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Developing a statistical electric vehicle charging model and its application in the
performance assessment of a sustainable urban charging hub
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ABSTRACT
A statisticalmodel to calculate dynamic, electric vehicle (EV) charging loads at public hubs,which can
be used with building simulation tools is presented; it was generated using two, real datasets and
shown to faithfully recreate the characteristics of charging seen in the monitored data. The model
was used with a building simulation tool to assess the ability of rooftop PV with battery buffering
to mitigate the effects of urban EV charging for a charging hub and car park in Glasgow, Scotland.
The car park’s 200 kW PV array could fully-offset the demand of a fleet of approximately 50 vehicles.
The addition of a small buffering battery (< 100 kWh) significantly increased utilization of renewable
energy, and reduced grid energy exchanges, but did little to mitigate peak demands.

ARTICLE HISTORY
Received 13 May 2023
Accepted 23 August 2023

KEYWORDS
Electric vehicle charging;
solar energy; photovoltaics;
building simulation;
sustainable buildings;
sustainable transport

Introduction

In common with the rest of the developed world, the
nature of energy demand in the UK built environment is
set to change radically, driven by the need to make our
buildings more sustainable (Scottish Government 2021;
UK Government 2019). This entails a transition away from
fossil fuels for water and space heating, towards zero-
carbon alternatives such as decarbonized grid electricity
(CCC 2022). There is a parallel migration away from fossil-
fuelled vehicles to more sustainable alternatives (DFT
2018), which has resulted in a rapid growth in electric
vehicles (EVs) charged at home, dedicated charging hubs,
or charge points at or near the workplace (Hardman et al.
2018). This nexus between electrified heating, and home
or work-based vehicle charging means firstly, that trans-
port loads are likely to become an intrinsic part of both
domestic and non-domestic building electrical demands,
and secondly, both peak electrical power demand and
bulk demand for electricity in the built environment will
increase substantially (e.g. Ramirez-Mendiola et al. 2022).
Zou et al. (2023) provide a comprehensive review of the
potential impact of EV charging on the characteristics
of built environment electrical demand, and on elec-
trical infrastructure. As building simulation (BSim) tools
are the de facto means of assessing energy use in the
built environment, they should encompass workplace or
home EV charging, allowing practitioners to assess the
impact of the electrification of heat andmobility onbuild-
ing performance, at a range of scales. For example, at
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the building scale, characterizing EV charging demand
will be required to properly size and orchestrate local,
clean energy systems for Net Zero operation. At the
city scale, predicting the impact of increased electrical
demand from communities (from the electrification of
heat, increased use of cooling and local vehicle charg-
ing) can inform energy networks planning and design,
reducing the risk of demand outstripping the sustain-
able energy infrastructure needed to support it (Fowler,
Elmhirst, and Richards 2018).

Review

There have been amany studies looking at buildingswith
integrated renewables and EV charging. Many papers
have focused on individual dwellings, attempting to opti-
mize charging schedules to minimize costs or reduced
peak demands. For example, Molina et al. (2012) devel-
oped a MATLAB model of a single EV connected to
a building with a photovoltaic (PV) array, they used a
neural network to optimize charging and discharging.
The authors concluded that the potential for cost sav-
ings was minimal under time-of-use-pricing, and do not
report on the potential for greenhouse gas savings. Kelly,
Samuel, and Hand (2015) modelled a building with PV
supported EV charging with a heat pump, using the
ESP-r building simulation tool (ESRU 2023) to investigate
co-ordination strategies between EV charging and heat
pump operation. The EV charging model was derived
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from travel survey data. The results indicated that oper-
ating the EV battery in vehicle-to-home (V2H) mode
(i.e. allowing some limited discharging to support heat
pump operation) and off-peak heat pump operation was
the best co-operative strategy to limit peak electrical
demand. Doroudchi et al. (2018) used a linear program-
ming approach to optimize the operation of a Net Zero
single family house modelled in IDA-ICE (Equa Simula-
tion Ltd. 2023), the study included rooftopPV, a stationary
battery and an EV. The EV demand was calculated by
a probabilistic approach using information from Finnish
travel survey data. The study looked at the use of the
EV for vehicle-to-home charging/discharging for a heat
pump and district-heat case, the work showed that V2H
operation reduced the power imported and exported
to the network. Svetozarevic et al. (2022) used agent-
based controlwithmachine learning, trainedofflineusing
historical performance data, to mimimise the cost and
maximize comfort associated with a real test dwelling
heated by a heat pump and with a ‘vehicle’ capable of bi-
directional charging; the vehicle was emulated by a sta-
tionary battery in their experiments. The authors demon-
strated the potential for both cost savings and comfort
improvements.

There are also studies looking at workplace, or domes-
tic charging of multiple EVs, often supported using pho-
tovoltaic arrays. In an early US study, Birnie (2009) under-
took some high-level modelling, indicating that for com-
muters in the north-eastern USA, the energy produced
by 15m2 of PV could entirely offset the energy required
for commutes of 15–30 km, with plug-in hybrid electric
vehicles. Mouli, Bauer, and Zeman (2016) analysed the
performance of a small PV system (10 kWp), supporting
the charging of up to 3 EVs in the Netherlands. The EV
charge taken was assumed to be a fixed 10 kWh, though
various charging profiles are analysed; the use of a small
10 kWh battery was seen to significantly reduce energy
drawn from the grid. Tulpule et al. (2013) analysed a
100 kW PV array supporting up to 50 electric vehicles in
different US cities along with the use of smart charg-
ing control. They demonstrated a significant reduction
in CO2 emissions. Chaudhari et al. (2018), utilized a lin-
ear programming approach in a least cost optimization
of an EV charging hub in Singapore featuring PV and bat-
tery storage. The authors concluded that the use of PV
plus storage could reduce the average and peak power
demand from EV charging. Yan, Zhang, and Kezunovic
(2019) use a multi-stage optimization algorithm (com-
prising day-ahead, hour-ahead, and real time compo-
nents) to optimize the charging of a fleet of EVs with PV-
supported EV charging and a battery. The study focused
on the optimization of costs. Both the PV generation
and EV behaviour used probabilistic models. The paper

concluded that hour-ahead optimization had the great-
est effect on performance in terms of reducing the cost
associated with charging. Wang et al. (2019) investigated
accuracy in short term forecasting of solar availability
and smart charge scheduling forworkplace PV-supported
charging of around 30 EVs. The objective of the smart
charge scheduling was to flatten EV charging demand
and reduce chargingvariability, however the authors con-
cluded that typical weather forecast errors were a barrier
to optimization. The paper used a probabilistic vehicle
chargingmodel, featuring varying vehicle arrival, lay-over
and charging requirements. However, noneof the param-
eters used in the model were linked to references. Huang
et al. (2022a) used a generic algorithm in an attempt
to optimize the home charging on a small fleet of vehi-
cles. The vehicle charging model was probabilistic with
its characteristics derived from wider transport survey
data. The electric demands and PV generation were cal-
culated using dedicated models. The paper tested dif-
ferent charging control strategies, with the authors indi-
cating a top-down strategy yielded the best results in
terms of self-consumption of PV and minimization of
peak power flows to and from the network. Using an
EV-centric charging model, that was developed from
Swedish travel data. Huang et al. (2022b) also investi-
gate the impact of smart charging on vehicle batteries,
with their modelling work indicating that smart charging
reduces peakdemandwithout significant impacts onbat-
tery performance, bidirectional charging increased bat-
tery degradation. Fachrizal et al. (2022) presented met-
rics for assessing workplace PV with EV charging based
on self-sufficiency and self-consumption. The study indi-
cated that smart charging significantly improved both
self-sufficiency and self-consumption. Park et al. (2023)
used EnergyPlus (EnergyPlus 2023) along with machine
learning to try and optimize PV-supported EV charging
at the community scale. The machine learning algorithm
was trained using real charging data, though the details
of this data were not elaborated on. The model was
used to try and optimize the design of the overall
energy system to accommodate EV charging. Korkas et al.
(2022) described a dynamic programming approach to
optimize a building-PV-EV-storage system with build-
ing loads modelled using EnergyPlus (ibid), comparing
a range of different algorithms and their ability to min-
imize global costs, whilst maximizing building thermal
performance. The work tested the optimization concept
and did not apply the modelling approach to a realistic
problem.

