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Abstract: Two predominant areas of ongoing transport electrification are the uptake of electric vehicles (EVs) in personal
transportation and electrically powered trains for mass transportation - both significantly increase demand stresses on the
electric power grid. In this research, a novel V2G application to support electrically powered rail transport is proposed. A local
V2G network can reduce peak demand stresses on the power grid arising from electrified rail traffic and enable brake energy
recovery from DC-powered electric trains. A case study examining an existing third- rail DC-powered rail system in England
supported by a simulated population of aggregated parked EVs is presented. Simulation results for 24 h of V2G supported rail
traffic from the view of a single train station with nearby V2G enabled car park are discussed. Therein the EV population size,
charging rate limits per EV and the overall power made available from the power grid are variables. The V2G network’s ability
to absorb power from regenerative braking on the rail system was found to be more sensitive to changes in EV charging rates
than its ability to provide traction power. In particular, careful power management is required to avoid charging EVs ‘too

quickly’ during periods without rail traffic.
Keywords: Vehicle-to-Grid; Aggregator control; Electrified rail; Peak demand reduction; Line-side energy storage
1. Introduction

The transportation sector is responsible for much of the global energy consumption, accounting for around 36% of all
energy consumption among member states of the International Energy Agency (IEA) (International Energy Agency,
2019a). Global ambitions of decarbonisation and a reduced dependency on fossil fuels are thus heavily targeted at the
transport sector — largely through transport electrification. Electrification affects both individual and mass
transportation and requires ongoing infrastructure upgrades in both areas for electric power grids to cope with the
increased electricity demands. For individual transport, increased electro-mobility manifests itself as an ever-growing
number of EVs on the streets worldwide. The global EV fleet grew by 2 million in 2018 alone, exceeding 5.1 million
(including plug-in hybrid electric vehicles) (International Energy Agency, 2019b).

While the emergence of EVs also affects public transport, sometimes in the form of electrically driven busses (Li et
al., 2018), electrification of mass transport is dominated by railway electrification. As electrically driven trains are
typically continuously powered by either overhead transmission lines or third rail and fourth rail systems, even
electrifying existing railways (for example replacing diesel locomotives) requires significant investments in local
power infrastructure. Transport electrification also poses challenges to the wider electric power grid. The shift away
from fossil fuel combustion increases the total electricity demand and uncontrolled charging of an ever-increasing
number of EVs creates power demand peaks that risk overwhelming local distribution networks (EA technology,
2018). The risk of overloading substations is particularly severe when the peak power demand from EV charging

coincides with the megawatt-scale power demands of electric rail vehicles (Grenier and Page, 2012).



It is noteworthy that transport electrification is by no means the only considerable transformation of our electricity
systems. Instead, it is accompanied by significant shifts towards renewable electricity generation. As a result, increased
electricity consumption from electro-mobility coincides with increased intermittency in the electricity supply. Attempts
to mitigate any issues surrounding electricity supply intermittency typically involves energy storage technologies (Kim
et al., 2017). Electric rail systems as large-scale power consumers may also employ energy storage as a means of
demand-side control. Here, energy storage may help reducing peak power demand stresses on the power grid that arise
from the traction power demands of electric trains — particularly during acceleration where traction power demand may
reach several megawatts depending on the rail system. This traction power could be fully or partially supplied through

local energy storage, thus reducing stress on the electric power grid.

Another area in which energy storage can be beneficial is train brake energy recovery; in particular for DC-powered
networks. For rail systems with AC power supplies (typically operating at ~25 kV), electricity from regenerative braking
can usually be fed back into the power grid without major transmission losses. DC networks, however, typically operate
at much lower voltages (~650—1500 V) significantly lowering the efficiency of power transmission. Thus regeneration
of power from brake energy recovery into the grid is not currently a common feature of DC-powered networks and rail
networks using third rail, fourth rail or overhead catenary DC power supply may benefit from energy storage enabling

effective regenerative braking.

