1020)°

g;(d)=0.003911¢ 20808 (14)

When the value of N is 30, the probability density
function of the monthly maximal demand can be
calculated through equation (13). Since the distribution
of monthly maximal demand is complicated, it is not
specifically listed here.

According to the demand contracting strategy
described in (5), the optimal value of the contract
demand can be obtained. Using the numerical calculation
tool in MATLAB, it is calculated that:

-1
F;1(0.524)=1226.793kW  (15)

which meets the condition: F [;1 (0.524)>0.42C .
Hence, the optimal contract demand in this case study is
Fg (0.524) /1.05 =1168.374kW . That means when the

contract demand is set to 1168.374kW, the expectation
of the demand charge will reach the minimum.

It should be pointed out that if the calculation result
of equation (15) is less than 0.4C =1000kW , the
optimal value of the contract demand will be changed
into D =0.4C =1000kW .

5.3 Comparison of two rules

Besides charging according to the maximal demand,
another way of calculating the basic electricity charge is
according to the transformer capacity. Generally
speaking, the unit price charged according to the
transformer capacity is 2/3 times that charged according
to the maximal demand. For example, the basic
electricity charge is 28 ¥/kW based on the transformer
capacity, and 42 ¥/kW based on the maximal demand in
Shanghail'”,

0 I I I I 1 I !
0:00  02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00

For the charging stations in this case study, the
basic electricity fee under different methods are
compared, which are:

Method I: According to the transformer capacity.

Method II: According to the maximal demand, and
setting the contract demand to minimal limit.

Method III: According to the maximal demand, and
the contract demand following the demand contracting
strategy proposed in this paper.

The results are shown in Table 2.

Table 2. The basic charge under three methods

Method 1/¥ Method I1/¥ Method I11/¥

70000 51943.416 50809.105

It can be seen that in this case study, the demand
charge has a clear advantage in reducing the cost of
electricity bills compared to the transformer capacity
method. In addition, following the proposed demand
contracting strategy can reduce the expectation of the
demand charge effectively through this case study.

6 Conclusion

In this paper, a stochastic optimization model is
established by regarding the actual maximal demand as a
stochastic parameter, the object of which is to minimize
the expectation of demand charge, and the analytic
solution of the contract demand is derived.

For the distribution of the actual maximal demand,
this paper proposes a Monte Carlo simulation method
based on the trip chain theory to predict the charging
load of the charging station. This method can obtain the
distribution of the daily maximal demand combined with
the actual situation of charging stations. In addition, this
paper proposes the method of obtaining the monthly
maximal demand based on the daily maximal demand to
complete the demand contracting strategy for charging
stations. It uses a virtual charging station as the case
study to show the whole process of the demand
contracting strategy for charging stations. The results of
the case study illustrate the feasibility of this strategy.

The most innovative point of this article is that in
face of the basic demand charge added to the electricity
cost of charging stations in the future, it proposes the
demand contracting strategy for charging stations
correspondingly. Compared with the existing research,
this strategy is involved in the demand charge that is
rarely discussed. It has the guiding significance for the
operators of charging stations to predict the charging
load and revise the contract demand in time.

The direction of the future research is to explore the
relationship between the charging load of charging
stations with a certain operating history and many factors
such as time, weather, holidays, special events, etc. In
this way, a more accurate forecasting distribution of the
maximal demand can be acquired, and the demand
contracting strategy can be further improved to reduce
the electricity cost.
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