Many of the vehicle charging models in the papers
outlined use travel survey data. Pareschi et al. (2020)
tested the ability of EV models, created using travel
survey data, to predict charging behaviour, concluding
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that this approachenables realistic chargingprofiles tobe
developed, the reportedR2 correlationwith real data0.83,
though this dropped to 0.7 when situations modelled
differed markedly from the input data.

Aim

The aim of this work was to develop a rules-based, sta-
tistical model of EV charging demand that can be gener-
ated and re-calibrated as required using real EV charging
data (in contrast to models developed using travel sur-
vey data, seen frequently in the literature), and which
produces time-series, synthetic charging data for use
in building simulation studies; alternatively, the model
could be integrated directly into building simulation
tools. The supporting objectives were to analyse a sub-
stantial EV charging dataset; develop and calibrate a
probabilistic EV charging model, develop a building sim-
ulation model and complementary electrical load flow
model of a real EV charging hub from Glasgow, Scot-
land, and apply the models in combination to assess
the ability of PV and battery buffering to mitigate come
of the impacts of vehicle charging, making it more
sustainable.

Contributions

(1) Statistical analysis of EV charging datasets.
(2) A generic, statistical, vehicle-centric EV charging

model is developed and presented, that can be cal-
ibrated using charging data.

(3) The model was applied, along with a building sim-
ulation tool, to a case-study in the city of Glasgow,
Scotland.

Dataset analysis and EV chargingmodel
development

Two datasets were used in the development of the elec-
tric vehicle (EV) charging model. The first was a data
set from Transport Scotland, which comprised a record
of 754,200 vehicle charging events in Scotland over the
period 2013–2017. The dataset included the information
shown in Table 1.

A total of 547,321 entries were used in the develop-
ment of the model. Of the remaining charging events,
87,821 were data entries with no charging data, and
42,544 data entries had anomalous or unrepresentative
data (negative duration, e.g. durations exceeding 24 h,
chargingevents of less than0.1 kWh). Additionally, 76,508
data entries were for taxis, of which 76,126 related to one
firm. All of these entries were removed from the calibra-
tion dataset.

Table 1. Data headers from Transport Scotland EV charging
dataset.

Entry Data Item Entry Data Item

1 Charging event 10 Charge Cost £
2 User ID 11 Charger Location
3 Charger ID 12 Charger Group
4 Charger Point Connector ID 13 Charger Model Type
5 Charger Start Date 14 Host ID
6 Charge Start Time 15 Card Status
7 Charge End Date 16 Tag Serial
8 Charge End Time 17 Vehicle Type
9 Total Charge Taken kWh

Table 2. Data headers from the City of Glasgow EV charging
dataset.

Entry Data Item Entry Data Item

1 SDR ID (–) 7 Cost £
2 Site Name (–) 8 Consumption kWh
3 Card Number (–) 9 Duration hh:mm:ss
4 Charger ID (–) 10 Charge Start (Date)
5 Connector Number (–) 11 Charge End (Date)
6 Currency (–)

A second, smaller dataset acquired from the City of
Glasgow comprised 2,556 public charging events from
2022, and the data captured is shown in Table 2. In
this second dataset, 500 charges had a charge energy of
0 kWh and these were removed.

Developing a probabalistic EV chargingmodel

The datasets were used to generate a statistical vehi-
cle charging model that captured the inherent variabil-
ity in charging behaviour seen real charging, and which
could be applied to different scales of vehicle charg-
ing demand.1 Three key charging characteristics were
generated.

• Firstly, the transport Scotland dataset was used to cre-
ate a weekly charging frequency cumulative distribu-
tion function (CDF): used to derive a daily charging
probability and hence test whether a vehicle would
charge on a particular day.

• Secondly, the samedatasetwas used to create a charg-
ing start time CDF: used to determine when in the day
a vehicle would begin to charge.

• Thirdly, the City of Glasgow dataset was used to cre-
ate a charge taken CDF: used to determine the energy
taken during a specific charge event and charging
time.

Creation of the charge taken CDF using this more
recent, but smaller dataset was necessary as the electric
vehicle market has evolved rapidly, with vehicle battery
capacities increasing and a move from hybrid electric
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vehicles such as the Mitsubishi Outlander with small bat-
tery capacity of 12 kWh (Kane 2017), to full electric vehi-
cles such as the Tesla Model 3 with a battery capacity of
57.5 kWh (Kane 2022). Hence, charge requirements have
increased rapidly; for example, the average charge taken
in the 2022 City of Glasgow dataset was 20.97 kWh, whilst
the average charge taken in the older Transport Scotland
dataset (2013–2017)wasonly 8.5 kWh. The characteristics
of the timing of charge events were similar between the
two datasets.

Weekly charging CDF and daily charging probability
Individual vehicles were identifiable in the Transport
Scotland dataset (via a unique User ID shown in Table 1)
and the characteristics of theirweekly chargingbehaviour
was used to generate the cumulative distribution func-
tion (cchf ) of vehicle weekly charging frequencies shown
in Figure 1.

The probability that a vehicle would have a particular
charging frequency was calculated as follows.

pchf (i) =
∑

vehicles charging i times per week
number of vehicles in dataset

× 100, i ∈ Z ∩ [1, 7]. (1)

Also,

cchf (i) =
x≤i∑
x=1

pchf (x). (2)

Figure 1 shows that most vehicles charged only once or
less per week at a public charge point. The data showed
very little seasonal variation in charging frequency, so
seasonality is not considered as a factor.

To calculate the weekly charging frequency, pchf ,v , of
a vehicle, v, a random integer value X0 ∈ Z ∩ [0, 100]
was tested against the cumulative density function, cchf ,

(shown in Figure 1). The vehicle’s daily charging probabil-
ity pchd,v was then set using Equation (3):

pchd,v = 100 × i

7
,

where
{
cchf (i − 1) ≤ X0 ≤ cchf (i), 1 < i ≤ 7
X0 ≤ cchf (i), i = 1

(3)

However, the dataset indicated differences in the por-
tion of charges, fchx , occurring on weekdays, Saturdays or
Sundays, with 0.728 of vehicle charges occurring during
weekdays, 0.161 on Saturdays and 0.111 on Sundays. The
base daily charging probability pchd,v was therefore mod-
ified to account for these differences using Equations (4)
and (5) (Table 3).

p′
chd,v = dm × pchd,v , (4)

where

dm = fchx × 7∑
days in period x

(5)

The resulting modifiers for the base daily charge proba-
bility were as follows.

The calculated charging probability p′
chd,v was persis-

tent, so, a vehicle assigned a twice-weekly charging char-
acteristic would charge (on average) twice-weekly over
a simulated period. At an individual vehicle level, this
would not reflect reality, as individual chargingbehaviour
may vary wildly from week-to-week. But the role of the
modelwas to predict the demand of a population of vehi-
cles, so the realism of individual charging patterns was
less relevant than the realism of the aggregate charging
profile.

Table 3. Daily charging probability modifiers.

Day Type Modifier

Weekday 1.02
Saturday 1.13
Sunday 0.78

Figure 1. Probability and cumulative probability ofweekly vehicle charging frequency, cchf , derived from the transport Scotlanddataset.
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To test whether the vehicle, v, charged on a particu-
lar day, a random value X1 ∈ R ∩ [0, 100] was generated,
and tested against p′

chd , such that.