Unlike approaches such as dwell time optimisation (Lin et al., 2016), in which power from regenerative braking of one
train is immediately absorbed as traction power by another, the usage of energy storage does not interfere with train
schedules. Various types of energy storage, such as batteries or supercapacitors, have been proposed either on-board
or along track lines to accept power from regenerative braking for later use during acceleration (Ceraolo et al., 2018).
On-board solutions may offer additional benefits such as partial independence from any power supplying infrastructure
along the track (Mwambeleko and Kulworawanichpong, 2017), thus allowing electric rail vehicles to travel on non-
electrified track sections — although at the cost of increased weight per vehicle, additional maintenance requirements

and per-unit costs.

In this work, an alternative energy storage solution is proposed: a V2G network in proximity to an electric rail system.
V2G is an energy storage concept in which the battery packs of parked road EVs are aggregated and charged or
discharged to provide a variety of grid services (Tomi¢ and Kempton, 2007). Typical grid services for V2G include
frequency regulation (maintaining the grid frequency at 50 or 60 Hz, depending on region) (Peng et al., 2017), acting
as a pseudo-spinning reserve (Pavic et al., 2015) or load balancing (discharging EVs at periods of peak stresses on the
grid and charging at low demand periods) (Habib et al., 2015). In the system proposed here, the V2G network acts as

a buffer between the power grid and the electric rail system, as shown in Fig. 1.

Unlike other energy storage technologies, V2G utilises already existing storage that would otherwise lay dormant
(batteries of parked EVs). Instead of manufacturing and maintaining dedicated energy storage systems for electric rails
systems, existing EV batteries are bestowed with a secondary purpose. When combined with smart charging
technologies, EVs could be turned from a burdensome load on the power grid, into a valuable tool for maintaining grid
stability. The main disadvantage of V2G compared to other energy storage solutions is the reliance on the availability

of EVs in sufficient numbers. This work provides an initial investigation into the scale of the required EV population.

The aggregated EV population may be discharged to provide traction power to nearby accelerating trains (reducing
peak demand stresses on the grid) or charged to absorb power from (and thus enabling) trains’ regenerative braking.

In the absence of nearby rail vehicles, the EV population may use the shared connection to the power grid for charging



purposes. Additional charging cycles from V2G participation can accelerate the degradation of connected EV batteries
(Darcovich et al., 2017). Costs associated with battery degradation pose a financial risk to EV owners requiring fair
compensation for the usage of EVs in a V2G network (Freeman et al., 2017). The compensation of EV owners should

not only cover costs incurred but also create a profit motive to encourage V2@ participation.
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Fig. 1. (a) System overview and power flows: aggregated EV population acts as a buffer between the grid

connection and the fluctuating rail system power demands to ensure steady power flow from the grid (Krueger and
Cruden, 2020a); (b) Rail system power demand over 30 min: traction power drawn for train acceleration -

positive/red, power supplied from regenerative braking - negative/blue.
2. Rail system power demand model

The Merseyrail 750 V third rail powered DC rail network serves as a case study for this work (Stewart et al., 2011), in
particular, the Hoylake train station on the “Wirral Line’. Hoylake itself is interesting as the train station and the single
substation powering this section of the rail network are in very close proximity (Fletcher et al., 2020) (thus removing
the need to analyse interactions between multiple substations or transmission losses). The train station has two tracks
and only serves this line (both directions). At the time considered this section of the Merseyrail network did not utilise

regenerative braking and operated exclusively British Rail Class 507/508 trains.

The power consumption of trains moving along the whole line has been modelled in detail and validated in the previous
work of one of this paper’s authors (Fletcher et al., 2020). Besides describing the traction power requirements of trains
moving on the rail network, the theoretical usage of regenerative braking has also been included. Parts of this existing
model forms the basis of this work: the power demand profile of a single train accelerating from a standstill at “West
Kirby’ train station and stopping at Hoylake. The track section Hoylake-West Kirby is single-ended (West Kirby is at
the end of the “Wirral Line’) and thus fully powered by the substation at Hoylake. The speed profile of the train and the
corresponding power demand curve (negative demand represents power from regenerative braking) are shown in Fig.

