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A B S T R A C T

In the work, a battery model is developed based on experiments performed on lithium ion cells to estimate
the degradation that a battery will undergo, given its usage profile. This battery model is used to perform a
case study to evaluate the profits that an ancillary service provider may expect if they use a fleet of electric
vehicles (EVs) to provide different ancillary services on the electricity market. The battery model computed
the battery degradation in the battery of the EVs in the presence and absence of service provision and this
additional degradation is considered as a cost to the service provider. This also helps to design a remuneration
strategy for the owners of the individual EVs. The services considered are frequency containment reserve, peak
shaving and a combination of the two. The results show that, considering an investment of e 1000 per V2G
charger (borne by the service provider), providing a combination of frequency containment reserve and peak
shaving is the most profitable of all the ventures, with a net present value of e 19500 after 10 years, while
providing peak shaving and frequency containment reserve individually have a net present value of around e
11000 and e −21100 after 10 years, respectively.
1. Introduction

V2G is an acronym for ‘Vehicle-to-Grid’ and refers to the injection
of electrical energy from an EV into the power grid. The concept
of V2G was first introduced in [1] where the authors pointed out
that EVs could be valuable to electric utility companies by providing
distributed generation or storage services. It has since been studied by
the scientific community as well as the industry to evaluate its technical
and economic viability [2–8].

With V2G capabilities, the idea is to sell the storage capacity of
the EV on the electricity market and earn revenue. The products
sold on the electricity market are mainly divided into two categories:
power generation and ancillary services. All the products under the
power generation category are energy intensive and unsuitable for
V2G applications. Out of the products sold under the ancillary services
category, frequency containment reserve (FCR), which is procured to
maintain the frequency of the grid (50 Hz in Europe), is seen to be best
suited for V2G provision because the depth of discharge involved in
this service is typically low, which causes minimal battery degradation,
and the battery SoC over the service provision remains fairly constant,
which helps reduce the range anxiety for the EV user. A monetary
remuneration is awarded to the service provider (EV user) depending
upon the amount of power they agree to exchange with the grid during
the FCR provision.

∗ Corresponding author.
E-mail address: shubham.bhoir@csem.ch (S. Bhoir).

Apart from selling products on the electricity market, the EV bat-
teries could also be used for Vehicle-to-Home (V2H) and Vehicle-to-
Building (V2B) applications [9]. They could be used as backup power in
case of a power outage or to perform energy arbitrage [10]. Moreover,
EV batteries could also be used in conjunction with installed solar
power. Interesting is also the use of EVs to perform peak shaving (PS).
Industrial consumers of electricity are required to pay for the energy
drawn from the grid as well as the maximum power drawn from the
grid per month. Peak shaving is interesting for such consumers as they
can cut on the power costs of electricity.

In this work, an empirical stress-based battery model was developed
and used to assess the impact of V2G service provision on battery degra-
dation. Simulations were performed of an EV that provided various
V2G services and the battery degradation due to this was obtained.
The amount of degradation was used as a factor in a techno-economic
evaluation to decide the income distribution between the various par-
ticipants and show the viability of such a venture. Simulations were
performed of an EV (of an employee of a certain company) providing
different V2G services at the workplace and these different scenarios
were economically evaluated from the company’s perspective, since it
will have to invest in installing V2G chargers on its premises.

The remainder of this paper is structured as follows: Section 2
consists of a review of the different approaches to analyze the impact
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of V2G on batteries in the literature. Section 3 details the methodology
adopted in this work. Sections 4 and 5 explain the case study, and the
simulations and results, respectively. Section 6 consists of a discussion
of the results obtained and Section 7 concludes the paper.