X1 ≥ p′
chd,v ⇒ chargingv = TRUE. (6)

Charging start time CDF
The charging datasets indicated that there was a clear
difference in the timing of charging behaviour between
weekdays and weekends (with Saturday and Sunday
charging timings being very similar). The left-hand graph
in Figure 2 shows the probability of a time-dependent
charging event starting, pchs, for both weekends and
weekdays; using the Transport Scotland dataset, the
probability for charge events starting within half-hour
time intervals during a day (differentiated by weekdays
or weekends) was derived as follows.

pchs(�tj) =

∑
(weekday||weekend)

charge events starting in � tj

number weekday||
weekend charge events

× 100 (7)

where�tj is a 30-min time interval in a day, j ∈ Z ∩ [1, 48].
There was a peak in weekday charging between

around 6–9 am, with less distinct peaks around midday
and 4pm. This pattern of usage was consistent across
all weekdays. Weekend charging peaked aroundmidday,
with a lower ramp up in the probability of a charging
event. The morning peak in the probability of charging
was entirely absent during weekends. The cumulative
probability of a charge event starting, cchs, is shown in the
right-hand graph of Figure 2, where

cchs(�tj) =
x≤j∑
x=1

pchs(�x). (8)

To determine the time at which a vehicle, v, would start
charging on a particular day, a random value X2 ∈ Z ∩

[0, 100] was tested against cchs, over multiple time incre-
ments, with charging deemed to start within the 30-
minute time interval �tj, where

tcharge−start,v ∈ �tj, where{
cchs(�tj−1) ≤ X2 ≤ cchs(�tj), 1 < j ≤ 48
X2 ≤ cchs(�tj), j = 1

(9)

Charge taken CDF
The left-hand graph in Figure 3 shows the probability of
a particular charge energy, Ek , being taken, pchE , from the
more recent City of Glasgow dataset, this is computed in
a similar fashion to pchs.

pchE(Ek) =
∑

charge events drawing Ek
number of charge events

× 100 (10)

Here Ek , is the nearest integer of the charge taken, which
showed a pronounced peak at around 22 kWh, and the
largest charge seen was 85 kWh, hence k ∈ Z ∩ [0, 85].
The right-hand image in Figure 3 shows the cumulative
probability, cchE , of a discrete quantity of charge being
taken:

cchE(Ek) =
x≤k∑
x=1

pchE(Ex). (11)

To determine the quantity of energy taken, Ek(kWh), by
a vehicle, v, during particular a charge event, a random
value X3 ∈ Z ∩ [0, 100] was generated and then tested
against the cumulative distribution function cchE(Ek), so
that

Echarge−taken,v = Ek , where{
cchE(Ek−1) ≤ X3 ≤ cchE(Ek), 1 < k ≤ 85
X3 ≤ cchE(Ek), k = 1

. (12)

Note that the charge taken does not distinguish between
charger types, a refinement of the model, using future
data, could include this differentiation between chargers.

Figure 2. Probability distribution, pchs and cumulative probability distributions, cchs of EV charging event starting for weekdays and
weekends derived from the Transport Scotland dataset.
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Figure 3. The probability pchE and cumulative probability cchE and off a particular charge being taken (kWh).

Charging algorithm

The algorithm for the computation of vehicle charging
demand over a defined time interval is illustrated in
Figure 4. For a user defined population of chargers and
vehicles, using random variable X0, the algorithm firstly
sets each vehicle’s day-type-dependent daily charging
probability, p′

chd , as set out in Equations (1)–(5). The

daily charging probability, p′
chd is then tested against ran-

dom variable X1 to determine whether or not a vehi-
cle charged on a particular day (Equation (6)). Random
variable X2 is generated and used to test determine
the charge start time as set out in Equations (7)–(9).
The vehicle is then randomly allocated to a compati-
ble charge point from the available chargers. If a com-
patible charge point is not available (i.e. all compatible

Figure 4. Flow chart illustrating a vehicle-centric probability-based algorithm to calculate an aggregate charging profile.
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chargers are occupied by a charging vehicle), then the
start of charging for the vehicle is delayed until a com-
patible charger becomes available. Random variable X3
is then used to determine the charge taken according
to Equations (10)–(12), and finally, the charging time is
calculated by dividing the charge taken by the power
of the charge point, Pcp, that the vehicle is allocated
to, so

tend = tstart + �tcharge (13)

�tcharge = Echarge
Pcp

(14)

The average charge taken over a charging period will,
typically, be less than indicated by Pcp × �tcharge, and so
the charge taken in the final time increment is adjusted
to ensure that the charge taken is correct. The charg-
ing power for the vehicle is then added to the total
charging power for the relevant half hour time incre-
ment tj, j ∈ {1, 2, 3 . . . 47, 48}. All days in the user-defined
time period being simulated are treated in this way.
The process is repeated for each vehicle in the vehicle
fleet, building up a complete charging profile for the
user defined period, vehicle fleet and charger fleet being
simulated.

Anexampledemandprofile is shown in Figure 5, show-
ing time-varying demand for a fleet of 80 EVs for a calen-
dar year.

Model testing

The model’s ability to reproduce the intrinsic charging
behaviour seen in the input datasets was tested (i.e.
the degree of calibration). Figure 6, shows the time-
dependent probability of a charge event occurring on
weekdays and weekends for simulated data (80 vehicles)
and from the original Transport Scotland dataset. The R2

correlation between probabilities derived from empirical
and simulated data for the start of weekday charging is
0.991 and 0.981 for weekend charging. The weekday sim-
ulated dataset reproduces the surge in charging demand
between 6 and 9am seen in the Transport Scotland
dataset.

Figure 7 shows the cumulative probability of a par-
ticular charge being taken during a charge event from
both the same simulated data and the City of Glasgow
chargingdataset. TheR2 correlationbetween the cumula-
tive probabilities of charge taken from the simulation and
datasetwas 0.9996. TheR2 correlationbetween simulated

Figure 5. Example of demand profile for a fleet of 80 electric vehicles.

Figure 6. Simulated and monitored time-dependent charging probabilities.
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Figure 7. Simulated and monitored cumulative probabilities of charge taken during a charge event.

Figure 8. Mean charge taken and std. dev. of charge taken from
dataset and simulation.

and dataset the probability curves for charge taken was
0.925.

Finally, Figure 8 showsmean and standarddeviationof
the charge taken in charge events for the simulated and
Glasgow dataset.

The tests highlighted demonstrate that the charging
model can adequately recreate the charging characteris-
tics of the original dataset.

Application – Glasgow car park EV charging

The EV charging algorithm, has been applied, along with
the ESP-r building simulation tool (ESRU, ibid) to assess
the performance of a prospective sustainable electric
vehicle charging hub in Glasgow, Scotland, which fea-
tures a rooftopphotovoltaic array and abufferingbattery.
The hub is located at the Duke Street car park, close to
Glasgow city centre and has 1170 parking spaces located
over 9 floors. Given the space available, a PV rooftop array
with a total surface area of 1250m2, and comprising 625
PV panels with a notional peak power output of 200 kWp
was proposed (see Figure 9).

This investigation here systemwas undertaken as part
of the EU-funded RUGGEDISED project (RUGGEDISED
2023).

This study assessed the ability of the PV with bat-
tery buffering, to mitigate some of the effects of uncon-
strained EV charging, examining the effects of different
battery sizes and populations of vehicles using the hub.
This approach differs frommany of the papers in the liter-
ature, in that it does not include restrictions on charging
times, or the potential for vehicle-to-grid (V2G) operation.

Figure 9. Duke St car park (Image: Google street view) and rendered image of the ESP-r Duke St Car Park model with roof-mounted PV
arrays and shading from surrounding buildings.
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However, it does feature a range of charging load levels
andbufferingbattery sizes. The rationale is that (1) at least
in the short-term, intelligent control of vehicle charging
will lag the deployment of charging infrastructure and
so the work here represents the analysis of a likely-near-
term scenario. According to Zou et al. (2023) uncoordi-
nated charging accounts for the large majority of vehicle
charges; (2) local, supply-side approaches to controlling
EV charging impacts on the grid such as PV with bat-
teries could be seen to be preferable to demand-side,
time-based charge control for time-constrained users of
public charge points; (3) constraining stochastic demand
for power through control (intelligent-or-otherwise) can
lead to unintended demand peaks, worsening the impact
on the grid (e.g. Callaway 2009).

HUBmodel

The multi-tool approach was adopted to model the per-
formance of the charging hub.

• A model of the car park, including its 200 kWp
roof-mounted PV array was created on ESP-r, which
includes an electrical systemmodelling capability.

• The EV charging algorithm calculated the electrical
demand associated with different sizes of vehicles
fleets, this datawas used as boundary data for the load
flowmodel.