2 (a) and 2 (b) respectively.

The power demand profile has been separated into two distinct ‘events’ (as required by the V2G aggregator control, see
section 4): a train departure event (acceleration from standstill, slow speed movement close to the station, then to
travelling speed, traction power required) and a train arrival event (deceleration from travelling speed to standstill,

energy from regenerative braking needs to be dissipated).

To construct a 24-h rail system power demand profile for Hoylake train station these events were matched with each
departure on the Hoylake train schedule (Merseyrail, 2019) (both directions, for weekdays, December 2019 to May

2020) under the following simplifying assumptions: 1) train arrivals and departures at/from Hoylake follow the same



speed profile as the modelled train in both directions. 2) every train follows the same speed profile (‘human factors’,
i.e. differences due to driver behaviour is not considered). 3) each train scheduled departs perfectly on time after a
minimum dwell time of 60 s 4) no rail traffic not listed on the public schedule (neither stopping at nor ‘passing through’

Hoylake).

It should be noted that this creates a highly idealised power demand profile. It does not capture any potential deviations
that would be expected between train journeys in normal rail operation (e.g. differences in vehicle weight due to
passenger numbers or driver behaviour may alter power demands). Neither is any potential overlap of train arrival and
train departure events considered (which should not occur if the public train schedule is strictly adhered to). A V2G
network supporting these variable power demands needs to be resilient and dynamically adjust to any such deviations
(achieved here through V2G aggregator control combining predictive and reactive scheduling techniques, see section
4 and (Krueger and Cruden, 2020a)). The resulting 24-h power demand model used in the following discussion features
117 train departures (see Fig. 3). As such, slight deviations from the idealised power demand profile for individual

events would not significantly alter the findings presented in section 4 onwards.

For about 3.6 h (~15% of the day) the rail system requires traction power for acceleration while regenerative braking
could generate power for about 1.5 h per day (~6%) — during these times the rail system could benefit from a connected
V2G network. The rest of the day —about 18.9 h—no rail traffic is present (EVs on the V2G network could charge freely
during these periods). Each train departure event has an energy consumption of roughly 46 MJ or ~12.7 kWh. Over 24
h, this adds up to about 5382 MJ or ~1486 kWh. Similarly, each arrival event could regenerate 35 MJ or ~9.7 kWh,
adding up to about 4095 MJ or ~1135 kWh per day. If this regenerative braking energy could be fully ‘saved’, the
accumulative energy savings would be equivalent to the electricity consumption of about 115 UK households (based
on an average per household electricity consumption of about 3600 kWh per year, as of 2018 (Department for Business,
Energy & Industrial Strategy, 2019)). At a typical electricity price of 15p per kWh, this is equivalent to savings of about
£62,000 in electricity costs.

Train speed profile over time Train power demand over time

25 1200
; 1000
800
600
400
200

20

15

-200
-400
-600
-800
-1000 —Deceleration
0 -1200

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

10

Train speed in m/s

—Acceleration

Train power demand in kW
o

time in seconds time in seconds

(@) (b)

Fig. 2. (a) Assumed speed profile of simulated train (based on GPS data captured during real-life train journey);
(b) Resulting train traction power demand (as experienced by the substation) during acceleration and regen

power output during deceleration.



Comparison of EV car park occupancy rate - train arrival and departure events
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Fig. 3. Assumed car park occupancy rate and number of train arrival/departure events over

24 simulation period.
3. EV population model

The EV population in the proposed V2@ system is modelled as a group of parked EVs situated in the same car park, where
each EV in the population is assumed to be connected to a bi-directional charger. Non-participation of any connected
EVs in V2G operation is not considered. Only the portion of parking spaces in the car park equipped with chargers is
considered here (the train station used for this case study has 670 parking spaces available nearby — the scenarios
considered in section 4 assume that 50, 75 or 100 of these spaces are equipped with EV chargers respectively). This car
park is assumed to have a variable occupancy rate over the simulation period where 0% occupancy represents no

connected EVs and 100% represents the all available EV chargers being in use by V2G enabled EVs.