2. Literature review

Battery aging is very path dependent and non-linear. In the sphere
of the V2G literature, extensive experimental work has not been con-
ducted yet. To the best of the author’s knowledge, there are only
2 works, [11,12], that have tested vehicle profiles and V2G profiles
on real cells. The authors of [11] performed V2G experiments on
Lithium Iron Phosphate (LFP) cells. They first constructed a drive cycle
from the Urban Dynamometer Driving Schedule (UDDS) cycle such
that it matched the average velocity and duration of each trip in a
particular region. This profile was tested, with and without additional
V2G profiles, on the cells up to various depths of discharge (DoD) and
it was found that the degradation did not depend as heavily on the
DoD as it did on the energy throughput. Hence, since V2G provision
resulted in higher energy throughput, it also caused higher degradation.
To be noted is the fact that the V2G profiles used here were simple
discharges at a constant current. [12], on the other hand, tested Lithium
Nickel–Cobalt–Aluminum oxide (NCA) cells. The drive cycle was taken
from an in-house database while the V2G profile was described which
was a simple discharge at P/4 where P is the rated power of the pack.
Accelerated tests, for an equivalent of 18 months, were performed for
12 different scenarios. It was found that the capacity fade was highest
for vehicles that provided V2G services twice a day and that, by virtue
of this, the lifetime of a battery pack could be reduced to less than
5 years.

There have been more simulation-based studies wherein a battery
model is used along with synthetic profiles to mimic the cycling of
a battery and compute the degradation within it [13–16]. [17] con-
ducted a study in which they simulated different V2G services to find
their effect on battery degradation. Services like peak load shaving,
frequency regulation and net load shaping were simulated using an
in-house simulator ‘V2G Sim’. It was concluded that most degrading
V2G service was net load shaping, followed by peak load shaving and
frequency regulation. In a more recent study, [18] investigated the
effect of primary frequency regulation on battery aging in Denmark.
The V2G service was simulated to be provided only in the evening. They
simulated two scenarios: one without FCR provision, and one with. In
both scenarios there are two instances of driving, each for 30 min and
charging for 1 h. Simulations showed that degradation due to V2G
service provision was very low. After 5 years of usage, the battery
would degrade by 7% and 9% without and with V2G service provision,
respectively. [19] studied the effect of primary frequency regulation
service provision on battery aging. However, they also studied the
effects of other factors like the electricity prices, charger efficiency,
mean SoC and grid frequency characteristics on the battery aging and
profit. The simulation scenarios were similar to that of [18] and a
modified version of the battery aging model developed in [20] was
used. It was observed that the simulation at the lower average SoC led
to lower degradation and higher battery life. Economic results showed
that V2G service provision was profitable for providers if the electricity
was bought at industrial prices.

[21] considered the battery degradation in a fleet of cars. The
authors simulated V2G services provided by a fleet of electric vehicles
for a year. The grid was considered cognizant of the power required
to be drawn from the fleet. It would then send a set of discharge
profiles to each vehicle. The battery management system (BMS) in the
vehicle would send back the least degrading profile back to the grid.
The grid would then choose the set of profiles which cause minimum
degradation in the whole fleet while fulfilling the grid requirements
2

and send this finalized set back to the fleet.
[22] took a different perspective and considered the role of the BMS
in the V2G application. The authors claimed that V2G provision could
actually result in lower degradation as compared to no V2G provision.
The role of the BMS was that it checked whether the energy to be
injected into the grid could be provided without compromising on
the driver’s energy requirements and, at the same time, if the degra-
dation resulting after the V2G provision is lower than that resulting
without V2G provision. The results showed that this algorithm was
able to reduce the capacity fade and power fade by up to 9.1% and
12.1%, respectively, as compared to the case where no V2G service was
provided.

In this work, an empirical stress-based model has been developed
using data gathered by performing various tests and experiments on
up-to-date cells. This model was then used to compute the amount of
degradation that a battery pack of an EV would undergo upon providing
different V2G services. Synthetic driving and V2G profiles were also
developed for this purpose.

3. Methodology

The methodology adopted consists of three pivotal points, viz.,

1. Profile development: Preparation of C-rate profiles (explained in
Section 3.1) that could be used for simulation

2. Battery model: Development of a battery model that takes as
input the C-rate profiles developed and computes the amount
of battery degradation in terms of calendar and cycle aging, and
state of resistance (SoR) increase.