• A load flowmodel of the charging hubwas developed,
that included vehicle chargers, PV array, battery stor-
age, grid connection and that featured the ability to
apply a supportive battery operating strategy.

• The load flow model computed the electrical power
exchanges between PV array, charging hub, battery
and the grid for a series of year-long scenarios, and
metrics such as the renewable energy contribution,
renewable utilization factor, energy exchanges with
the grid and peak power flows extracted.

Building simulationmodel
The ESP-rmodel of the car park, featured adetailedmodel
of the PV array on the car park roof (Figure 9). When sim-
ulated, using real climate data (temperature, solar radia-
tion, wind speed and direction and relative humidity) as
a boundary condition over a user defined period (a year
in this case), the transient energy and mass transfer pro-
cesses occurring in the building were computed, solar
insolation and temperature-sensitive PV output, etc; the
work described here primarily used ESP-r’s solar energy
and PV modelling capability (Kelly 1998); which have
been validated by Strachan, Kokogiannakis, andMacdon-
ald (2008), Mottillo et al. (2006), respectively. ESP-r’s PV
algorithm computed the power output from the car park

array, also factoring in the impact of self-shading and
shading from surrounding buildings. It firstly calculated
the operating voltage and current of a single PV cell as a
function of the incident solar radiation and cell tempera-
ture. The results were then extrapolated to determine the
operating state of the panel and hence the whole array,
assuming all of the panels are of the same type and at the
same orientation and tilt (Equations (12)–(16)).

1 + IL
IG

= exp
(

eVi
λkTi

)[
1 + eVi

λkTi

]
(15)

where λ is given by:

λ =
(

e
kTref

) (
VMP

VOC
n

)
(
ISC−IMP

ISC

) ; (16)

The cell generation current IG is calculated by:

IG = β

⎛
⎜⎜⎝ − ISC

m

exp
(

e
VOC
n

λkTref

)
− 1

⎞
⎟⎟⎠ 2(Ti−Tref ) (17)

The cell light generated current, IL, is given by:

IL = Q̇i SOL

Q̇ref

ISC
m

. (18)

The total array power output is given by:

Pi =
[
ViIG

(
1 − exp

(
eVi
λkTi

))
− VMPIL

]
nmq. (19)

The input data for the PV model is shown in Table 4.
ESP-r’s thermal solver computed the panel tempera-

ture Ti, and the incident solar radiation intensity Q̇iSOL,
which included the effects of shading. So, for a layer, i, in
a surface of the building containing the PV material, the
heat balance equation was as follows.

dTi
dt

= 1
Mc

⎡
⎣ n∑

j=1

Q̇i,j − Pi

⎤
⎦ (20)

Table 4. Characteristics of the PV panels used in the analysis
(Longi 2020).

Open circuit voltage (VOC ) 49.5 V
Short circuit current. (ISC ) 11.66 A
Voltage at maximum power point (VMP) 41.7 V
Current at maximum power point (IMP) 10.92 A
Reference insolation (Q̇ref ) 1000 W/m2

Reference temperature (Tref ) 298 K
Number series connected cells in a branch (n) 144
Number of parallel connected branches (m) 6
Number of panels (q) 24
Temperature sensitivity of IG (β) 1.072
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where Q̇i,j are the different heat fluxes associated with
the layer, e.g. solar absorption, conduction from adjacent
layers, convection, etc.

Figure 10 shows the output from preliminary simula-
tions of the PV array, showing notional yield per m2 in a
Glasgow climate, indicating that 30o slope from the hor-
izontal provided the maximum annual electrical energy
output.

The calculated PV power output using a test reference
year for Glasgow is as shown in Figure 11.

Although the array mounted on the car park roof had
a notional output of 200 kWp, the simulated peak power
produced was significantly less than this at 139 kW. The
reasons for this are that the peak incident solar radia-
tion on the PV arrays of 808.9W/m2 on the PV was less
than that used bymanufacturers in tests to determine the
notional power output; the peak insolated panel temper-
ature of 64.0°C was higher than the temperature used in
the tests of 25°C, further reducing operating efficiency;
and the model also included power converter inefficien-
cies (∼10%). This reduction in in-situ performance com-
pared to manufacturers’ tests has been noted elsewhere
e.g. (Clarke et al. 1996).

The car park model also accounted for the lighting
loads for the car park bays, stairwells and a small office
along with 500W of load for the office IT. There were
some 520 light fittings each with a full power demand of

Figure 10. PV array annual energy yield vs slope.

58W, dimmable to 12W (GCC 2018), which were subject
to daylighting and occupancy sensitive controls control.
Daylighting control allowed 25% of lights to be switched
off when daylight levels were suitable (computed by ESP-
r). Further, occupancy control temporarily increased the
light output of 3 light fittings from the default (dimmed
state) in the immediate vicinity of vehicles to full power
(GCC 2018); this used the vehicle charging data from the
charging algorithm to estimate vehicle presence and the
dynamic changes in lighting demand.

Charging hub electrical model
To assess the interaction between the PV, battery, charg-
ing load and the network, an electrical load flow model
was created as shown in Figure 12. This integrates the
othermodel components: PV array, EV charging demand,
other car park electrical loads, and also includes the
buffering battery and connection to the local low voltage
(LV) grid. The battery, PV array and charging hubs are all
connected via converters to a common AC busbar, and
the battery and grid connection are bi-directional. The
battery can reconcile short term-temporal mismatches

Figure 12. Car park charging hub electrical load flowmodel.

Figure 11. Simulated car park half-hourly PV output.
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Table 5. Battery parameters used with the model (GCC 2018).

battery capacity (CMAX ) 0–500 kWh
minimum state of charge (SOCMIN) 0.2
charging efficiency (ηC ) 0.960
discharge efficiency (ηD) 0.972
battery standing loss (ε) 6.25× 10−5 of CB(t) per time step
converter efficiency (ηX ) 0.9

between the availability of PV-generated electricity and
vehicle charging.

The basic equation for the determining power exch-
anged between the different elements of Figure 12 was
as follows.

PLV = PEV − PPV − POL ± PB (21)

where PLV is the power exchanged with the low voltage
grid (LV), so the system can either import or export power
when the battery PV cannot support charging or export
power when the battery is full and PV output exceeds
charging demand. The battery state of charge was deter-
mined as follows.

CB(t + �t) = (1 − ε)CB(t) ± PB (22)

SOCB = CB(t + �t)

CB MAX
(23)

The battery power flow, PB, was determined by the bat-
tery operating strategy.2 If there was available energy
from the PV, and the total demand (vehicle charging
demand and other electrical loads), PTD = PEV + POL, was
less than the PVgeneration,PPV , then thebattery charged.
Where the PV output power exceeded the battery’s max-
imum charging rate, then the surplus was spilled to the
grid. If there was energy available from the PV, but this
was less than the total demand, the battery discharged to
help meet the demand – if there was sufficient charge in
the battery. Only where the PV and battery output were
insufficient to meet the demand, was power drawn from

the grid (Table 5).

PB =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ηCηX(PPV − PTD), if SOCB < 1 ∧ PPV > PTD
PTD − PEV

ηDηX
,

if SOCB > SOCMIN

∧PPV < PTD
0 otherwise

(24)

The fleet of chargers at the hub is shown in Table 6.

Simulationmethodology

To assess the impact that the numbers of EVs using the
hub and the battery size had on performance, the follow-
ing parameters were explored:

• the vehicles supported by the hub were varied
between 0 and 500; the car park has 1170 spaces. With
an average occupancy of 82% City Parking Glasgow
(2015), 500 EVs represents approximately half of all
vehicles frequenting the car park; a scenario not likely
to occur until the late 2030s, given current projections
(Hirst 2020).

• the battery size was varied between 0 and 500 kWh;
the upper value is sufficient to store the typical
daily electrical output from the PV array, after vehicle
charging.

In total, 90 operating caseswere analysed. As an objec-
tive was to assess peak power flows, no limits were set
on the power that could be drawn from or exported to
the network and the power that could be accepted by or
discharged from the battery.

The basic process for the simulation of the car park
operating cases was as follows.

• Stage 1 The vehicle charging model (Equat-
ions (1)–(14)) was run to determine the half-hourly
electrical demand profiles for 10, 20, 50, 100, 200, and
500 vehicles using the car park.