The assumed occupancy rate over the 24 h simulation period is shown in Fig. 3 and is loosely based on data provided
by Transport for London (TfL) about car park usage at the London underground (Transport for London TfL, 2010). It
is assumed that a car park at a train station is being used similarly (although the example train station is situated in a
commuter area rather than an urban environment). The data provided by TfL only covers the ramp-up in occupation in
the mornings (6—9 a.m.) and the decrease in the evenings (4—7 p.m.) on a weekday. Thus, further assumptions were
needed for a full 24-h car park occupancy rate. Night-time occupancy was assumed to be very low at 5% and day-time
occupancy between the morning ramp up and the evening decline was assumed very high at 100%. As seen in Fig. 3,
periods of high car park occupancy generally coincide with periods of frequent rail traffic. Defining occupancy using
this TfL data is sufficiently representative to define a scenario for modelling, and replacing it with specific data for the

car park in question would not alter the conclusions.

For simplicity, all simulated EVs have the same battery pack specifications, mirroring those of the Nissan Leaf (a very
common EV model in the UK). Using the specifications of the 2019 Nissan Leaf model, simulated EVs are assumed to
have a 40 kWh capacity battery with a charging rate of up to 50 kW (Nissan Motor GB Limited, 2019. It is important to
note that this charging rate is only achievable while the battery pack state-of-charge (SOC) is relatively low. The
maximum charging rate of each EV depends on the battery pack SOC at the time. Fig. 4 shows the assumed relationship
between the maximum charging rate and SOC. This relationship was adapted from the findings in (Bryden et al., 2016).
While the maximum discharging rate of the Nissan Leaf battery pack is unknown, the drive train power of this EV is
stated as 112 kW. Thus, it is reasonable to assume that the battery pack can be discharged at least at this rate,
irrespective of the battery pack SOC. This discharging rate exceeds any of the assumed charging/discharging limits of



the bi-directional EV chargers (also up to 50 kW, see section 4).

2019 Nissan Leaf, assumed maximum charging rate vs. state of charge
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Fig. 4. Assumed maximum charging rate against SOC for simulated EV population.

The V2G aggregator control system used in this work operates in real-time and incorporates all aggregator-to-EV
communications (as outlined in (Krueger and Cruden, 2020a)). While V2G communications are not the subject of this
particular work, the simulated EV population complies with the existing communication scheme. Each EV is its own
instance of an EV simulator algorithm that communicates independently with the aggregator in a master-slave
configuration (the EVs only respond to requests from the aggregator). The EV simulator instances are run from a server

other than the one handling V2G aggregator control so communication delays are realistically represented.

For this work, the EV population follows the assumed car park occupancy rate in Fig. 3 by adding EVs to the network
(i.e. initiating new instances of the EV simulator) until the assumed occupancy rate is reached or by removing EVs
from the network wheneverthe occupancy rate is exceeded. The initial SOC of each simulated EV is random, however,
this work uses seeded random number generation so that any two simulations based on the same EV population size
use the same seed and thus identical initial SOC values for every EV. To aid the analysis of simulations results, the EV
population in each simulation contains three ‘control EVs’. These control EVs differ from the ‘bulk’ of the simulated
EV population in that a) connection/disconnection times and initial SOC are always the same and b) changes in SOC

over time is monitored and recorded (not true for ‘bulk’ of EVs due to computational cost):
- EV A —connected from 08:00 to 16:00, initial SOC 50%
- EV B - connected from 09:00 to 17:00, initial SOC 30%
- EV C - connected from 10:00 to 18:00, initial SOC 70%
4. V2G aggregator operation

