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Abstract

As the electric vehicle (EV) adoption rates increase there is a pressing need for designing charging stations
that accounts for heterogeneity (e.g. charging rates, duration) in EV demand. Battery temperature is a major factor
determining the maximum charging rates as the EV charging power is limited to ensure the safety of batteries.
As a consequence, each vehicle receives a different charging rate and the station can be modelled as a multi-class
queuing facility. As the coverage of such networks grows the power network elements become more congested and
controlling the charging demand is needed to avoid overloading. This paper models a network of fast chargers as
a multi-dimensional loss system and proposes an EV load control framework that leverages pricing dynamics to
keep the aggregate demand below station capacity with minimal loss of load (outage) events. The global problem
is formulated to maximise the social welfare of all users, and optimal arrival rates are calculated in a distributed
manner. The mathematical analysis further shows how to induce a socially optimal charging behaviour through the
computation of congestion prices. The results show that class-specific prices provide fairness to EVs with colder

batteries, as they receive slower service.
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I. INTRODUCTION

Managing electric vehicle demand at public charging facilities requires understanding of the scale and importance
of the problem; the impacts of cold temperatures on EV batteries and charging process; and how the EV demand
can be controlled via pricing schemes to avoid peak load. The next three subsections elaborate and address the

aforementioned issues in detail.

A. Background

Road transport is one of the most carbon-emitting and energy-intensive sectors of the global economy. To achieve
net-zero carbon emissions in this sector the transition towards electric vehicles (EVs) is occurring at an increased
pace [2]. It has been well-documented that EVs offer significant societal benefits, such as climate change mitigation
and improvement of urban air-quality [3]. Furthermore, groups of EVs could support power systems operations
through the provision of ancillary services [4] and enable higher shares of renewable penetration by smoothing
solar duck curves [5] and reducing wind curtailment [6].

To facilitate higher EV adoption a number of countries including the UK, EU, and the USA have introduced
bold time-bound strategies to reach net-zero in the transport sector [7]. For instance, more than twenty countries
including Norway, Netherlands, and UK have introduced plans to phase out sale of new petrol and diesel vehicles or
have electrification plans [3]. More specifically, in support of net-zero targets the UK government aims to achieve
10 million EVs on the road by 2030 and internationally, global sales are expected to reach 230 million by the end
of this decade. Furthermore, major car manufacturers such as Ford, Volvo, and General Motors have recently signed
the Glasgow Declaration on Zero Emission Cars and Vans at the United Nations Climate Change Conference’21
(COP26) to manufacture only low carbon vehicles by 2035 [8].

Convenient and affordable access to public charging stations is increasingly becoming important as EVs scale up.
EV infrastructure planning is often referred to as a “chicken-and-egg” problem: drivers are reluctant to switch to
electric transportation if the charging infrastructure is not sufficient, but the private sector is hesitant to invest
in the infrastructure if charging stations are underutilized and not profitable [9]. Therefore, initial phases of
charging infrastructure deployment are usually supported by public funds to boost customer confidence and unlock
environmental benefits.

Even though there has been a rapid decline in cost of lithium-ion batteries by more than 80% over the last decade,
the EV market still accounts for roughly one percent of all vehicles due to compounded impacts of range anxiety,
cost and long charging durations [10]. DC fast charging stations are designed to compete against petrol stations
and primarily used to extend EV driving ranges in short duration [11]. Field studies further show that annually
driven electric miles could increase by more than one fourth in areas where fast charging is available [10]. The
role of public fast charging is even more critical in countries like Japan, China, and Singapore where the share
of multi-dwelling buildings is significantly higher than detached units and fast charging is the only option for EV
owners.

A recent study presented in [12] shows that one fifth of EV owners in California have switched back to combustion

vehicles due to dissatisfaction with the charging infrastructure. On the other hand, a scaled and transformational
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Fig. 1: An overview of average winter and annual temperatures in selected cities with high EV penetrations [17].

change towards electric transportation is beyond a technical challenge, but also includes economic and behavioural
challenges. Electric vehicles will be fuelled by electrical power grids which are ageing and require significant
network reinforcements to support EV charging. Economic incentives and dynamic pricing schemes are needed to
control and coordinate EV demand to protect the overloading of limited grid resources, particularly during network
congestion periods [13]. Moreover, recent field trials reveal that the vast majority of EV drivers charge their vehicles
whenever possible due to range anxiety [14]. Hence, pricing mechanisms are needed to alter driver behaviour to

eliminate unnecessary EV charging.

B. Temperature Effects on EVs

The dominant energy storage technology for the electric vehicle industry is lithium-ion batteries due to their
various desired characteristics, such as high operating voltage, low self-discharge, and high-energy density [15].
EV batteries, on the other hand, are designed to operate under mild weather conditions (e.g., 21 °C) and their
performance drastically reduce under cold temperatures [16]. More specifically, at low temperatures the internal
resistance of the battery increases which can lead to anode lithium plating and reduced battery life cycle. None of
the current EV models allow fast charging in cold temperatures [10].