• Stage 2 Annual ESP-r building simulations were then
run with Glasgow climate data and each of the EV

Table 6. Charger ‘fleet’ used with the model (ChargePlace Scotland 2023).

Charger information Connector information

Charger Type Number of connectors Maximum Power (kW) Type Maximum Power (kW) Type Maximum Power (kW) Type

OC4S 1 2 22 Fast 22 22 Fast 22
OC4S 2 2 22 Fast 22 22 Fast 22
OC4S 3 2 22 Fast 22 22 Fast 22
OC4S 4 2 22 Fast 22 22 Fast 22
Rapid 1 3 51 RDCa 51 RAC2 43 RAC
Rapid 2 3 51 RDC 51 RAC 22 Fast 22
Rapid 2 3 51 RDC 51 RAC 22 Fast 22
aRDC – rapid DC; RAC – RAPID AC.



302 N. J. KELLY ET AL.

demand profiles to determine the PV output at half-
hourly intervals (Equations (15)–(20)), and the occu-
pancy and daylight sensitive lighting loads for the car
park.

• Stage 3 The car park electrical load flow model (fea-
turing the battery) was run for all operating cases
using the demand profiles from stage 1, the PV gen-
eration and lighting/small power loads from 2; solving
Equations (21)–(24), enabled the battery state, battery
charge/discharge and the import/export with the grid
to be computed at half-hourly intervals.

Note, for each case analysed with the load flowmodel,
performance was simulated over two calendar years
using two-year-long time series, comprising duplicated
annual profiles of PV output, EV demand and light-
ing/SPL demand. The first year of data was used for pre-
simulation, and only the second year’s data was used in
the analysis. This ensured that the starting SOC of the
battery at the beginning of the simulated period was
based on calculated values and not a guesstimate, as for
larger battery sizes, the starting SOChad an impact on the
annual results.

The metrics derived from each operating case were as
follows.

• The fraction of hub electrical load that was supplied by
the PV – the renewable energy contribution (REC), and
a complimentarymetric the renewable utilization frac-
tion (RUF). The higher value of REC and RUF, the more
local, zero-carbon electricity is being used to charge
vehicles and power the car park loads, rather than
being drawn from the grid.

• The energy exchanges with the grid – this information
was used to calculate the carbon emissions associated
with the charging hub.

• The peak power imported or exported to the electricity
network – the latter has an impact on the viability of
the EV charginghub scheme, as higher the peak power
flows require a larger investment in infrastructure to
support charging and may require that the surround-
ing network is reinforced.

• The state of charge (SOC) and power flows associated
with the battery – this is useful in determining a best-fit
battery size to support EV charging and understand-
ing the characteristics of electrical power and energy
exchanges with the network.

Results and discussion

Figure 13 illustrates the basic time series outputs from the
model for the case of a fleet of 50 vehicles serviced by the
hub, with a 100 kWh battery. It shows the PV generation

and EV charging load, exported and imported power, and
the battery SOC respectively, for one simulated year. The
data highlights the strong seasonality of PV generation
in a Glasgow climate, with relatively little power produc-
tion in the winter months; this is reflected in the export
of energy to the grid occurring mainly between mid-
February toOctober. Import of energy occurs throughout
the year (but reduces April – October), when solar and
stored energy in the battery is not sufficient to support
charging. The battery state of charge (SOC) is regularly at
100% April to October, but drops over the winter period.

Overall energy supply and demand

The total annual energy from the PV array, after conver-
sion and shading losseswas approximately 159MWh. The
non-EV demand was approximately 78MWh. The total
simulated demand for the different numbers of vehicles
using the charging hub is as shown in Table 7.

The net demand of the car park with a clientele of just
over 50 EVs could be fully offset by the 200 kWp PV array
of the car park.

Renewable energy contribution and renewable
utilization fraction

Thesemetrics show the contributionof renewable energy
to the overall demand of the hub, and the amount of
renewable energy from the PV array that was used to
meet local needs, respectively. The renewable energy
contribution was calculated as follows:

REC = 100 ×
[
1 − Annual Imported Energy(kWh)

Annual Energy Demand(kWh)

]

(25)

And the renewable utilization fraction (RUF) was calcu-
lated using:

RUF = 100 ×

⎡
⎢⎢⎢⎣1 − Annual Exported Energy(kWh)

Annual Renewable
Energy Output(kWh)

⎤
⎥⎥⎥⎦
(26)

Figure 14 shows the REC and RUF, for vehicle numbers
between 10 and 500 and battery sizes between 0 and
500 kWh. The REC decreased with increasing numbers
of vehicles. The maximum possible REC was 80% with
10 vehicles, dropping to under 20% with 500 vehicles.
Increasing battery size generally increased the REC, but
for the 500-vehicle case, increasing battery size made
a minimal difference. The RUF increased as the load-
ing from vehicles increased. At lower vehicle loadings,
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Figure 13. Example of time series output from the simulation, for the case with 50 vehicles and 100 kWh battery.
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Table 7. Annual simulated electrical demandwith different num-
bers of vehicles using the huba.

Vehicles 10 20 50 100 200 500

EV Demand (MWh) 17.5 29.3 71.9 156.8 302.6 732.0
Total Car Park Demand
(MWh)

95.9 107.7 150.3 235.2 381.1 810.4

aAs the EV charging profiles are generated using a probabilistic model, the
increases in energy demand will not be exact multiples of the number of
vehicles.

the RUF also increased with battery size, due to reduced
export of power to the electricity network.

The addition of a relatively small battery (less than
100 kWh), significantly improved the RUF, the localized
use of the PV generated power. For example, with 10 EVs
using the hub, the RUF was approximately 26% with no
battery, rising to 47% with a 100-kWh battery.

Adding additional battery capacity above approxi-
mately 100 kWh, resulted in more marginal improve-
ments in performance. For example, for the same EV case
with a 100 kWh and 500 kWh supporting battery capacity,
the RUF only increased from 47% to 55%.

Import and export of electricity

The annual electrical energy imported from the grid to
support the hub is shown in Figure 15, the numbers of
vehicles using the hub dominated this metric. For exam-
ple, for the 10-vehicle case with no battery, over 57 MWh
of imported electricity was required, whilst with 500 vehi-
cles over 666MWhof electricitywas imported. For smaller
numbers of vehicles using the hub, a relatively small bat-
tery size of less than 100 kWh made a significant reduc-
tion to imported energy. For example, with 50 vehicles
using the hub, the electrical energy imported from the
grid to support charging was some 91MWh with no bat-
tery. A 50 kWhbattery reduced the electricity imported to
approximately 75MWh.

Figure 16 shows that the peak imported electrical
powerwasonly sensitive tobattery sizewhere small num-
bers of vehicles were serviced by the hub. Above 50 EVs,
the sensitivity was minimal. The principal reason for this

Figure 15. Imported electrical energy against battery size for
different vehicle fleets.

Figure 16. Peak imported power against battery size for different
vehicle fleets.

insensitivity was that the peak power drawn was in mid-
winter when the PV contribution to charging was mini-
mal. Consequently, the magnitude of power drawn was
mainly a function of the numbers of vehicles charging
simultaneously.

At lower vehicle loads (< 50 vehicles) and larger bat-
tery sizes, the stored PV energy was enough to supply
some of the vehicle charging demand throughout the
year, and the peak imported electrical power and energy,
were reduced.

Exported electrical energy (Figure 17) was very depen-
dent on vehicle numbers, it reduced with increasing load
from EVs. For smaller vehicle numbers (<50EVs). For a
given vehicle load the annual exported energy reduced
markedly for battery sizes between 1 and 100 kWh and

Figure 14. REC and RUF (expressed as a %) for different supporting battery sizes and vehicle fleets.
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Figure 17. Exported electrical energy against battery size for dif-
ferent vehicle fleets.