V2G aggregation within this work assumes that all EVs are connected to identical bi-directional EV chargers (assumed
to have the same power rating in both directions) and that both charging and discharging of EVs have an efficiency of
90%. The V2G network is assumed to use the same substation as the rail system and to share its power grid connection
(see Fig. 1). It attempts to maintain the power flow from this substation at a constant level — the grid connection limit
(a soft constraint rather than a true limit, defined by the proportion of the available power to be managed by the V2G
network). At times when the EV population is not able to supply sufficient traction power to the rail system, the power
flow from the substation may exceed the grid connection limit to compensate for the deficit. In case of insufficient

power absorption from regenerative braking of trains, excess power is assumed to be ‘wasted’ via heat dissipation



(either through resistor banks or mechanical brakes) and not fed into the grid. In either case, the rail service is not

compromised.

The V2G scheduling — the process by which charging/discharging decisions for individual EVs are made — uses the
event-based scheduling strategy outlined in (Krueger and Cruden, 2020a). In this strategy, the aggregator determines
its response to predictable and repetitive ‘events’ (here, either the departure or the arrival of a train of known type)
separately and shortly before the event begins (10 s prior to departure). For a rail connected system, such predictability
does not imply a rail system running without perturbation from the timetable, but instead that the V2G aggregator is
aware of train position and timetable information. This predictive scheduling approach minimises delays between

changing power demands and the appropriate V2G network response.

EVs on the network are in regular contact with the aggregator to inform about changing battery characteristics (i.e. a
changing SOC or the latest maximum charging rate). The aggregator constantly monitors EVs and ranks them in terms
of suitability for receiving or supplying power using a dual scoring system (Krueger and Cruden, 2020a). For train
departure events (where EVs are discharged to provide traction power) the aggregator prioritises EV's with high battery
capacity, high maximum discharging rate and high SOC (each parameter is weighted equally in the scoring system).
Such EVs are useful for train departures as they can provide a relatively large quantity of energy relatively quickly
(compared to the EV population as a whole). Similarly, for train arrivals (where EVs are charged to absorb power from
regenerative braking on the rail system), EVs with high capacity, high maximum charging rate (at the time) and low
SOC are prioritised. These EVs can quickly absorb a lot of electric energy (relative to the EV population). All EVs are
assumed able to charge or discharge without any hardware or software restrictions (no V2G opt-outs or other EV user

control as in (Krueger and Cruden, 2020b)).

The scheduling strategy differentiates between ‘in-event’ periods (i.e. times of power transfer between the EV
population and the rail system) and periods without rail traffic. When no rail traffic occurs the EV population makes
use of the shared grid connection for smart charging, where each EV receives a minimum of 1 kW plus a share of the
remaining available power corresponding to its ranking (Krueger and Cruden, 2020a). During events, the aggregator
assigns EVs sequentially to charge/discharge at the maximum possible rate until the power drawn from the substation
matches the pre-determined grid connection limit. The degree to which the V2G network can decouple the power
demands of the rail system from the grid connection mainly depends on the following three parameters: the EV
population size, the global charging rate limit (the maximum charging/discharging rates per EV as supported by the

aggregator) and the anticipated grid connection limit.

4.1. Influence factor 1: size of EV population

The first major factor influencing the performance of the proposed V2G system is the size of the connected EV
population (i.e. the number of EVs connected). To investigate this, the 24-h system operation was simulated using EV
populations of up to 100, 75 and 50 EVs respectively while the global charging rate limit per EV and the grid connection
limit remained constant at 20 kW and 200 kW respectively.

Scenario 1: 100 EVs

Scenario 2: 75 EVs

Scenario 3: 50 EVs



Fig. 5 shows the potential aggregated power output from the V2G network over time in each of the 3 Scenarios. As
the global discharging limit of 20 kW is well below the possible power output of any simulated EVs (at no time is any of
the EVs fully discharged), the aggregated potential power output of the system is 20 kW times the number of EVs
connected at any time. The V2G network is considered capable of fully powering a train departure event (i.c.
maximum peak power demand reduction as experienced by the power grid) whenever the power provision potential
exceeds the threshold of ~1009 kW (i.e. the peak power demand of the train departure event). As seen in Fig. 5, in
scenarios 1 and 2 the system exceeds this threshold from ~06:00 to ~19:00 (a period covering 95 of the 117 daily train
departures, ~81%) and ~07:00 to ~18:00 (covering 85 departures, ~73%). Even for scenario 3, a very substantial
contribution could be made to the required power (potentially lessening investment needed in sub-station feeds from
the grid). Fig. 6 illustrates how the EV population’s power provision potential reduces peak power demands as

experienced by the substation.