Operation under cold weather creates safety issues due to short circuits and thermal runaway. To maintain safety,
battery thermal management system (BTMS) uses a portion of the stored energy is used to preheat the batteries to
main their performance and safety. Therefore, EV driving ranges significantly reduce due to the additional need for
battery and cabin heating. Based on empirical data presented in [2], at 0°C the driving ranges of sedan EVs (e.g.
Nissan Leaf, BWM i3, etc.) reduce by nearly 45% when compared to maximum range under ideal conditions. One
of the challenges with preheating is the fact that it takes tens of minutes (35-40 min) to reach desired operating

temperatures [15]. Unless the EV is preheated before arriving to a fast charging station (e.g. driving long distances



on highways), the charging power will be limited by BTMS and will be lower than the rated power (e.g. 50 kW for
typical fast chargers [18]). Therefore, depending on the temperatures, EVs will be charged at different rates which
will have implications on the charging station operations. According to Nissan Leaf’s owner manual, the battery can
be charged to 80% in 20 minutes at room temperature, but would take more than 90 minutes to charge at the same
amount at low temperatures [10]. It is noteworthy that even if a wide fast charging network is deployed, drivers
may not enjoy high charging rates. According to [19], the battery life cycle exponential drops with temperature;
even at a temperature of 10 °C, the cell life is only about half of that at 25 °C. It is noteworthy that EV charging
under cold weather could be an issue at major economies. For instance, 47 out of 50 US states have an average
temperature lower than 10 °C in winter and the annually averaged temperatures in 23 states are below 10 °C. An
overview of average winter and annual temperatures in selected cities around the world with high EV penetrations
is presented in Figure 1. It can be seen that most of the cities with high EV penetration experience low winter
temperatures.

Norway is another country with cold weather and high EV penetration. In [20], Norwegian EV drivers’ charging
behaviour at fast charging stations (CCS/Chademo 50 kW connection) is presented. As shown in Table I, annual
charging power, energy, and charging durations significantly vary. For instance, half of the customers receive 31
kW or less while, only 20% of the EVs are charged with 40 kW or more. [20] further presents a seasonal analysis
on EV charging and shows that charging power reduces in winter months.

Over the last years, a growing number of empirical studies were carried out to investigate the impacts of cold
weather on EV battery performance and driving ranges. In [21], a simulation study is presented to quantify the
amount of energy used for cabin heating in cold weather (0 °C). The results show that driving range could decrease
by 40% when the cabin is heated up to 20 °C. In an empirical study presented in [22], driving range measurements
were taken from two Nissan Leaf cars in Winnipeg, Canada. The analysis shows that driving range of Nissan Leaf
could reduce by 70% under -26 °C weather. In [2], energy consumption and range reduction of actual EVs are
presented based on data published in [23]. As shown in Fig. 2, significant amount of driving range is lost even at
0 °C. Therefore, EVs located in countries experiencing mild winter are likely to have additional EV demand due
to more often EV charging.

To maintain safety and health of the battery, fast EV charging rates are limited by BTMS [22]. The relationship
between charge rate and temperature was investigated and presented in [24]. In this work, authors analyse fast
charging of Nissan Leaf EVs that were used in New York City as a part of the taxi fleet. EVs were charged with
standard 50 kW DC fast chargers. The analysis show that the charging rate reduces by 50% under 0°C and takes
about two times longer than the optimum case with 21°C. Here, the temperature is assumed to be constant during
a single charging event, as it is very unlikely for the ambient temperature to change significantly. In line with this
finding, this paper makes the same assumption and assumes constant temperature during charging. During the
charging process, the battery temperature changes due to internal heat generation. Ultimately, increased temperature
impacts the charging process, particularly for fast (50 kW) and extreme fast charging (150+ kW) cases [25]. The
generated heat has two main components, namely Joule heat and reaction heat. Joule heat occurs due to the current

flowing through the battery’s internal resistance, which is higher at lower temperatures. Reaction heat occurs inside



TABLE I: Fast charging statistics in Norway (Q1 2016 — Q1 2018) Reference: [20].

Parameter Average  20th Percentile =~ Median  80th Percentile
Energy (kWh) 9.6 4 8 13
Time (Min) 20.5 10 18 28
Power (kW) 30.2 20 31 40

the battery due to chemical reactions and increases the generated heat. Note that Joule heat is dissipated and lost
during charging.

For warmer climates, fast charging also introduces additional heating on the battery. For instance, [26] shows
that fast charging could increase maximum battery temperature by more than 43% in Seattle climate and more than
33% in Phoenix climate. To tackle the overheating issue, EV battery management systems employ various active
and passive cooling strategies to lower the battery heating. For the cold weather charging, on the other hand, there
are different external and internal preheating methods. Some of the most popular applications that are used in the
EV market include air- and liquid-based preheating [15]. According to a measurement-based study presented in
[15], air preheating rates hover between 0.69 °C/min to 2.33 °C/min.