Figure 18. Peak exportedelectrical power against battery size for
different vehicle fleets.

was then relatively insensitive to increasing battery size.
For example, with 20 vehicles using the hub, the electri-
cal energy exported to the network was 107MWh with-
out a supporting battery; this dropped to 79MWh with a
battery capacity of 100 kWh and 66 MWh with a battery
capacity of 500 kWh. For 100 and 200 vehicles the drop
in exported energy continued as battery size increased.
With 500 vehicles, there was no export of energy above
battery sizes of 100 kWh.

Peak exported power was little affected by battery
buffering for cases below 200 vehicles. With 200 and

500 vehicles, the peak demand dropped as battery size
increased (Figure 18).

The reason for this drop in peak export power with
larger battery capacities and vehicle numbers was that
with this large number of vehicle charges, the battery
generally had a low SOC (Figure 19), so surplus power
was used primarily to charge vehicles directly, with a lim-
ited surplus available to charge the battery, but not to
full capacity. For battery capacities below 200 kWh and
smaller numbers of vehicles using the hub, the peak
exported power was largely dictated by the output from
the fixed-size PV array as peak exported power occurred
in summer, when the battery was close to full SOC and
vehicle charging demand was low (Figure 20).

Battery state of charge (SOC)

The battery average state of charge (SOC) over the sim-
ulated period was primarily dictated by the number of
vehicles using thehub. For example,with 10 EVs, the aver-
age SOC for a 100 kWh battery was approximately 45%.
Whilst with 200 EVs, the average SOC for the samebattery
dropped to around 19% (Figure 21).

The average SOC (for a given number of vehicles) was
sensitive to small battery capacities (smaller than 10 kWh)
and relatively insensitive with battery capacities above
200 kWh. At lower vehicle loadings, below 100 EVs, aver-
age SOC initially dropped for small battery capacities
(<10 kWh) then rose with increasing battery size to a
near-stable value.

Carbon emissions

The carbon emissions associated with the hub are shown
in Figure 22. These were calculated by firstly consid-
ering the electrical energy imported Ei (kWh) from the
grid by the charging hub at each time increment t. The

Figure 19. Simulated variation in PV output, vehicle demand, battery SOC, power export and import on 20/21 June for the case with
500 vehicles and 500 kWh battery.
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Figure 20. Simulated variation in PV output, vehicle demand, battery SOC, power export and import on 20/21 June for the case with 50
vehicles and 50 kWh battery.

Figure 21. Average battery state of charge (expressed as a %)
against battery size for different vehicle fleets.

carbon emissions associated with vehicle charging are
therefore:

Ci(t) = Ei(t)γ (t) (27)

To account for the temporal variability in charging
demand and of UK electricity carbon intensity (i.e. peak
vehicle charging at times of higher carbon intensity
of grid electricity) a time varying grid carbon intensity
γ (t) was applied, rather than the average intensity. This
was determined for every hour of the simulated year
using data on the UK generating mix from Elexon (2021)
and carbon intensity data on different generation types
(Staffell 2017).

γ (t) = Fa(t)δa + Fb(t)δb + · · · + Fn(t)δn (28)

where Fx is the contribution of generator type x at time t
and δx is its associated carbon intensity (kg/kWh).

Secondly, the carbon offset from PV export (Ei kWh) to
the grid, was calculated as follows.

Cx(t) = Ex(t)γ (t) (29)

Figure 22. Net carbon emissions due to use of PV and battery
against battery size for different vehicle fleets.

The total, net carbon emissions associated with charging
are therefore calculated as follows.

Ce =
∫ t=T

t=0
[Ci(t) − Cx(t)]dt (30)

The net emissions were dictated by the number of vehi-
cles serviced by the hub. Below 50 vehicles, the net car-
bon emissions are approximately zero or negative, indi-
cating that the PV canopy offsets more carbon than is
associatedwith charging. However, above this number of
vehicles serviced, the PV generation cannot offset charg-
ing and net emissions turn positive. The size of the sup-
porting battery makes little difference to the results.

Final comments

There are some caveats regarding these results and their
interpretation.

Thedata used togenerate the EV chargingmodel char-
acteristics (the CDFs, daily charging modifier, etc.) was
based on the use of charge points in Scotland. How-
ever, if the model is applied to other countries then re-
calibration using local datawould need to be undertaken,
and the veracity of the output tested against, preferably,
and independent dataset.
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The data sets usedwas collected from free-to-use pub-
lic charge points. Imposing a cost for charging could
result in different in charging behaviour, compared to
thatmodelled in this paper, e.g. more use of home charg-
ing and less frequent use of public charge points, and this
would impact the results.

Itwas assumed that therewouldbeunrestrictedaccess
to charge points for all vehicles using the hub and con-
sequently no queuing. The EV charging algorithm also
tracked occupancy of charge points and analysis of this
information indicated that even with 500 vehicles using
the hub, there was no charge point congestion. However,
this assumes that access to the chargingpointwas is freed
upat the endof the chargingperiod,with no chargepoint
‘hogging’ (Milukic, n.d.). If significant charge point con-
gestionwere tooccur, as EVpopularity increases, then the
shape of the demand profiles would change from those
generated for this exercise.

Charging was assumed to occur at full power until the
final time interval of the charge,when the chargingpower
was reduced. In reality, tapering of the charge delivered
to a vehicle is likely to occur well before the end of charg-
ing and so the calculation of the charge delivered to the
vehicle shouldbe refined in future iterations of themodel.

The simulations reported here only tested the battery
operating in buffer mode (absorbing surplus power from
the PV). Other strategies such as overnight top-up and
peak shaving remain to be tested with this model.

Lastly, the carbon savingspresentedarebasedon2021
UK emissions data (Elexon 2021). The UK electricity sys-
tem is in a rapid state of decarbonization. Consequently,
as the carbon intensity of grid electricity decreases, so
the savings associated with PV supported charging will
decrease.

Conclusions

This paper has described the development of a statisti-
cal electric vehicle (EV) charging model, its application
to assess the value of a car-park-based photovoltaic (PV)
array with battery to support vehicle charging at a pro-
posed EV charging hub in Glasgow, Scotland.

Over 90 use cases were analysed, where the battery
capacity (kWh) was varied between 0 and 500 kWh and
the number of vehicles using the hub varied between 0
and 500.

The peak simulated PV power output for the car park
array of 139 kW was significantly less than the installed
PV capacity of 200 kWp. PV output was strongly seasonal
with little useful power output in the winter months and
a surfeit of power (for most of the cases modelled) in
summer.

The renewable energy contribution (REC), renewable
utilization fraction (RUF) and energy exchanges with the
grid were primarily dictated by the number of EVs using
the hub.

The simulation results indicated that a relatively small
battery capacity (100 kWh or less) made a significant
difference to the REC and RUF, and reduced energy
exchanges with the grid.

The impact of the PV and battery on peak imported
power was marginal. With less than 50 vehicles, peak
power imports from the grid reduced slightly with
increasingbattery size, but above this number of vehicles,
the battery size had a minimal effect and the peak was
dictated by the number of vehicles charging.

Peak exported power reducedwith battery size ifmore
than 200 vehicles used the hub, but below this load level
thenumberof vehicles andbattery sizemademinimal dif-
ference. Instead, the peak power exported was dictated
by the size of the installed PV array.

The hub was carbon neutral or carbon positive when
servicing less than 50 vehicles, as the exported PV elec-
trical energy offset the electrical energy used for EV
charging.

Notes

1. It should be noted that individual driver behaviours would
likely be very different for those predicted by the model
and so the model not suitable for the purpose of modelling
individual vehicle behaviour.