In Fig. 6 (a) the original power demands from train traction power to be met by the substation before considering V2G
integration. As expected from the rail system model, the substation experiences a total of 117 short power demand
peaks of ~1009 kW from train departures between periods of no power demand. Fig. 6 (b), by contrast, shows reduced
power demand peaks when utilising a connected V2G network under the conditions in scenario 2 (chosen as the ‘middle
ground’ scenario). It can be seen that, apart from a minor peak of ~340 kW in the morning (where not enough EVs were
yet connected to fully support the first train departure), peaks throughout most of the day (before ~19:00) were quasi
eliminated (instead a constant 200 kW were drawn for both EV charging and train traction power). However, in the
later hours of the day, the V2G network can no longer fully support traction power and peaks are increasing over time
until nearly reaching a megawatt (~949 kW in the final power peak). This points towards the dependence of the
proposed system on a sufficient EV population for peak power reduction. While a V2G network with an EV population
as modelled in this work is insufficient to eliminate all power demand peaks, temporary peak reduction still greatly

benefits the local power grid, reducing the demand for other grid balancing measures.

Fig. 7 shows the V2G network’s potential for receiving power over time (i.e. the sum of all EVs maximum charging rate
at any point in time, limited to the global charging limit of 20 kW). For each EV the maximum charging power it can
receive is dependent on its current SOC as per Fig. 4 (and may fall way short of 20 kW) so this is not a simple
reproduction of Fig. 5. For the V2G network to be capable of fully absorbing power from regenerative braking on the
rail system, the aggregated power absorption potential has to exceed the threshold of ~1109 kW (i.e. the peak of output
of the rail system during a train arrival event). As seen in Fig. 7, this threshold is not reached at any point in scenario 3
(EV population up to 50 EVs) and only during short periods during scenario 2 (up to 75 EVs). Only in scenario 1 (up to
100 EVs) is the V2G network capable of fully absorbing regenerative braking power for an extended period (~7:00 to
~18:00, covering 85 of the 117 train arrivals, ~73%). The other cases demonstrate that a significant contribution can be

made to storing regenerated energy even when the car park is less fully occupied.

Comparing Figs. 5 and 7 it should be noted that whenever the power absorption potential of an EV population exceeds
the threshold to fully absorb power from a train’s regenerative braking, the power provision potential also exceeds the
threshold for fully providing traction power. Recalling that 1) the regenerative braking threshold is of a larger magnitude
than the traction power threshold and that

2) for each EV the maximum discharging rate is always equal or greater than the maximum charging rate, it follows
that, within this work, any EV population capable of fully absorbing regenerative braking energy from an arrival event is
also capable of fully providing traction power for a departure event of the same train. As complex events such as

simultaneous arrivals and departures by multiple trains are not considered here the analysis below will exclude the power



provision potential of EV populations.
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Fig. 7. Total power absorption potential of EV populations of varying size over 24 h.

After considering the V2G network’s effectiveness in decoupling the electric rail system and the power grid, its ability
to charge individual EVs over time needs to be analysed. Fig. 8 shows how the SOC of the three control EVs develops

in each of the three scenarios. Table 1 below shows the final SOC values for each control EV. In any of the three



scenarios, each control EV significantly gained in SOC. As expected, given that the grid connection limit was fixed at
200 kW for all three scenarios (limiting how much power can be shared between EVs during smart charging periods),
the SOC gains per EV are higher at lower EV population sizes. While only the control EVs are shown, the observed gain
in SOC is indicative of the behaviour in the whole EV population, based on the underlying scheduling rules (Krueger
and Cruden, 2020a).