Other groups of related studies are on managing EV load at charging facilities to alleviate negative impacts
of concurrent EV charging. Even though the impacts of EVs on power networks (e.g. voltage drops, transformer
ageing) have been well-documented in the literature (see [27] and [28]), existing studies do not consider the impacts
of fast EV charging under cold weather. According to our recent survey [29], fast charging under cold weather
increases harmonics, thereby the number of EVs that can be simultaneously charged is reduced to comply with
[EC61000-3-12 standards. Recently, the impacts of cold weather EV charging was report in [2] and [1]. In [2],
Monte Carlo based simulation was conducted to quantify the amount of extra energy needed during winter months
in the UK. It was shown that more than 630 MW of peak demand would be needed in cold days if there are
10 million EVs on the road. In [1], a capacity optimisation framework is presented to calculate minimum station
capacity to meet certain LoLP goals for each customer class. It is noted that the vast majority of the existing works
on weather-EV charging impacts are limited to materials science/chemistry or power electronics disciplines, and the

present paper is one of the first studies that proposes EV load management by considering cold weather impacts.

C. Pricing Methods

Devising pricing schemes for economics services furnishes a vision for design and operation of the EV charging
facilities. One of the primary goals of pricing mechanisms is to recover the cost of service and sustain continued
business operation [30]. However, pricing further determines how resources are used and helps station operators to
reduce congestions and possibly provide demand flexibility needed for power system operators. In traditional power
systems planning, over provisioning of system resources is a common practice. In this approach, the supporting
network equipment would be planned according to peak load demand (number of chargers times rated power of

each charger).
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Fig. 2: EV driving ranges respect temperature [2], [23]

However, the probability of all chargers to be in use is typically very low, and even if there is congestion, the
pricing methods could be used to influence drivers, coordinate service request rates and control the admission of
the costumers to the stations. In this way the infrastructure requirements (e.g. MV/LV transformer, etc.) would be
significantly lower than the traditional case. For instance, Ref [31] shows the trade-off between transformer capacity
and the percentage of demand met in a large parking lot with smart charging. The analysis shows that meaningful
reductions in the transformer size can be achieved if a small portion of the demand is not satisfied. A holistic design
for charging stations, as presented in this paper, requires striking a balance between the costs associated with over
provisioning (station capacity) and control.

Pricing-based control of electric vehicle demand has been reported in a growing body of literature [13], [32]-[35].
The overarching aim of the pricing schemes is to unlock EV demand flexibility to reduce network congestions and
optionally support renewable energy integration [13]. In [32], pricing and routing mechanisms for differentiated
charging services in an electric vehicle charging network is presented. Both social welfare and profit maximisation
problems were solved by designing optimal pricing-routing policies to manage spatio-temporal EV load. In [33],
scheduling of EV charging to maximise social welfare based is presented. Time varying prices are considered to
minimise congestion cost. In [34], a charging station management algorithm is proposed to jointly optimise prices
for EV charging, scheduling of EVs, and dropping reserved EVs. In [35], a myopic pricing policy is developed to
coordinate EV charging among geographically distributed charging stations.

In [36], the authors present a framework that jointly optimizes pricing, scheduling and admission control for EV
charging stations using a tandem queueing model. It is similar to the approach presented in [36] which employs
convex utility functions and aims to maximize social welfare. In [37], the authors presented an M/M/c queue based
charging station model which accepts AC and DC charging. In this model, the waiting space for the station is
assumed to be large and when the waiting times to get service are lower than a certain threshold, flat pricing is
applied. However, as the station load increases, scheduled pricing policy is applied to lower demand. From a related

modelling standpoint, in [38], M/M/K/K queue (single-class loss model) is used to model a charging station that



provides multiservice (vehicle to grid, battery swapping etc.) to customers. A detailed review of the pricing methods
is presented in [13] which further provides examples on utility functions for EV charging and pricing methods used
in the literature.

Note that existing multi-class models rely on separate queues and tackle a fixed number of customer classes.
The model presented in this paper is widely applicable and can support the modelling of an arbitrary number of
customer classes. Hence, the proposed model can be expanded to different applications, such as ultra-fast charging

hubs designed to serve both EVs and medium and high duty vehicles.

D. Contributions

Fast charging stations located in cold climates inherently provide different charging service depending on the
battery temperatures. Existing literature on EV-grid load management and grid-integration assumes that EV's operate
under optimum driving conditions and charged at rated capacity. Moreover, pricing based multi-class EV charging
studies only consider different charging types (e.g. level 1 and 2) and are typically limited to two classes. However,
charging under cold weather conditions this requires modelling and optimisation of higher number of customer
types and their interactions with the station resources. Recall that EV penetration is very high in regions with long
and cold winter months (Northern Europe, Parts of China, and Northern USA), the investigation of cold weather on
EV charging patterns and controlling its impacts on the power grid is a critical problem. Moreover, current pricing
tariffs for public fast charging stations are based on the time or the session [13], which creates concerns about
fairness as the drivers with cold batteries are required to pay more than the customers with warmer batteries. To
that end, the contributions of this paper are as follows:

o a geographically distributed stochastic charging station model based on a multidimensional loss system is
proposed. The charging station serves multi-class EV drivers, which are classified based on ambient temperature
and associated charging power.