2. Note that other battery operating strategies are can be
testedwith themodel including overnight top-up and peak
demand shaving, however only the battery operating in a
buffering capacity is assessed here.
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Nomenclature

c specific heat J/kgK
c cumulative probability 0–1 or 0–100%
C capacity kWh
Ce net carbon emissions kg
Ci EV charging carbon

emissions
kg

Cx carbon offset from PV
exports

kg

d modifier (–)
e charge on an electron

(1.602177× 10−19)
C

E Energy kWh
f fraction 0–1
F generator fraction 0–1
I current A
k Boltzmann constant

(1.380649×10−23)
J/K

m number of parallel con-
nected branches in a
panel

–

M mass kg
n number of series connected

cells in a branch
–

p probability 0–1 or 0–100%
P power W
q number of panels –
Q̇ solar insolation W/m2

REC renewable energy
contribution

0–100%

RUF renewable utilisation factor 0–100%
SOC state of charge 0–100%
T temperature K
t time S
�t time increment s
V voltage V
X random variable 0–1 or 0–100%

Greek Symbols
β temperature sensitivity

coefficient
–

δ generator carbon intensity kg/kWh
γ time dependent grid carbon

intensity
kg/kWh

ε battery standing loss 0–1
λ diode factor –
η efficiency 0–1

Subscripts
B battery
C charge
chd daily charge
chd′ modified daily charge
chE charge energy
chs charge start
chx charge in period x
cp charge point

D discharge
E energy
EV electric vehicle
G generation current
i event, layer or number of charges per week
j PV material layer or charging time interval
k charge energy taken
L light generated current
LV low voltage
m modifier
MIN minimum
MAX maximum
OL other electrical loads
OC open circuit
MP maximum power point
PV photovoltaic
ref reference value
s start time
SOL solar
SC short circuit
t time
TD total demand
v vehicle
x variable, period
X converter

ORCID

N. J. Kelly http://orcid.org/0000-0001-8621-105X
J. W. Hand http://orcid.org/0000-0001-5541-3548

References

Birnie, D. P., III. 2009. “Solar-to-vehicle (S2V) Systems for Pow-
ering Commuters of the Future.” Journal of Power Sources
186 (2): 539–542. https://doi.org/10.1016/j.jpowsour.2008.
09.118.

Callaway,D. 2009. “Tapping theEnergyStoragePotential in Elec-
tric Loads to Deliver Load Following and Regulation, with
Application toWind Energy.” Energy Conversion andManage-
ment 50 (5): 1389–1400. https://doi.org/10.1016/j.enconman.
2008.12.012.

CCC (Committee on Climate Change). 2022. Progress in Reduc-
ing Emissions – 2022 Report to Parliament. London: Climate
ChangeCommittee. Accessed February 2, 2023. https://www.
theccc.org.uk/publication/2022-progress-report-to-parli
ament/.

ChargePlace Scotland. 2023. “ChargePlace Scotland Live Map,
App.” ChargePlace Scotland live map – Charge Place Scot-
land. Accessed March 1, 2023.

Chaudhari, K., A. Ukil, K. N. Kumar, U. Manandhar, and S.
K. Kollimalla. 2018. “Hybrid Optimization for Economic
Deployment of ESS in PV-Integrated EV Charging Stations.”
IEEE Transactions on Industrial Informatics 14 (1): 106–116.
https://doi.org/10.1109/TII.2017.2713481.

City Parking Glasgow. 2015. “Operational performance Quarter
3.” Report to Glasgow City Council. Accessed May 29, 2020.
http://www.glasgow.gov.uk/Councillorsandcommittees/view
SelectedDocument.asp?c= P62AFQUTZ3UTT1NT.

http://orcid.org/0000-0001-8621-105X
http://orcid.org/0000-0001-5541-3548
https://doi.org/10.1016/j.jpowsour.2008.09.118
https://doi.org/10.1016/j.enconman.2008.12.012
https://www.theccc.org.uk/publication/2022-progress-report-to-parliament/
https://doi.org/10.1109/TII.2017.2713481
http://www.glasgow.gov.uk/Councillorsandcommittees/viewSelectedDocument.asp?c=P62AFQUTZ3UTT1NT


JOURNAL OF BUILDING PERFORMANCE SIMULATION 309

Clarke, J. A., J. W. Hand, C. M. Johnstone, N. Kelly, and P. A.
Strachan. 1996. “Photovoltaic-integrated Building Facades.”
Renewable Energy 8 (1-4): 475–479. https://doi.org/10.1016/
0960-1481(96)88902-6.

DFT (Department for Transport). 2018. “The Road to Zero – Next
Steps towards Cleaner Road Transport and Delivering our
Industrial Strategy.” DFT Report. London.

Doroudchi, E., K. Alanne, Ö Okur, J. Kyyrä, and M. Lehto-
nen. 2018. “Approaching net Zero Energy Housing Through
Integrated EV.” Sustainable Cities and Society 38: 534–542.
https://doi.org/10.1016/j.scs.2018.01.042.

Elexon. 2021. “Balancing Market Data.” Accessed May 28, 2022.
https://www.bmreports.com/.

Energy Plus. 2023. “Software.” Accessed March 29, 2023.
https://energyplus.net/.

Equa Simulation Ltd. 2023. "EQUA simulation software", https://
www.equa.se/en/.

ESRU (Energy Systems Research Unit). 2023. “ESP-r Software.”
Accessed February 28, 2023. http://www.esru.strath.ac.uk/ap
plications/esp-r/.

Fachrizal, R., M. Shepero, M. Åberg, and J. Munkhammar. 2022.
“Optimal PV-EV Sizing at Solar Powered Workplace Charg-
ing Stations with Smart Charging Schemes Considering Self-
Consumption and Self-Sufficiency Balance.” Applied Energy
307: 118139. https://doi.org/10.1016/j.apenergy.2021.11
8139.

Fowler, R., O. Elmhirst, and J. Richards. 2018. “Electrification in
the United Kingdom: A Case Study Based on Future Energy
Scenarios.” IEEE Power and Energy Magazine 16 (4): 48–57.
https://doi.org/10.1109/MPE.2018.2822864.

GCC (Glasgow City Council). 2018. “Specifications for the Duke
St Car Park PV Canopy.” Glasgow City Council Project Report.

Hardman, S., A. Jenn, G. Tal, J. Axsen, G. Beard, N. Daina, Erik
Figenbaum, et al. 2018. “A Review of Consumer Preferences
of and Interactions with Electric Vehicle Charging Infras-
tructure.” Transportation Research Part D: Transport and Envi-
ronment 62: 508–523. https://doi.org/10.1016/j.trd.2018.04.
002.

Hirst, D. 2020. “Electric Vehicles and Infrastructure, House of
Commons Library.” Briefing Paper 7480.

Huang, P., J. Munkhammar, R. Fachrizal, M. Lovati, X. Zhang, and
Y. Sun. 2022a. “Comparative Studies of EV Fleet Smart Charg-
ing Approaches for Demand Response in Solar-Powered
Building Communities.” Sustainable Cities and Society 85:
104094. https://doi.org/10.1016/j.scs.2022.104094.

Huang, P., R. Tu, X. Zhang, M. Han, Y. Sun, S. A. Hussain, and L.
Zhang. 2022b. “Investigation of Electric Vehicle Smart Charg-
ing Characteristics on the Power Regulation Performance
in Solar Powered Building Communities and Battery Degra-
dation in Sweden.” Journal of Energy Storage 56: 105907.
https://doi.org/10.1016/j.est.2022.105907.

Kane, M. 2017. “2017 Mitsubishi Outlander PHEV Gets Perfor-
manceUpgrade, SlightlyMore Range.” Inside EVs,OnlineArti-
cle. Accessed December 18, 2022. https://insideevs.com/ne
ws/331933/2017-mitsubishi-outlander-phev-gets-performan
ce-upgrade-slightly-more-range/.

Kane, M. 2022. “New Tesla Model 3 RWD (LFP 60 kWh)
Gets Remarkable Winter Range.” Inside EVs Online Article.
AccessedMarch 24, 2023. https://insideevs.com/news/56312
5/tesla-model3-60kwh-winter-range/.

Kelly, N. J. 1998. “Towards a Design Environment for Building-
Integrated Energy Systems: The Integration of Electrical

Power FlowModelling with Building Simulation.” PhD thesis,
University of Strathclyde.

Kelly, N., A. Samuel, and J. Hand. 2015. “Testing Integrated
Electric Vehicle Charging and Domestic Heating Strategies
for Future UK Housing.” Energy and Buildings 105: 377–392.
https://doi.org/10.1016/j.enbuild.2015.07.044.

Korkas, C. D., M. Terzopoulos, C. Tsaknakis, and E. B. Kos-
matopoulos. 2022. “Nearly Optimal Demand Side Manage-
ment for Energy, Thermal, EV and Storage Loads: An Approx-
imate Dynamic Programming Approach for Smarter Build-
ings.” Energy and Buildings 255: 111676. https://doi.org/10.10
16/j.enbuild.2021.111676.