4.2. Influence factor 2: maximum EV charging rates

The next factor influencing system performance is the maximum charging rate available to connected EVs. Each EV
has an individual maximum charging rate at any given time (depending mainly on its battery SOC, see Fig. 4), but is also
subject to system-wide (i.e. ‘global’) restrictions, particularly the maximum charging (and discharging) rates supported
by the bi-directional chargers each EV is connected to. In this analysis, this system-wide constraint is assumed to be
constant, bi-directional (maximum charging rate and maximum discharging rate have the same magnitude) and equal
for each EV (i.e. each EV is connected to identical bi-directional chargers). This factor is referred to as the global
charging rate limit (per EV). Similar to the previous analysis, the 24-h system operation was simulated while varying
the global charging rate limit between 50, 35 and 20 kW respectively. The EV population size was 75 EVs and the grid

connection limit was 200 kW for each simulation.

Scenario 1: 50 kW global charging rate limit

Scenario 2: 35 kW global charging rate limit

Scenario 3: 20 kW global charging rate limit

As seen in Fig. 9, the difference in power absorption potential between scenarios 1 and 2 is fairly insignificant. This is
due to the maximum charging rates of individual EVs dropping below the global charging rate limit as SOC increases
(i.e. EVs can only utilise higher global limits while the SOC is low). The power absorption potential in scenario 3 is
clearly lower and only meets the threshold sporadically. However, the impact of the global charging limit on the
power absorption potential appears to be only moderate suggesting that even lower-end charging hardware may be

sufficient for this V2G application.



Fig. 8. Changes in SOC over time of the three control EVs within EV populations of varying size.

Table 1: Comparison of Control EV battery pack SOC at departure time for EV populations of varying sizes.
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Analogous to the previous discussion, Fig. 10 shows the changes in SOC over time and Table 2 shows the final SOC
for the three control EVs. Comparing the three scenarios, it can be seen that changing the global charging rate limit
had very little impact on the control EVs. This can be attributed to the short duration of train arrival and departure
events — EV charging and discharging rates approaching the global limit only occur close to peak power regeneration
or peak power demand on the rail system. During periods of no rail traffic (nearly 80% of the day) EV charging rates
are typically well below the global limit.

4.3. Influence factor 3: grid connection limit

The last factor influencing system performance to be examined in this work is the power made available to the whole
system (rail and EVs) via a shared grid connection. Here, the 24-h system operation was simulated several times while
varying the grid connection limit (i.e. the soft constraint on the proportion of power available from the substation
managed by the V2G network) between 200, 300, 400 and 500 kW respectively. EV population size was kept constant
between simulations at 100 EVs and the global charging limit per EV was set to 20 kW.

Scenario 1: 200 kW grid connection limit
Scenario 2: 300 kW grid connection limit
Scenario 3: 400 kW grid connection limit
Scenario 4: 500 kW grid connection limit

As can be seen in Fig. 11, increasing the grid connection limit significantly hampers the ability of the aggregated EV
population to absorb power from the rail system. It should be noted that this impact on the power absorption potential
is more pronounced in the afternoon/evening than in the early hours of the day. As the rail system’s power demand
remains unaltered between scenarios, any increases in the power made available to the system leads to increased EV
charging rates and thus faster gains in SOC for connected EVs. However, recall from Fig. 4 that the maximum
charging rate for individual EVs decreases with SOC. Consequently, the power absorption potential of the aggregated
EV population declines not only when some EV batteries are fully charged, but already as they approach higher SOC

levels.



Control EVs: SOC vs. time, Scenario 1

Control EVs: SOC vs. time, Scenario 2
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Fig. 10. Changes in SOC over time of the three control EVs within the connected EV population with varying

global charging limits over 24 h.

Table 2: Comparison of Control EV battery pack SOC at departure time for different global charging rate limits.