« a pricing-based load control framework to match time-varying grid resources with customer demand is devel-
oped. Efficient calculation of loss of load probabilities (event that instantaneous demand is higher than supply)
for each customer class is shown, which creates the basis of the proposed framework.

e a demand control framework is formulated as a social welfare optimisation problem and provide a convex
optimisation formulation to compute unique congestion prices (plug-in fees) that are used to determine the
optimal arrival rates.

o A number of case studies are designed to explain the relationship between different system parameters such
as station capacity (kW), EV arrival rates (number of EVs per hour), and prices for each EV class. The results

show that the prices are commensurate with their contribution to network congestion.

II. SYSTEM DESCRIPTION
A. Overview

EV charging demand at fast charging facilities are mainly determined by the customer’s needs, preferences,

and technological constraints. Basic customer needs include the amount of energy needed (in kWh), while the



preference includes the amount of service time that drivers are willing to spend. Moreover, the ambient and the
battery temperature determine the rate at which EVs can be charged. Hence, EVs requesting service under cold
weather are naturally grouped into multiple customer classes, which are defined by the preceding attributes. Based
on this premise, the charging station operations rely on the economic interaction between the customers and the
network operators.

More specifically, this framework proposes a pricing-based load management system for fast charging networks
located in urban areas with high EV population. The primary objective is to set prices for charging service for each
customer class to maximise social welfare. For the station network operator, a pricing mechanism reduces network
overloading that is defined by the loss of load probability, i.e. the probability that the demand exceeds supply.
Moreover, customers who are charged with lower power due to cold ambient temperatures are offered lower prices

as their contribution to congestion is lower than the other customers with high charging power.

B. Charging Network Model

The charging network is composed of N charging stations which are located in a well-confined region and
supplied by the same distribution substation. The network serves J distinct customer classes. Let j denote the
customer class index, which takes values between 1 and J. EVs in class j are charged with b; kW and the charging
durations are assumed to be exponentially distributed with rate ;. For instance, if ;1; = 2, then on average, two
EVs are charged in one hour. Charging rates b; for j € {1,.., J} are determined by the temperature of the battery
and assumed to be constant throughout the charging session, as documented by the empirical study given in [24].

As the load on the network varies over time, e.g. the headroom in the supporting substations, the amount of
electrical power that can be used to charge EVs varies over time. Therefore, the network is a dynamic system with
time index ¢t € T in which C; represents the total headroom available at time ¢ and assumed to be constant during
any given time index ¢. It is important to note that when the instantaneous load on the station is more than the
station capacity, an outage even occurs. Therefore, the probability of an outage, or loss of load probability (LoLP)
denoted by §; for class j, naturally serves as a performance metric [39].

Controlling EV demand is a critical for charging network operators as high EV demand could increase outage
events and unwanted service disruptions lead to network reinforcement cost. Pricing schemes for admission control
enables network operators to influence EV charge decisions to reduce outage events to keep LoLP at reasonable
levels (e.g. below 5%). Let p;(t) denote the prices of charging service for type j and the price vector p(t) =
[p1(¢),...,ps(t)] denotes prices for each customer type. Based on the prices, EVs decide to request service or
decide to defer charging. Let A" (¢;p(t)) denote that charging request rate at station n € {1, .., N'} during period .

Then, the aggregate arrival rate of EVs of class j is

N

Ni(tp() £ M5 p()) - (1)

n=1
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Fig. 3: Schematic overview of the proposed system.

It is noteworthy that the arrival rates are assumed to follow a Poisson process as documented literature [39]-[41].

Moreover, the arrival rate vectors are defined as follows

A(t;p(t) £ M (Gp(),. .. N5 (L p(®)] 2

and

Altp(t)) = [M(tp(1), - As(tp())] - 3)

Further note that LoLP defined above is a function of the arrival rates and prices. Therefore, let 5;(¢; A(t; p(t))
denote the probability that customers of class j are “blocked” and B(¢; A(¢; p(t)) denote the corresponding LoLP
vector. The system model is shown in Figure 3. For ease of representation, the explicit dependence on ¢ is omitted

in the rest of the paper.

C. Pricing-based Control

The main goal of the control framework is to leverage pricing to shape EV arrival rates of each type so that
network operators can provide service with low levels of service interruptions. More specifically, the goal is to devise
a distributed control framework to maximise social welfare or aggregate utility, which necessitates EV arrivals of
each customer type to follow optimal rates. At each station n, the utility is a function of arrival rates A and LoLPs

B(A), that is

U (A" B(N)) )

Then, the social welfare or the aggregate utility of the entire network is the sum of all utilities, that is

N
W= > U"A;8(N) - 5)

n=1



Hence, the social welfare problem aims to maximise the aggregate utility W over all combinations of the arrival

rates {A"}_, | that is,

max ZU”()\";E()\)) . (6)

It is further assumed that the utility function U", is decreasing in the LoLPs /3; and increasing in the arrival rates

{A;j}. Moreover, it is assumed that U™ is concave in \; and continuously differentiable in all of its parameters [39].

D. Global Optimisation Problem

This section presents the formulations related to the global social welfare optimisation problem given in (6) and
shows that the solution method is amenable to distributed implementation. More specifically, the EV arrival rates
are dynamically adjusted based on the prices announced by the station operator and distributed adjustment of EV
demand leads to a socially optimal welfare for the entire network.

Note that each station’s utility function U™ is concave in );, decreasing in the LoLP f;, and continuously

differentiable in all of its arguments. The social welfare W = 25:1 U™ is maximised when Vn € {1,..., N} and
vie{l,...,J} N
n l
e = o X2 a5, =0 "
J J =1 s=1 J
Since the LoLP of each charge type depends only on the sum of the arrival rates of that type \; = ZnN:1 A7,
from (7) the following expression is found Vn € {1,...,N} and Vj € {1,...,J}:
oW U™ LG AU 9B,
aA;.laA;.LJr;;m'aio' ©)

Solving (8) gives a globally optimal arrival rates for each customer class.

E. Local Optimisation Problem

The local optimisation problem further includes the prices p; and has the following form for each station n €

{1,..., N} and customer type j € {1,...,J}

J
U"(A"B(A) £ UMA:BAN) = > pA(1=5) . )
N =1

gain

cost

By solving the local optimisation problem given in (9), the optimal arrival rates at the station n is computed as

A" = [A}, ..., A\"]. Using the convexity of the problem, the locally optimal arrival rates further satisfy:
oum
(9)\;’ _pj(l_ﬁj)zo : (10)

Based on the announced prices, each station n can compute its own optimal arrivals by solving (10). It is noteworthy
that individual EVs do not have information about the derivatives of arrival rates with respect to 3; as this leads to
local optimisation problem [42]. Moreover, the size of the system is assumed to be large enough such that individual

EVs do not impact LoLP.
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FE. Connection between Local and Global Problems

The connection between local and global optimisation problems is related to prices. By comparing global
optimisation problem given (8) and local optimisation problem given in (10), it can be deduced that the optimal

prices for j € {1,...,J} satisfy:

! s

p§=—<1—6">‘1Z;ng-§fj : (11)

When price pj is offered to customer of type j, the solution of local optimisation problem in (9) satisfies the
conditions given in (7) and guarantees the global optimisation problem given in (8) as established in [42]. Therefore,
the local solutions become the equilibrium point, since no single customer has incentives to deviate from its locally
optimal solution. Hence, optimal prices {p},p3,...,p’%} can be considered as congestion prices, as each customer
pays others for 1 unit of marginal decrease in their utility due to an increase in the LoLP. To calculate optimal
prices, both the utility functions and the derivatives of the LoLP in respect to arrival rates need to be explicitly

known.

G. Alternative Approaches

It is important to note that the proposed pricing-based control method can be interpreted from a game theoretic
perspective. As one approach, the distributed control framework can be modelled as a Stackelberg (leader-follower)
game in which the charge point operator acts as the leader who commits to a strategy before followers (multiple
classes of EVs) can pick their strategy (a detailed analysis of such games is presented in [43]). The game in its

strategic form is defined as

I'= {{NU T} {pj}» {Xjej}v {Unen}, {UjGJ}}7

where N'={1,2,---, N} is the set of charging stations and J={1,2,---,J} the set of EV groups of a specific
group that request charging service. The leader’s strategy is to set prices for each customer type and represented by
a vector {p;}, while the strategy of the followers, Xc 7, is to choose arrival rates A™. Here both the leader and the
followers have convex utility functions, as given in (4) and (9) respectively. The optimal solution in the preceding
game is the case where each player lacks any incentive to change their initial strategy. Therefore, the analysis
given above shows that the optimal prices given in (11) leads to the Nash equilibrium. Due to page limitations,
the analysis for obtaining Nash equilibrium is not included in this paper and instead [44] could be referred to as a

main source for this derivation.

III. COMPUTATION OF LOSS-OF-LOAD PROBABILITIES AND ASSOCIATED DERIVATIVES
A. Motivating Example

The pricing-based control framework discussed above requires computation of LoLPs (3;, Vj) and derivatives

respect arrival rates (%, as given in (11)). The system described above falls under multi-dimensional Erlang loss
J

systems (see [45], [46]). In such systems, a newly arriving customer requesting a certain amount of resources is

either admitted to the station or is “blocked” and leaves the system. To illustrate the described system, an example
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Fig. 4: Sample Markov chain model for two class customers with station capacity C' = 4, b; = 1, bo = 2. Each

state is represented by the number of class 1 and class 2 EVs. The number given in parentheses shows the amount

of resources in use.

is presented in Fig. 4 which shows the Markov chain model for a two class system with arrival and charging states
denoted by (A1, A2) and (u1, p2). The station has a capacity of 4 units (C' = 4) and demand beyond this capacity
will not be served (outage event). Customers in first class request by = 1 unit of resources, while customers in
the second class are charged two times faster (b, = 2). As shown in Fig. 4, the system state is described with
two parameters: number of EVs from class 2 and class 1. Moreover, the number shown in parentheses reflects the
amount of resources in use. For instance, at state (1,2) there is one EV from class 2, two EVs from class 1, and
three (out of four) amount of resources are in use. To that end, the states shown in orange are “blocking” states
for class 1 customers, as an arriving customer will not be served due to shortage of resources. Similarly, orange
and red states are “blocking” states for class 2 customers, as an arriving customer finds resources less than by, = 2.
Steady state probability distributions and LoLP for each customer class can be calculated by solving
s