Longi Solar Ltd. 2020. Datasheet, LR4-72 HPH 455MG2.
Milukic, M. G. n.d. “How to Solve Hogging and ICEing Issues at

EV Charging Stations in theUK.” Online Article, British Parking
Association. AccessedDecember 20, 2022. https://www.britis
hparking-media.co.uk/blogs/guest-post-how-to-solve-hogg
ing-and-iceing-issues-at-ev-charging-stations-in-the-uk.

Molina, D., C. Hubbard, C. Lu, R. Turner, and R. Harley. 2012.
“Optimal EV Charge-discharge Schedule in Smart Residential
Buildings.” In IEEE Power and Energy Society Conference and
Exposition in Africa: Intelligent Grid Integration of Renewable
Energy Resources (PowerAfrica), Johannesburg, 1–8. IEEE.

Mottillo, M., I. Beausoleil-Morrison, L. Couture, and Y. Pois-
sant. 2006. “A Comparison and Validation of Two Pho-
tovoltaic Models.” Canadian solar buildings conference,
Montreal.

Mouli, G. C., P. Bauer, and M. Zeman. 2016. “System Design for
a Solar Powered Electric Vehicle Charging Station for Work-
places.” Applied Energy 168: 434–443. https://doi.org/10.10
16/j.apenergy.2016.01.110.

Pareschi, G., L. Küng, G. Georges, and K. Boulouchos. 2020. “Are
Travel Surveys a Good Basis for EV Models? Validation of
Simulated Charging Profiles Against Empirical Data.” Applied
Energy 275: 115318. https://doi.org/10.1016/j.apenergy.2020
.115318.

Park,M., Z.Wang, L. Li, andX.Wang. 2023. “Multi-objectiveBuild-
ing Energy System Optimization Considering EV Infrastruc-
ture.” Applied Energy 332: 120504. https://doi.org/10.1016/j.
apenergy.2022.120504.

Ramirez-Mendiola, J. L., G. Mattioli, J. Anable, and J. Torriti.
2022. “I’m Coming Home (to Charge): The Relation Between
Commuting Practices and Peak Energy Demand in the
UnitedKingdom.” EnergyResearch&Social Science88: 102502.
https://doi.org/10.1016/j.erss.2022.102502.

RUGGEDISED. 2023. Accessed March 18, 2023. https://ruggedis
ed.eu/legacy/.

Scottish Government. 2021. Heat in Buildings Strategy – Achiev-
ing net Zero Emissions in Scotland’s Buildings. Edinburgh: Scot-
tish Government Publication. Accessed 28/03/2022 https://w
ww.gov.scot/publications/heat-buildings-strategy-achieving
-net-zero-emissions-scotlands-buildings/.

Staffell, I. 2017. “Measuring the Progress and Impacts of Decar-
bonising British Electricity.” Energy Policy 102: 463–475.
https://doi.org/10.1016/j.enpol.2016.12.037.

Strachan, P. A., G. Kokogiannakis, and I. A. Macdonald. 2008.
“History and Development of Validation with the ESP-r Sim-
ulation Program.” Building and Environment 43 (4): 601–609.
https://doi.org/10.1016/j.buildenv.2006.06.025.

Svetozarevic, B., C. Baumann, S. Muntwiler, L. Di Natale,
M. N. Zeilinger, and P. Heer. 2022. “Data-driven Con-
trol of Room Temperature and Bidirectional EV Charging

https://doi.org/10.1016/0960-1481(96)88902-6
https://doi.org/{\T1\textquotedblleft }The Road to Zero {\T1\textendash } Next Steps towards Cleaner Road Transport and Delivering our Industrial Strategy.{\T1\textquotedblright } DFT Report. London.
https://doi.org/10.1016/j.scs.2018.01.042
https://www.bmreports.com/
https://energyplus.net/
https://doi.org/https://www.equa.se/en
http://www.esru.strath.ac.uk/applications/esp-r/
https://doi.org/10.1016/j.apenergy.2021.118139
https://doi.org/10.1109/MPE.2018.2822864
https://doi.org/10.1016/j.trd.2018.04.002
https://doi.org/10.1016/j.scs.2022.104094
https://doi.org/10.1016/j.est.2022.105907
https://insideevs.com/news/331933/2017-mitsubishi-outlander-phev-gets-performance-upgrade-slightly-more-range/
https://insideevs.com/news/563125/tesla-model3-60kwh-winter-range/
https://doi.org/10.1016/j.enbuild.2015.07.044
https://doi.org/10.1016/j.enbuild.2021.111676
https://www.britishparking-media.co.uk/blogs/guest-post-how-to-solve-hogging-and-iceing-issues-at-ev-charging-stations-in-the-uk
https://doi.org/10.1016/j.apenergy.2016.01.110
https://doi.org/10.1016/j.apenergy.2020.115318
https://doi.org/10.1016/j.apenergy.2022.120504
https://doi.org/10.1016/j.erss.2022.102502
https://ruggedised.eu/legacy
https://www.gov.scot/publications/heat-buildings-strategy-achieving-net-zero-emissions-scotlands-buildings/
https://doi.org/10.1016/j.enpol.2016.12.037
https://doi.org/10.1016/j.buildenv.2006.06.025


310 N. J. KELLY ET AL.

UsingDeep Reinforcement Learning: Simulations and Experi-
ments.” Applied Energy 307: 118127. https://doi.org/10.1016/
j.apenergy.2021.118127.

Tulpule, P. J., V. Marano, S. Yurkovich, and G. Rizzoni. 2013. “Eco-
nomic and Environmental Impacts of a PV Powered Work-
place Parking Garage Charging Station.” Applied Energy 108:
323–332. https://doi.org/10.1016/j.apenergy.2013.02.068.

UK Government. 2019. “UK Government Climate Change Act
2008 (2050 Target Amendment) Order 2019.” Accessed May
6, 2020. https://www.legislation.gov.uk/ukdsi/2019/9780111
187654.

Wang, G. C., E. Ratnam, H. V. Haghi, and J. Kleissl. 2019.
“Corrective Receding Horizon EV Charge Scheduling Using

Short-term Solar Forecasting.” Renewable Energy 130: 1146–
1158. https://doi.org/10.1016/j.renene.2018.08.056.

Yan, Q., B. Zhang, and M. Kezunovic. 2019. “Optimized Opera-
tional Cost Reduction for an EV Charging Station Integrated
with Battery Energy Storage and PV Generation.” IEEE Trans-
actions on Smart Grid 10 (2): 2096–2106. https://doi.org/10.11
09/TSG.2017.2788440.

Zou, W., Y. Sun, D. C. Gao, X. Zhang, and J. Liu. 2023. “A Review
on Integration of Surging Plug-in Electric Vehicles Charging
in Energy-flexible Buildings: Impacts Analysis, Collaborative
Management Technologies, and Future Perspective.” Applied
Energy 331: 120393. https://doi.org/10.1016/j.apenergy.2022.
120393.

https://doi.org/10.1016/j.apenergy.2021.118127
https://doi.org/10.1016/j.apenergy.2013.02.068
https://www.legislation.gov.uk/ukdsi/2019/9780111187654
https://doi.org/10.1016/j.renene.2018.08.056
https://doi.org/10.1109/TSG.2017.2788440
https://doi.org/10.1016/j.apenergy.2022.120393

	Introduction
	Review
	Aim
	Contributions

	Dataset analysis and EV charging model development
	Developing a probabalistic EV charging model
	Weekly charging CDF and daily charging probability
	Charging start time CDF
	Charge taken CDF


	Charging algorithm
	Model testing
	Application – Glasgow car park EV charging
	HUB model
	Building simulation model
	Charging hub electrical model

	Simulation methodology

	Results and discussion
	Overall energy supply and demand
	Renewable energy contribution and renewable utilization fraction
	Import and export of electricity
	Battery state of charge (SOC)
	Carbon emissions
	Final comments

	Conclusions
	Notes
	Acknowledgements
	Disclosure statement
	Funding
	Data availability statement
	Nomenclature
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice




