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Abstract:

The potential for electric vehicles to obtain income from energy supplied to a commercial building
together with revenue accruing from specific ancillary service markets in the UK is evaluated in this
work. A hybrid time-series/probabilistic simulation environment using real-world data is described,
which is applied in the analysis of electricity trading with vehicle-to-grid to vehicles, buildings and
markets. Key parameters are found to be the electric vehicle electricity sale price, battery degradation
cost and infrastructure costs. Three vehicle-to-grid scenarios are evaluated using pool vehicle trip data,
market pricing index data and half-hourly electricity demand for a commercial building. Results show
that provision of energy to the wholesale electricity market with additional income from the capacity
market results in the greatest projected return on investment, producing an individual vehicle net
present value of ~£8,400. This is over 10 years for a vehicle supplying energy three times per week to
the half-hour day-ahead market and includes the cost of installing the vehicle-to-grid infrastructure. The
analysis also shows that net income generation is strongly dependent upon battery degradation costs
associated with vehicle-to-grid cycling.
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1. Introduction

In common with many other nations, the transition to a future energy system largely based on low or
zero-carbon electricity for services such as heating and transport, is predicted to result in significant
risks in terms of energy security of supply and cost for the UK [1]. In this context, electric Vehicles (EVs)
are projected to contribute up to 60% of total new car sales in the UK by 2030 [2], thus creating
significant extra demand on electricity networks, including during peak demand hours. One potential
opportunity to manage increasing electricity costs and demand spikes is the utilisation of EVs to act as
an aggregated energy store, providing peak shaving or demand shifting to both local buildings and to the
power system when demand is high. This is facilitated through vehicle-to-grid (V2G) technology, which
allows energy to flow both to and from the vehicle, facilitated by a bi-directional power converter. In
recent years, an increase in the number of V2G systems in Japan occurred as a result of grid insecurity
after the Fukushima disaster in 2011 [3-5]. As such, V2G can help provide a means of powering
buildings from a portable battery store, which can be re-charged at a different location on a regular
basis [5]. Such concerns are of lesser relevance in the UK however, where research indicates V2G uptake
will predominantly be related to system economics and CO, emissions as opposed to grid security [6—
10].

Management of fixed (as opposed to mobile) storage assets is relatively straightforward. However, EVs
inject additional complex considerations in comparison to static systems, such as vehicle usage, journey
requirements and location. One solution to the management of these disparate assets is through
aggregation services, a relatively well-established industry in the UK, with commercial service providers
aggregating small generation assets to address a range of balancing services [11]. Current aggregation
of assets includes generators and uninterruptible power supplies being used to reduce peaks in
electrical demand [12]. The term “Virtual Power Plant (VPP)” is used to describe geographically
dispersed generation and storage assets being exploited via web services, designed to provide
connection and control for all distributed energy resources available to the VPP operator [13]. This
allows greater opportunity for trading within the wholesale energy, capacity and ancillary markets with
generators that would otherwise be too small and dispersed to have any significant impact [14].
Aggregators also dictate where the energy available within the vehicles should be used, for building self-
consumption or exported for markets. It is this management system that facilitates the possibility of
energy use for multiple activities.

Crucial to the implementation of EVs as battery storage assets is the evaluation of UK energy markets
suitable for aggregated EV storage assets. There are several markets that are potentially appropriate,
including reserve services such as Short Term Operating Reserve (STOR), wholesale day-ahead market
and the capacity market, with STOR requirements specifying the minimum generation limit at 3MW
[15]. Being a pre-contracted balancing service, the provider delivers to a contracted level of power
when instructed to do so by the System Operator [15]. Another market potentially suitable for V2G buy-
in is the Capacity Market. This enables National Grid to buy energy capacity in advance, ahead of
delivery to guarantee investment in developing generation [16]. A limit of 2MW de-Minimis has been
set, under which any generation must be taken into an aggregation service [17]. The bidding and
delivery requirements are set by National Grid for each individual participant in the Capacity Market
depending upon their availability and National Grid requirements [17]. Thus, uptake through the
Capacity Market means that battery storage for arbitrage is more feasible than has been the case in
previous years.

In contrast, for the case of provision of electricity to buildings, the nature of the procurement and billing
arrangements employed by the building owner or tenants is significant. Commercial buildings operate
under several standard payment types including fixed rate tariffs, Time of Use Tariff (TOUT) and Triads.
TOUT presents an opportunity for EVs to supply energy directly to the building during peak demand
times when tariffs are highest, whilst triads avoidance (the three half hours in the year with the highest
national demand [18,19]) offers another opportunity. This billing system enables large consumers to pay



a lower fixed price for their electricity via the wholesale market [20]. Through using EVs to supply energy
to a building, the energy consumed during these triad periods can be reduced, therefore reducing the
energy bill of the commercial consumer during these high cost periods. As billing occurs post triad
occurrence, consumers often employ a triad forecasting service that allows them to estimate when the
triad period may occur and therefore respond accordingly.

Research suggests there is potential for V2G trading in electricity markets. However the relationship
between vehicle use, building demand and market requirements is relatively unknown [21][22]. There
is little known about the potential of aggregation of EVs for supply into STOR, the capacity market or
local demand self-consumption. Utilisation of EVs for storage of excess PV generation to re-distribute
into buildings during periods of high demand or high cost, such as TOUT or triad periods, also presents
possibilities. Again, relevant research is sparse and little is known as to the impact electricity pricing will
have on V2G suitability for the UK market.

This research paper evaluates the potential income generation from V2G services for three different
V2G scenarios; building self-consumption and provision to two different markets — STOR and the
Wholesale market. The overall aim is to identify key scenarios where income can be generated through
the sale of electricity from EV batteries, either to buildings or to external markets. This is made possible
through development of a data-driven Monte Carlo based modelling methodology. The modelling
approach taken allows for multiple scenarios to be reviewed using real-world data input.

2. Methodology
This research uses a data-driven Monte Carlo-based analysis to evaluate the economic potential of EVs

with V2G technology providing building energy and network support services. The modelling
methodology builds upon probabilistic and stochastic methods previously carried out [23-25] along with
agent-based modelling [26,27], system dynamics approaches [28,29], linear and non-linear
programming [30] and stochastic modelling [31,32]. Of note in the present work is its simulated and
empirical data-driven approach, which utilises vehicle usage data, building demand, renewable energy
generation and ancillary market data to simulate the economic potential of EVs with V2G. The system of
interest is illustrated in Figure 1 to demonstrate model data flows. This indicates how vehicles might
operate in practice and the key elements of a V2G enabled energy scenario.
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Figure 1 - System conceptual model, showing system boundary, key components and data flows



2.1 Scenario Analysis

The modelling approach allows simulation of multiple vehicles within several pre-defined V2G energy
and network support scenarios. All variables are pre-defined prior to simulation, and various scenarios
are selected to evaluate economic viability. Simulation outputs relate to building energy cost savings,
vehicle-related income generation and battery degradation costs. A modelling process diagram is

shown in Figure 2.
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Figure 2 — Simple Software Process Diagram

All scenarios include building energy support together with specific ancillary electricity market supply
and scenarios were designed in light of previous work [33], in which building energy supply and market
provision to STOR and the wholesale electricity market were identified as key potential opportunities for
V2G-enabled services. Specific scenarios are summarised in Table 1.

Table 1 — Energy scenario summary table

Energy Support Scenarios

Simulates peak shaving for a commercial building. A flat rate electricity tariff is
assumed, along with the cost of re-charging the EV after use. Vehicles discharge
at any time when they are available throughout the day and when the building
is consuming electricity from the grid.

Simulates time of use demand response. Two tariffs are specified, along with
Scenario B2 | the time periods during which the tariffs operate. Vehicles discharge during the
most expensive tariff period, and re-charge during the lower cost period.

Same as scenario B1, but vehicles charge from PV if there is an excess of PV

Scenario B1

S io B3 . . . . .
cenario generation at any time, which would have otherwise been exported to the grid.
. Same as scenario B2, but vehicles charge from PV if there is an excess of PV
Scenario B4 . . . . .
generation at any time, which would have otherwise been exported to the grid.
Scenario M1 Simulates vehicles supplyl'ng STOR sgrwces. Demand periods are simulated
based on STOR call-out periods and tariffs.
Uses wholesale market pricing to identify where the maximum income
. generation could be achieved per vehicle. Simulated discharge during this
Scenario M2

period and then the income generated includes the capacity market with the
wholesale market % hourly pricing index.

2.2 Monte Carlo Simulation

Vehicle availability for service provision is simulated using real-world field-trial data and a Monte Carlo
simulation approach to derive arrival and departure times of the vehicle. This approach is based on
previous work [34], and initially involves comparing the probability of a vehicles arrival or departure per
time step against a randomly distributed variable using a transition probability matrix. Based on the
simulated arrival time for the vehicle, the duration of a vehicle’s residence time at the V2G station is
then simulated using an associated normal distribution curve for duration of stay derived from the field
trial dataset. This process is repeated if multiple vehicle journeys throughout the day are specified.



2.3 Modelling Environment, Inputs and Implementation

2.3.1 Electric Vehicle Arrival State of Charge

The extent to which an EV can provide V2G services is dependent upon the amount of energy available
within the battery. Therefore, simulation of the EV battery SoC upon its arrival and the energy required
for departure is required to calculate the energy available for V2G service provision. Analysis of real-
world data results in a normal distribution for journey distances travelled, which is used to sample
arrival and departure times. The energy consumed for each journey is then calculated using the
ARTEMIS (Assessment and Reliability of Transport Emission Models and Inventory Systems) drive cycle
[35]. These are deemed representative of real-world drive cycles based on European driving behaviour
and have been shown to be more accurate than other drive cycles previously developed [35]. Table 2
shows ARTEMIS Values for urban, road and motorway driving.

Table 2 — Calculated ARTEMIS drive cycle values (based on data from [36])

Drive Cycle | Value (kWh/100km)
Urban 16.86
Road 13.05
Motorway 19.78

Depending on the specific drive cycle adopted (or the mean of the three for a combined drive cycle),
these values are then used to calculate the energy consumed per journey (E;) as per equation (1), where
Ay is ARTEMIS value and J; is journey distance in km.

Ay

E, =
1= 100 *

Ip
(1)

The energy available for V2G services (Ey,g) is then calculated using equations (2) - (4), where Agc is
arrival battery capacity, Dgcis departure battery capacity, DE,is the departure journey energy consumed
and Bg is the minimum state of charge for the vehicle battery;

ABC =100 — E]

(3)

Eyac = Apc — Dgc

(4)

2.3.2 Electric Vehicle Discharge
The energy available for V2G services per 30-minute time step (Eay) is related to the time and battery
energy available and the discharge (or charge) efficiency, as defined in equations (5) and (6) [37].

_ocv—-v
T= "ocv

(5) [37]
Where n is charge efficiency (%), OCV is open-circuit voltage and V is voltage.
The new state of charge (SoC) per half-hour time step is then calculated [37].

1
SoC(t) = SoC(0) — fl.dt
Cbat
(6) [37]

Where SoC is state of charge and Cy,; is battery capacity.



The energy available per time step can then be calculated as a linear function of energy and time
available. The same process is adopted to simulate charging of the battery.

2.3.3 Vehicle Income

Depending upon the scenario selected for evaluation and the number of vehicles simulated, the energy
available per time step for V2G services is assumed as being either consumed within a building or
exported to an external energy services market. The energy available from the vehicles is either
subtracted from the real-world building demand or aggregated as energy available for market supply.
The total daily income generated for the vehicle from either of these services (V,) includes the cost of re-
charging the battery after V2G provision is calculated (Cc.s:) and is a function of the energy supplied (Es),
the charge or discharge unit efficiency (E;) and the electricity tariff charged per kWh for re-charging (C¢),
shown in equation (7).

CC'OSt = ES X (2 - Ef) X CC

(7)
The income per day received by the vehicle for the electricity delivered for V2G services (V2G)) is
dependent upon the V2G service tariff payment (V2Gy), the unit efficiency and the energy supplied:

V2G, = Es x Ef x V2Gy

(8)
Battery degradation effects is a parameter of considerable uncertainty, and has been explored in detail
in previous work [38-42]. Using a methodology applied previously in work on the impact of V2G on
battery degradation [43],q a cost of degradation (Cpe) can be assigned per kWh of energy transferred.
This is calculated as a function of the percentage increase in cycles as a result of V2G cycling (C,,) , the
initial cost of the battery (Bc) and the total energy supplied for V2G services (TEs), as per equations (9)-
(11).

_ V26,
In — VC

)
VZGCC = BInc X BC
(10)
V2Gee
bey = g,
(11)
Where; V2Gcand V¢ are the number of battery cycles with V2G and without V2G respectively, V2Gccis
the cost per cycle and B, is the increase in battery use.
The total daily income to the vehicle for V2G service provision is therefore calculated as follows;
Vy = V26G; — Ceost — CDeg
(12)

2.3.4 Building and Market Income
The daily savings to a building in utilising the V2G service to offset a proportion of grid-imported

electricity (Blds) is a function of the original electricity cost (Bld¢) (£), the energy supplied per day by all
vehicles simulated (AEs), the V2G service tariff payment and the infrastructure costs of the V2G
technology equated to a daily value (l¢), specified as a variable.



Blds = Bld; — (Bld; — (V2Gy x AEg) — ;)

(13)
The aggregated income from all vehicles selling into STOR is dependent upon the delivery payment
received for each kWh of electricity transferred, multiplied by the amount of energy supplied. An
availability fee is then added, which is a function of the availability payment multiplied by the time the
EVs were available for STOR provision. Income received from the wholesale market with capacity
market payments is a function of the capacity market provision payment plus the wholesale market
payment for each half-hour delivery period, multiplied by the energy supplied.

2.3.5 System Model

The process model is given in Figure 3. This details the data and input requirements for evaluation and
the process followed for the analysis.

Report Economic Potential
Description: After the software is run, an output
report is published that identifies the potential
economic savings from the scenario evaluated.

4 Market Demand Data

| Description: This is the supply profile
from the vehicle into the market
Cost Model Building or Market Model selected.

Description: There are 7 different cost models
used in combination with the 6 different energy
scenarios. These are used to calculate the
economics of the scenario with relation to the
case study data used and the parameters set.

Description: The total available charge and
discharge is calculated and then added or
subtracted from the building or market demand
profile.

X

Building Demand Data
Description: This is the kW building
demand per time step for the building
being evaluated.

EV Discharge EV Arrival and Departure SoC EV Charge

Description: Here, the energy available for
discharge pertime step based upon the vehicle
simulated is calculated.

Description: Using the simulated arrival and
departure times and arrival state of charge, this
function calculated the required departure energy
level.

Description: The energy available for charging
the vehicle pertime step is calculated based upon
the simulated vehicle arrival and departure
information.

T

EV Arrival SoC

Description: This uses the simulated arrival and

Journey Distance Data
Description: This is the data relating to

departure times to calculate the EV battery
arrival state of charge.

the distance travelled by vehicles based
upon certain destination arrival times.

4

b
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EV Arrival and Departure Times
Description: This uses the vehicle start time
probability data to simulate the arrival time of an
EVinto the system. Sampling from the duration
of stay data, the departure time is then
simulated.

Vehicle Start Time Data
Description: This relates to the data
required for every scenario. It contains
probability data about EV arrival times.

4

Duration of Stay Data
Description: This details the duration a
vehicle is usually present at a particular

location based upon its arrival time.

Distribution Sampling
Description: This takes the journey distance or
duration of stay data and simulates a normal

distribution from which to sample, generating a
random number based on a normal distribution.

Scenario Selection
Description: There are 6 different energy
scenarios through which the case study data can
be used.

Figure 3 — Simulation process flow model, showing data and input requirements used in the analysis

2.3.6 Vehicle Usage Data Evaluation

Vehicle usage data is derived from a field trial of 62 EVs containing two key datasets relating to charging
and journey information [44]. A total of 2,305 work-based charging events took place during the year-
long trail and 4,717 journeys were made. The distribution of charging events is given in Figure 4, which
shows that most weekday charging events commence between 07:00 and 23:00, indicating that
maximum vehicle availability is likely to occur between these times for this dataset.



Likelihood of Charge Commencing {9}
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Figure 4 - Number of weekday charging events per hour for commuting and pool vehicles

2.3.7 Building Demand Data Evaluation

Half-hourly data relating to electricity demand for a specific commercial building located at Manchester
Science Park (MSP) were measured from July 2014 to June 2015. This building is used as a case study
due to its relatively high electricity demand profile for its building class, and the relatively large number
of adjacent parking spaces compared to its peers, making it potentially most suitable for V2G services.
Figure 5 shows the maximum, minimum and average demand for the year per half-hour for a 24-hour
period.
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Figure 5 — Manchester Science Park electricity demand profile

This building is also subject to triad charges, and the relevant triad periods are shown in Table 3.

Table 3 — Triad periods for 2014/2015 [45]

Day Time Period
04/12/2014 17:00-17:30
19/01/2015 17:00-17:30
02/02/2015 17:30 - 18:00

In addition, the building is also subject to Distribution Use of System (DUoS) charges, together with a
standard electricity retail tariff. These charges are given in Table 4, with the network’s demand times
shown via red-amber-green coding. [46]. The lowest cost charges occur during night-time hours, with
peak (red) charges occurring during peak national demand times. In addition, an electricity tariff of
£0.085/kWh is assumed, based on data obtained from the building’s facilities management agency.



Table 4 — DUoS charges input data (taken from [46])

Price Unit
Red DUoS Charge 0.07156 [46] £/kWh

Amber DUoS Charge | 0.00392 [46] £/kWh

Green DUoS Charge 0.00007 [46] £/kWh

2.3.8 Short Term Operating Reserve (STOR) Data Evaluation

Data on STOR dispatch periods is based on information supplied by E.ON and taken from [47]. Figure 6
shows the average monthly delivery to STOR for 2015 using data taken from the National Grid [48]. This
indicates a higher probability of vehicles being called to discharge between 8am and 2pm and 4pm and
8pm.

Average Delivery per 1/2 hour Settlement Period
(MWh)

04:00 08:00 12:00 16:00 20:00 00:00
Time of Day

January February March April
October

May June

November December

July August September

Figure 6 — Short Term Operating Reserve (STOR) average provision per month for 2015 (based on data from [48])

Income generated from STOR provision disaggregated by season for 2014/2015 is shown in Table 5 [49].
Call-outs for STOR supply usually occur around 3 times weekly, or 155 days per annum.

Table 5 — STOR availability and utilisation payments (taken from data supplied by [49])

Season STOR Availability_1 Payment STOR Utilisation_lPayment
— (£/kWh™) (E/kWh™)

Apr 0.0042624 0.1710748
May-Aug 0.004252 0.1704394

Sept 0.0040397 0.1673483

Oct 0.0041369 0.1672806
Nov-Jan 0.0032526 0.1711733
Feb-Mar 0.0032698 0.1713413

2.3.9 Half-hour Day Ahead Wholesale Market Data Evaluation

Bidding into this market for multiple half-hours per day is undertaken one day ahead of delivery [50].
Thus it is assumed that upon commencing discharge, vehicles provide energy for 1 hour and payment is
based on rates specified in [50]. It is assumed supply occurs concurrently with STOR provision, namely
155 days per annum to provide comparative analysis. Figure 7 shows the monthly payment price per
MWh of electricity supplied into the wholesale electricity market by half-hour period. This indicates that
supply during the peak evening demand period would yield the greatest income.
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Figure 7 — Price per MWh for electricity supplied to the day ahead market per half-hour, showing monthly variation

The capacity market is not predominantly an energy delivery scheme, but rather provides a power
availability payment, with a contract based on a yearly payment. It could therefore be used as an
additional income stream, provided power delivery can be guaranteed. Auctions during 2014 and 2015
closed at an average price of around £19/kW/year, resulting in an income of £19,400/MW/ year.

2.3.10 Input Variables

Learning curves for V2G costs have not as yet been evaluated. Thus, V2G infrastructure cost projections
are approximated based on 2025 electricity prices and using a cost projection curve built from a PV
system model (Figure 8). This is based on data derived from [51] and assumes a level of technical
comparability for both PV and V2G technologies, and similar technology learning curves as the V2G
market matures. Additionally, the income generation potential of PV is comparable to that of the
income generation V2G offers through market trading and aggregation services. Prices have been
aligned with data taken from the Plugged-in Midlands (PiM) network on charging station prices.
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Figure 8 — V2G infrastructure cost projections
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All other variables used within the analysis are given in Table 6.