Control EV SOC at departure
(Scenario 1)
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Fig. 11. Total power absorption potential of 100 EVs at varying grid connection limits over 24 h.



These issues stem partially from the simplification within this work to keep the grid connection limit constant
throughout the day. More complex scheduling rules that adjust this parameter to the connected EV population may
prevent a premature decline in power absorption potential. However, any measures which, in effect, limit EV charging
rates need to be considered carefully with regards to EV user acceptance as the V2G network heavily relies on the
participation of EV owners/users. Defining charging rate limitations that are acceptable to EV owners should involve

social and behavioural science (thus outside the scope of this work).

Examining SOC developments of the control EVs in Fig. 12 as well as Table 3 confirms the previous observations. As
expected, the controls EVs are charging faster as the grid connection limit increases. In scenario 4, with the highest
simulated grid connection limit of 500 kW, all three control EVs are already fully charged well before midday. While
fully charged EVs can no longer absorb power from the rail system’s regenerative braking, they are still useful to

supply traction power during train departure events.

Table 3: Comparison of Control EV battery pack SOC at departure time for different grid connection limits.

Control SOC at departure SOC at departure SOC at departure SOC at departure
EV (Scenario 1) (Scenario 2) (Scenario 3) (Scenario 4)
EV A 81% 100% (at ~ 15:50) 100% (at ~ 13:00) 100% (at ~ 10:20)
EVB 60% 94% 100% (at ~ 13:40) 100% (at ~ 11:20)
EV C 100% (at ~ 17:10) 100% (at ~ 15:15) 100% (at ~ 13:20) 100% (at ~ 11:15)
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Fig. 12. Changes in SOC over time of the three control EVs within an EV population of 100 EVs at varying grid

connection limits over 24 h.



5. Conclusions

In this work, a novel V2G application was proposed in which aggregated parked EVs are charged and discharged to
support nearby DC-powered rail systems. Three main factors determining the performance of such a V2G system were
identified and examined: the EV population size, the EV charging rates and the power made available to the whole
system through the shared power grid connection. While the latter two are controlled design variables for the V2G
system, the number of EVs available at any time relies on the participation of EV owners and cannot be fully controlled
in a public setting. Thus, determining power ratings of the bi-directional EV chargers and the grid connection limit

should follow reasonable estimates of the available EV population size.

Unsurprisingly, the V2G network performs better with larger EV populations although limited availability of EVs in
the early and late hours of the day significantly hampers system effectiveness regardless. It was found that individual
EV charging rates, in particular, the diminishing maximum charging rates as SOC increases, are more significant than
the charging rate limits of the bi- directional chargers (as the V2G network’s aggregate power absorption potential,
determining its ability to absorb power from the rail system’s regenerative braking decreases as EVs are charging).

Therefore, having enough EVs with low SOC is more beneficial than highly rated EV chargers.

The power made available to the V2G network via the shared grid connection was found to be a very delicate issue as
relatively minor adjustments can cripple the V2G system if EVs charge ‘too quickly’ to support regenerative braking.
The findings point to further work required on optimising management of EV charging in multi-model transport if the
desirable benefits of power and energy use reduction are to be realised. Ideally, more sophisticated scheduling
algorithms should be used that take information on anticipated EV usage into account (Krueger and Cruden, 2020b).
In doing so, the aggregator can ensure sufficient charging of individual EVs (i.e. sufficient charge for planned journeys)

while also preserving parts of the EV population with available battery capacity.

The network’s power provision potential (determining its ability to provide traction power for train acceleration) is not
affected by rapid EV charging - thus maintaining significant peak power reduction as long as enough EVs are
connected. However, a permanent high-level reduction of power demand peaks throughout the day could not be
achieved with a variable EV population as modelled. To facilitate reliable peak power demand reduction for all daily
rail traffic (which might allow for lower-rated power grid connections for rail electrification projects) the V2G network
may be reconfigured as part of a hybrid energy storage solution. In this approach, the connected EV population could

be accompanied by trackside batteries, flywheels, or other energy storage technologies.
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