M =0 and » m=1, (12)

s=1

where S is the number of states and equal to 9, 7 is the vector of steady state probabilities and M is the infinitesimal
generator matrix [47]. Specifically, elements of the matrix represented by column index k and row index [ can be
written as
Mg Z 0 5 Vk 75 [ and Mmegr = _kal s Vk . (13)
k#l

Notice that (12) contains S unknown parameters and S + 1 equations can be with Gaussian elimination. For the
case study (12) can be constructed as follows: Let S; denote the state number from, i = 1,2,...,.5, where S;
corresponds to state (0,0), and Sy corresponds to (2,0). Moreover, let A7 and pu7 denote the sum of individual
arrival and service rates, i.e. Ay = Ay + Ao and pur = g1 + po. Then the matrix M for the two class example

becomes:
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Sy [ —(\p) A 0 0 0 Ao 0 0 0
So i1 —(p1+ A7) A 0 0 0 Ao 0 0
S 0 241 —(2p1 + A7) A 0 0 0 Ao 0
Sy 0 0 341 —(Bu+A) M 0 0 0 0
M= g 0 0 0 i —4n 0 0 0 0
Se | o 0 0 0 0 —(\p+mu) A 0 Ao
Sy 0 112 0 0 0 1 —(A1 + pr) A1 0
Sg 0 0 H2 0 0 0 2p —(p1 + pr) 0
So 0 0 0 0 0 2419 0 0 —2p19

As a case study, it is assumed that A\; = Ao = 1 (EVs/hour) and the charging rates are chosen as p; = o = 2..

Then, solving (12) yields to
m = [0.3920 0.1684 0.0388 0.0065 0.0008 0.2236 0.0633 0.0128 0.0939).

LoLP for class 1, denoted by 31, can be calculated by summing the probability of states shown in orange, that is
£1 = 0.0008 + 0.0128 + 0.0939 = 0.1075. Similarly, 55 is the sum of probability of states shown in orange and
red which is 82 = 0.1773. Note that as the number of states grows, M matrix grows significantly. Therefore, this
method becomes computationally expensive quite quickly and a more efficient calculation method is presented in

the next section.

B. Mathematical Formulations

To compute the probability of such events, J independent time reversible continuous time Markov chains are
analysed as follows. The system state is defined by the number of EVs of each type, i.e., Q £ [Qé, %, ce Qé]
for a given station capacity C' and the state space is given by Q = {Q : ijl b;QI, < C}. It is important to note
that the present analysis first assumes that the charging station has infinite capacity, therefore states represented by
(o, and then the probability distributions will be conditioned in respect to finite capacity case. The rationale behind
this approach is that the closed form expressions for the infinite case exists and can be used to derive the finite
capacity case. Note that due to Poisson arrival process assumption, mean, and variance of (), become E [Qf)o] =
var [QZ)O] =gq; = Z—;

Let QJC represent the highest number of EVs of type j that can be charged simultaneously. By ranking the
charging rates in descending order b; > by > --- > b; > 0, the maximum number of EVs of each type that can be

in the system has the following relation; 0 < Qlc < Qgc <-.. < Q‘(’; Then the probability of being at an arbitrary

state (Q can be written as [48]:

J QL
4, —q;
—e U

Q) =]% , (14)
o




where Q7. denote the number of EVs of class j simultaneously requesting b; units of power. By conditioning on

a finite capacity, a generic system state ) can be calculated as

Q)
ZQGQ ﬁ((Q)

To calculate LoLP, the related system states for customer type j can be defined as

m(Q) 15)

J
U, ={Q:C—b; <Y bQf < C}.

k=1
It is noted that ¥, corresponds to orange states in the presented two class example (see Fig. 4). Then, LoLP can

be re-written as:

B(g,b)=> m(s)=1-Y =(s). (16)

sEV; SEV;
In (16), the second term denotes the probability that station falls below C — b; (instead of C) and 7(s) represents

the steady state probability distribution. Moreover, let us define the function R(C,J) as

J qu
A 4
HCE DD | B o7 (17)
{Q:bQ < C}
which is used to compute LoLP for each class j as:
R(C —b;,J
8y(a.b) =1 - E i), (13)

R(C,J)
Note that set {Q : bQ < C?} in (17) hosts all system states that correspond to zero outage events. Even though
(18) present an explicit representation for [3;, actual computation could be costly as typical station sizes could be
in Mega-watt levels with 3-5 different classes. Therefore, LoLP computations are carried out with the Kaufman-
Roberts algorithm (Algorithm 1) which involves a simple recursion (as documented in [49]) Let ¢ represent the

total amount of resources being in use and
a(c) £ Prob{c units of power in use} .

Then, the function a(c) becomes

O
ale) = 2. , (19)
7 R(C,J
{Q:bQ <c} @ S
and the corresponding LoLP for type j can be computed by solving
bj—1
Bi(ab) =) a(C—1i). (20)
i=0

The final element in computation of optimal prices given in (11) is the derivatives of 3; with respect to customer
arrival rates \; for each class. To calculate derivatives, convolution algorithms presented in [46] are adopted. In
this approach, the derivative of LoLP associated with a customer class j with respect to traffic intensity of another
class can be written as

IB;,
0q;,

=a(C—b;,)+a(C—bj, —1)+--- (1)

+a(C by, —bj, —1) — (1 - p72)8
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Algorithm 1 Kaufman-Roberts Algorithm [49]
Set k(0) =0 and k(i) =0 for : € R~
for i=1 to C' do
k(D) = § 307, biai (7 — bj)
end for
Compute R = 3" | x(i)
for i=0 to J do

a(i) = 29

end for
for j=1to J do
Bi(g,b) = ZiC:C—bj-H a(i)

end for

where j1 # j2 and «(-) is given in (19). To reduce the complexity of the computations, the elasticity property is
used. According to this property, the sensitivity of customer type j to customer type k is the same as the sensitivity
of customer class k to class j as reported in [50]. In other words, the elasticity property reduces the number of

computations needed as
0 _ 0 -
9gj, 95
The Kaufman-Roberts algorithm presented in Algorithm 1 is a recursive algorithm and its computational com-
plexity can be written in terms of station capacity C' and the number of classes J. By considering the recursions,
the algorithm has the worst-case complexity of O(JC') [49]. Considering the fact that there could be 3-4 classes

in a fast charging station, the algorithm would rapidly converge to calculate LoLPs [49].

IV. CASE STUDIES
A. Motivating Example

As a first case study, a charging station serving two customer classes is presented. It is assumed that the utility
function of a single station n increases with the customer arrival and decreases with prices paid to the distribution
network operator and higher LoLP. To that end, a logarithmic utility function, widely used in literature [13], is
adopted as:

S wjilog(1+ ;) — 0;1og(1+ BL) — piA;(1—B;) A >0

0 otherwise

U= ; (23)

where w; and 0; are the weights of each EV class and each has the following monotonic structure wy > wg > ... >
wyand 6y > 60 > ... > 0 for by > by > ... > by as customers who demand more resources leads to higher social
utility.

As a first evaluation, the following parameter settings are assumed. There are two customers classes (J = 2) with
charging power b; = 50 kW and by = 30 kW. and service durations are set as 1 = 1.67 and po = 1 so that each
vehicle receives, on average, 30 kWh of energy. Moreover, the station capacity is set as C = 800 kW and utility

function parameters are set as wy = 25, wy = 10 and 6; = 60, §; = 30. Note that this parameter setting is expanded
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Fig. 5: Social welfare evaluation with two classes.

TABLE II: Customer classes for the case studies. In Scenario 1, each vehicle receives 30 kWh of energy. In Scenario

2, each vehicle is charged for 30 min.

Scenario 1 (Equal Energy (kWh)) Scenario 2 (Equal Duration)
Class Charge Average Service Rate Average Service Rate
Rate (kW)  Duration (min)  (no of charged EVs per hour)  Duration (min)  (no of charged EVs per hour)
1 50 36 1.67 36 1.67
2 40 45 1.33 36 1.67
3 30 60 1 36 1.67
4 20 90 0.66 36 1.67

to four class case and used in the next section (presented in Table II). The utility function presented in (23) is
evaluated and the outcome presented in Figure 5. In this example, optimal prices are calculated as p; = 0.3071 and
p2 = 0.2728, optimal arrival rates are calculated as A\; = 10.5 and Ay = 4.5 and the maximum utility is attained
as 71.39. Notice that the network gains more utility by accepting higher charging rate vehicles, but charges lower
prices for EVs with colder batteries. Thus, if the customers do not have any motivation to deviate from the optimal
case, for instance if arrival rates increase, the cost component of (9) will also increase due to higher LoLP levels.
On the other hand, if customer demand is lower than the optimal case there would be a loss of gains as given in

the same equation.

B. Case Study with Four Classes

In this section more comprehensive case studies are presented with EV four classes and as presented in Table II.
EVs in class 1 are charged with 50 kW as their batteries are assumed to be warm enough to receive full charging
rate. On the other hand, EVs in the 4th class only receive 20 kW charging rate due to cold battery temperature.
The other two classes are assumed to be in between these two cases. The charging rates are determined based on

measurement studies documented in [20] and [24].



10 T 1100
50kW
9t 71— 40kw
| |——30kW
8f ©|—20kw 1 =
17 L
% --—- Capacity 1050 E
c 7 = >
N 2
£ 11000 &
< 5¢ . Z O
© !
E 4 k- e e S
o i ! ©
O 3 m%o &
= =
H 1
2r '_.I i
ﬁ\_‘_‘—\kl"\ —-'_,_:—'—’_'_'_'_'E\_‘—‘—
1 : ! ! ! 900
50 100 150 200 250 300
Time
(a) Optimal Arrival Rates
0.4 =g - 1100
P 50kW
oo, l—40kw
035! !. | |—30kw
B : o —ookw =
0.3+ —-—-Capacity 1050 E
17 =
8 ' z
a 1000 §
= {1
= S
é)lo 15 ] i - é
' i i 1950 &
-, -
0.1 m
_.I !.J
[
0.05 L L 1 L