Table 6 — Variable set values for case study analysis

Variable Value Units Reference
Number of vehicles for market support 50 n/a n/a
Number of vehicles for triad support 30 n/a n/a
Battery Discharge Limit 40% (Of total battery capacity) n/a
Battery Capacity 24 kWh [52]
. Calculated in
Artemis Value (Average) 16.56 kWh/100km Cenex FCRT
. . 4:30PM — . .
Time of Use Tariff 7-00PM Time Given by MSP
STOR Month January n/a n/a
Battery capital cost 4,000 £ [52]
Battery capital cost (£/kWh) 160 £/kWh [52]
Number of battery cycles — driving 3',,000*1 - Calculated
Number of battery cycles — V2G 1,020*2 - Calculated
Number of vehicles per charging post 2 n/a Cenex PiM data
Installation lifetime 15 Years Cenex PiM data
£ (f t 1, £500 th ft
Triad Scenario Installation Cost 4,000 (for post 1, . ereatter Cenex PiM data
for each additional post)
Triad Scenario Infrastructure Cost 10,000 £ (per post) Cenex PiM data
Installation Cost 3,500 £ (forpost 1, E.SC.)O thereafter Cenex PiM data
for each additional post)
Infrastructure Cost 3,750 £ (per post) Cenex PiM data
Night-time Charglng.Cost for Market 0.09 £/kWh (53]
Scenarios

""The number of drive cycles is based on an assumed annual mileage of 15,000 miles per annum,
equivalent to 60,000 miles over four years.

“The number of V2G battery cycles is calculated based on 255 V2G cycles per annum, equalling 1020
cycles over 4 years.

3. Analysis and Discussion

This section details the evaluation of the economic viability of ‘pool’ EVs used for V2G services for three
different use scenarios, namely triad demand reduction, STOR and wholesale market supply. Pool
vehicles are those owned and managed by a company as part of the fleet, but used by employees for
work based travel.

3.1 Vehicle usage profiles

Based on the EV field trial dataset used in this study, the probabilities of an EV being available for V2G
services for each of the three scenarios is based on the field trial dataset, and is shown in Table 7. The
simulation was run 750 times to provide an average value for pool vehicle availability as specified in
Section 2.3.6.

Table 7 - Comparison of number of vehicles available for each scenario type

Scenario Pool vehicles
Triad 36.40%
STOR 16.00%
Wholesale Market 14.37%
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Building triad demand avoidance ranked the highest in terms of vehicle availability for the three
scenarios specified, with just over 36% of vehicles being available. Availability for STOR and wholesale
market trading was significantly lower, at 16% and 14.37% respectively of vehicles available. This is due
to the pool vehicles in question undertaking frequent shorter journeys throughout the day, therefore
reducing their availability on-site.

Analysis indicated a vehicle availability for all three scenarios of maximum 36.4% of pool vehicles
available, or around 275 vehicles for the case study in question. It should be noted here that the 30 and
50 vehicle simulation carried out in the present work represents 4% and 6% respectively. This is a
realistic assumption given UK EV uptake figures projected for 2025.

3.2 Vehicle Income Evaluation

Figure 9 shows a comparison of services supplied and the minimum income required by one EV based
on equation (12), where income relates to the minimum tariff required by the vehicle per kWh of
electricity supplied to break even.

£0.20 9.40

Optimal V2G Tariff (Income) (£/kWh)

Triad STOR Wholesale Market

Scenario
Decreasing Despatch Period

Figure 9 - V2G minimum required vehicle tariff for the Science Park building demand, STOR and the Capacity
Market

These results imply that vehicles with higher energy transfer volumes can achieve a lower break-even
payment requirement due to greater utilisation of the battery, greater depths of discharge and
therefore greater income generated for each battery cycle undertaken. This means those markets with
a higher energy transfer per V2G cycle offer greater potential income per kWh of electricity provided.
This is illustrated by the STOR scenario outcome, which possesses a higher energy transfer value and
thus the break-even electricity price is reduced by £0.02/kWh. Of note here is that in addition is the
cost of recharging the vehicle after it has delivered V2G services.

Income for vehicles is investigated via the two external market revenue streams only, as income
generation from building support is assumed to be included within the building income due to the
vehicles being owned by the building operator. Based on the maximum income values, annual profit
can be calculated per vehicle. These results are shown in Table 8, which are calculated based on the net
profit after degradation and EV charging costs are considered. The results indicate that selling energy
into the wholesale market provides is profitable. For the STOR market, the results indicate that income
is not sufficient to cover the cost of degradation via combined availability and delivery payments.

Table 8 — Yearly Income Generation from Market Support

Scenario Income Generated
STOR -£174.469
Wholesale Market with Capacity Market £2,438.209

12



3.3 Building Income Evaluation
The potential savings made via utilisation of V2G during triad periods are calculated as follows:

A. Initially, the maximum demand for each of the triad periods shown in Table 3 are taken from the
Science Park data and aggregated.

Total Triad Demand = 197.151 4 224.236 + 209.407 = 630.794kWh

B. Aloss adjustment factor is applied, taken as 1.051 from [46].
630.794 x 1.051 = 662.964

C. Using the half hourly zonal tariff taken from [54], total triad charges are calculated.
Total Triad Charges = 662.964 x 33.78 = £22,394.92

Thus, based on an average electricity cost of ~£35.50/ kWh during triad periods, a significant saving
could be made from triad charge avoidance, depending on the costs of the V2G system and vehicle
availability.

Given a maximum rate of EV discharge of 12kW per vehicle for triad periods, which is the average power
rating for fast chargers in the UK, an average of 30 vehicles is required to reduce building electricity
demand to zero during the triad periods. Thus, the potential benefit in utilising EVs for triad demand
reduction is potentially significant, with an annual energy cost saving of around £13,000. It should be
noted that triad periods are not fixed. Thus, the use of a triad forecasting approach to enable accurate
prediction of triad periods, and appropriate pool vehicle fleet management would be optimal.

It may also be beneficial to utilise EVs to offset peak demand costs on days not subject to triad charges.
Based on the case study electricity and DUoS charges (Table 4), there is potential benefit in utilising V2G
during peak tariff periods, of between 4:30-7:00pm. At these times, the electricity price increases to
around £0.175/kWh during this peak demand period. Thus, if vehicles are charged during the cheaper
day and night time tariff periods, further cost savings could be achieved.

Using 30 pool vehicles to provide this demand reduction, the cost savings for the Science Park case
study per annum are around £1,400 in addition to the triad demand reduction, giving a total saving of
£14,247 per annum excluding infrastructure costs. Including the additional cost of the V2G
infrastructure (Table 6), yearly savings are around £3,500.

3.4 Discounted Cash Flow Analysis

Whilst average cost calculations give a representation of daily income over the investment period,
economic viability of each scenario is further evaluated using a discounted cash flow analysis. Analysis
for 30 and 50 vehicles respectively (requiring 15 and 25 V2G units) servicing both triad and energy
markets is carried out. These are assumed to be installed in blocks of 5 each year to provide a steady
state solution and are each replaced after 15 years of use. NPV is calculated for all three scenarios using
a discount rate of 10%, And the results are shown in Figure 10.
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Figure 10 — Present Value analysis for all scenarios with and without infrastructure costs

Evaluation of all three scenarios indicates that triad demand reduction and wholesale market trading
with capacity market support provide the primary economic benefits when infrastructure costs are
included. Without V2G hardware installation costs (assumed if relevant infrastructure is already in place
for EV charging purposes), all scenarios provide energy cost savings or income generation. The
wholesale market with capacity market support provides a substantially increased income over all other
opportunities. This is due primarily to income received from the capacity market together with
additional income from energy provided to the wholesale electricity market.

3.5 Sensitivity analysis

The total potential cost savings or income generated via utilisation of V2G services is subject to annual
variability depending on specific market characteristics. Thus, sensitivity analysis has been carried out
for a 10-year investment period. Each of the input variables relating to the specific scenario evaluated
are subjected to a positive and negative variation from the baseline by 20%, and NPV re-calculated each
time. The variables used for the analysis are given in Table 9.

Table 9 — Sensitivity analysis variables

Variable Units 100% -20% +20%
EV charging payment £/kWh 0.05 0.04 0.06
V2G tariff payment (B2) £/kWh 0.15 0.12 0.18
V2G tariff payment (M1) £/kWh 0.30 0.24 0.36
TOUT peak payment £/kWh 0.215 0.172 0.258
V2G STOR payment £/kWh 0.293 0.2344 0.3516
STOR availability payment £/kWh 0.011 0.0088 0.0132
Total MW provision MW 3000 2400 3600
VPP vehicle number - 3000 2400 3600
Infrastructure cost f 3750 3000 4500
Installation cost first £ 3500 2800 4200
Installation cost sub £ 500 400 600
Installation lifetime Years 15 12 18
Number of days per annum (B2) Days 255 204 306
Number of days per annum (M1) Days 155 124 186
Number of vehicles - 15 12 18

Analysis of STOR provision included calculation of NPV for 30 vehicles and 50 V2G assets respectively
aggregated within a VPP network. Over the 10-year analysis period, the greatest sensitivity is associated
with the cost of infrastructure. This is illustrated in Figure 11, which shows a tornado plot of all key
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variables and their associated sensitivities. Also of significance sensitivity is the discharge payment
received per kWh of electricity, which is a result of the relatively high degradation costs associated with
V2G provision for all three scenarios evaluated.

STOR Sensitivity Evaluation without Infrastructure Costs

V2G STOR payment _ £1,641.18

Number of days per annum _ £1,467.09
EV charging payment £1,013.95 _

VPP vehicle number £1,193.79 .1,265‘66

Total MW provision £:L,188.0l £1,257.02

20%
STOR availability payment B -20% El,lSS.Ol £1,257.02
£600 £800 £1,000 £1,200 £1,400 £1,600 £1,800

Figure 11 — NPV sensitivity analysis for STOR market supply

The sensitivity analysis demonstrates the importance of electricity tariffs and infrastructure costs on
potential V2G income, and especially the importance of the vehicle payment tariff to the ultimate
viability of V2G. These results also indicate that the implications of the cost of V2G infrastructure is
significant, with a negative NPV over the 20-year period evaluated if infrastructure at present costs is
included. Scenarios where these costs are excluded include cases where the EV charging infrastructure
is already a requirement, making V2G an existing asset.

Another key sensitivity highlighted is battery degradation costs associated with V2G cycling. It should be
noted that the calculations described in this paper, based on degradation rates obtained from previous
studies represent a worst-case scenario [37,39-41,55]. Figure 12 shows the impact of battery
degradation cost variations on the 10-year NPV.

Battery Degradation Sensitivity Analysis

Energy Supplied _ 0.18

Battery cycles V2G

Battery capital cost 0.12 -

-20%

Battery cycles Drive A
vey H+20% 013

0.066 0.086 0.106 0.126 0.146 0.166 0.186 0.206
Figure 12 — Battery degradation sensitivity analysis

The energy supplied from the battery during cycling has the single greatest impact on the cost of
degradation, with increased energy supply decreasing the degradation cost. This is because the analysis
assumes that for higher levels of energy discharged, the V2G cycling is increased. However, research on
these aspects is not comprehensive, and the impact of other factors on battery degradation would be
advantageous.
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4. Conclusions

The potential for EVs to obtain income from energy supplied to a commercial building together with
revenue accruing from specific ancillary service markets in the UK has been evaluated. The results
indicate that implementation of V2G in the UK could provide a significant source of income in specific
scenarios, in terms of energy supplied to the buildings as analysed here and to the owners of the EV
assets. It was found that the cost of battery degradation and re-charging of the vehicle after V2G
services has a significant impact on the feasibility of EVs to provide energy for V2G services. Due to the
relatively high battery degradation costs associated with V2G cycling, wholesale market trading together
with participation in the capacity market provided the highest income generation after the degradation
costs were accounted for, with an NPV of around £8,400 per vehicle over a 10-year investment period.
This is due to the payment per kWh of electricity being highest for this market compared to the other
scenarios evaluated. Less value is generated from building self-consumption for triad and peak demand
reduction, whilst the provision of STOR services proved to be the least viable, with income payments
failing to meet battery degradation costs. Sensitivities associated with specific input parameters such as
tariff levels were found to be significant, meaning the business case for V2G is subject to significant risk
if for small variations in costs. However, this also offers significant potential, for example with falling
battery costs, degradation costs decrease, thus generating a greater profit potential within the scenarios
evaluated.
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