. 5 900
50 100 150 200 250 300
Time

(b) Optimal Prices

0.04 ——— : : : o 1100
L ——50kW
i i — 40kW
50'035 L L _i—30kW =
3 003 E ! —20kwW J105o§
e i i |----Capacity =
<) 2
a 0.025 ¢ S
§ 11000 &
S 0.02; O
kS 5
o O
0 0015 950 &
o n
— 0.01+
i 1
0.005 : e : : 900
50 100 150 200 250 300
Time

(c) Loss of Load Probability
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In the first scenario, it is assumed that each vehicle is charged 30 kWh of energy and charging durations
and rates are calculated accordingly. The station capacity is assumed to follow a sinusoidal wave and set as
C'(t)=100 4 100sin(27t/40) and assumed to be constant for every 7' = 10th duration. In Fig. 6, the results for
the first scenario are presented. As shown in Fig. 6 (a), the station network accepts higher percentage of customers
from the first class (50 kW) as customers of this class contributes to higher system-wide utility. In Fig. 6 (b), prices
for each customer class are presented. It can be seen that the lowest price is requested from the fourth customer
class (20 kW) as the customers in this class are the least contributors to system congestion. Moreover, as the pricing
scheme is inversely proportional to station capacity and class dependent prices increase when the station capacity
reduces. The last evaluation is on the computation of LoLP (3; for each class. Note that the LoLPs are sorted as
B1 > B2 > [B3 > (4 since the charging rates follow b; > by > b3 > by and the optimal arrival rates are sorted as
A1 > A2 > Az > Ay

In the second case study, it is assumed that an arbitrary EV spends 30 minutes in the charging station regardless
of its class. In this case, the same set of parameters are computed and presented in Fig. 7. Compared to the first
scenario the following observations are made. As customer classes 2, 3 and 4 spend less time in the charging station
compared to the first scenario, the station accepts more customers and the optimal arrival rates increase. Secondly,
prices for each class reduce as the congestion levels reduce with shorter charging durations. Therefore, fairness
among different charger types are achieved as prices are determined based on the intensity of resources requested
rather than equal pricing of EVs regardless of the charging rates. In both case studies, LoLPs are sorted according
to the amount of resources they request. This is because when the charging rate is higher, there are more “blocking”

states, as illustrated by the example given in Fig. 4.

V. CONCLUSION

In this paper, a stochastic charging station model that is developed for multi-class fast EV charging service was
presented. The station model is based on a multi-rate loss system where each EV class is determined by ambient
temperature dependent charging power. A convex optimisation problem formulation was provided to compute
optimal arrival rates for each class to maximise social welfare. It was shown that optimal arrival rates can be locally
computed by calculating congestion prices for each customer class. Special attention was given to computation of
loss of load probabilities and their derivatives with respect to arrival rates, since they are important for overall
network efficiency and constitute a key part of the proposed model. Two case studies were designed. In the first,
each vehicle type was assumed to charge up to 30 kWh, hence, customers with cold batteries had to charge for
longer. In the second, each vehicle type was assumed to charge for the same duration (30 min). The results show that
congestion prices provide a fairer costing for plug-in fees, as EVs with cold batteries pay a lower fee commensurate
with their contribution to network congestion.

It was found that the current academic literature in these areas lacks studies that investigate the relationship
between ambient temperature, battery temperature, and charging power. Therefore, when modelling the charging
power, it is assumed to be constant during the charging session based on the assumptions made in [24]. On the

other hand, the battery temperature may slightly increase during the charging. The amount of temperature increase
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depends on initial SoC charge level, initial battery temperature, ambient temperature, and the auxiliary use of energy
for heating the cabin. Since the charging session is assumed to be short (15-20 min based on Table I), the amount of
temperature rise is expected to be low. If datasets on this topic are made publicly available, the modelling capability
could be improved by considering the average charging power during the charging session.

The modelling and optimisation frameworks presented in this paper rely on pubicly available datasets, therefore,
are subject to the following limitations. First, the station model relies on exponentially distributed charging times.
As given earlier in the paper, this assumption is commonly made in the literature due to lack of publicly available
datasets for fast chargers. Moreover, the utilisation of existing fast chargers is still very low because most of the
early EV adopters have dedicated chargers at home and use fast chargers to complement their driving ranges.
Existing data-driven studies represent parking lots with level 2 chargers. To that end, larger-scale datasets collected
from public fast chargers are needed to improve the modelling accuracy.

Second, it is assumed battery management system of EVs have the capability to determine battery temperature
and hence the charging rate that the EV can accept is assumed to be communicated with the charging station in a
truthful way. If some of the customers cheat on their submissions, the socially optimum arrival rates may not be
achieved. Hence, the impacts of potential cyber attacks need to be considered as a future work. Third, players are
assumed to be rational and range anxiety is not modelled. Similar to the first constraint, modelling range anxiety
requires field data on initial state of charge (SoC) levels of visiting vehicles. To tackle range anxiety, EVs with
high SoC levels could be offered higher prices to avoid congestion and give priority to customers who are in urgent
need. This paper addresses the problems pertinent to ambient temperature impacting EV charging. Such approaches
require greater attention as EVs are becoming the main mode of transport and charging infrastuctures need to be

planned accordingly.
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