3. Techno-economic analysis: Interpretation of the output of the
battery model based on a techno-economic perspective

.1. Power profile development

For the purpose of this work, three types of C-rate profiles were
eveloped out of which one was a driving profile, and the other two
ere V2G profiles (FCR and PS). The 𝐶-rate is a measure of the current

lowing through a cell and is given by the formula below.

rate =
𝑖
𝑄0

(1)

where 𝐶rate is the C-rate of the cell, 𝑖 is the current flowing through it in
Amperes and 𝑄0 is the available capacity of the cell in Ampere-hours.
The 𝐸-rate is another measure and is given by the equation

𝐸rate =
𝑃
𝐸

(2)

where 𝐸rate is the 𝐸-rate of the cell, 𝑃 is the power delivered or
absorbed by the cell in kilowatts and 𝐸 is the energy capacity of the
cell in kilowatt-hours. For the scope of this work, the C-rate and e-rate
can be considered to be equivalent. These measures are useful since
they allow the scaling down of the inputs from the battery pack level,
to the cell level where the battery model is applied. This is because
the C-/E-rate is the same for the battery pack and for each cell in the
pack (regardless of the number of series or parallel strings), even if the
current or power are different.

The method of development of each of the profiles is elucidated
below.

Driving profile
The driving profile consisted of the power requirements of an EV

while in motion, which was developed using a simple physics model,
as was done in [11]. This model computed the power required by a
vehicle by evaluating the forces required for its movement, viz., the
force needed to accelerate the vehicle in a friction less environment,
the force needed to overcome air resistance and the force required to
overcome rolling resistance. The equation used is given below.

𝑃 = (𝑚𝑎 + 0.5𝜌𝑣2𝐴𝐶 + 𝐶 𝑚𝑔) ∗ 𝑣∕𝜎 (3)
𝑑 𝑟
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Fig. 1. Droop model.

where, 𝜌 is the air density, 𝑚 is the mass, a is the acceleration, 𝑣 is the
velocity, 𝐴 is the frontal area and 𝐶𝑑 is the drag coefficient of the EV.
𝐶𝑟 is the coefficient of rolling resistance for the tyres, 𝑔 is the accel-
eration due to gravity and 𝜎 is the battery-to-wheel efficiency/braking
efficiency of EV.

FCR profile
The FCR profile shows the amount of power exchanged between the

EV and the grid during FCR provision and is developed based on the
droop model [19]. The droop model governs the amount of power that
needs to be exchanged with the grid at a given grid frequency. Fig. 1
shows the amount of charger activation for different grid frequencies
and the equations used are as shown below.

𝛥𝑓 = 𝑓 − 50 (4)

𝐴% =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0% |𝛥𝑓 | ≤ 0.01
100
−0.19 ∗ (𝑓 − 49.99) 49.8 < 𝑓 < 49.99
100
−0.19 ∗ (𝑓 − 50.01) 50.01 < 𝑓 < 50.2

100% |𝛥𝑓 | ≥ 0.2

(5)

where 𝑓 is the frequency of the grid in Hertz, 𝛥𝑓 is the frequency
deviation from the set point in Hertz and 𝐴% is the percentage of
activation due to the frequency deviation.

Positive activation indicates power injection into the grid while
negative activation signifies power withdrawal from the grid. In the
droop model developed, +/- 10 mHz around 50 Hz constitutes the dead
band, i.e., where no activation takes place, while beyond +/- 200 mHz,
100% activation of the charger is demanded. The amount of power
exchanged with the grid is computed from the equation below.

𝑃 = 𝐴% ∗ 𝑃charger (6)

where 𝑃 is the power to be exchanged with the grid, 𝐴% is the
percentage of activation due to the frequency deviation, and 𝑃 charger
is the maximum power capability of the V2G charger.

Peak shaving profile
The peak shaving profile is developed by setting a limit on the

amount of power that the consumer can draw from the grid. If the
power required exceeds this limit, the excess power is drawn from other
sources. With peak shaving in place, the actual power drawn from the
grid can be used to calculate the amount of money that the consumer
saved. The amount of power drawn from the other sources could also
be used to calculate the degradation occurring within them.
3

Fig. 2. Equivalent circuit used.

3.2. Battery model

Thanks to the collaboration between the Energy Storage Research
Center laboratory (ESReC) in Nidau (CH) and the CSEM energy system
laboratory in Neuchâtel (CH), a large set of data was obtained on
Lithium Nickel–Manganese–Cobalt oxide (NMC) cells. This consisted
of several months’ worth of data on the capacity loss and resistance
increase of the cells due to calendar aging at various storage tempera-
tures and SoCs, and cycle aging at various temperatures, average SoCs
(aSoC), DoDs, and C-rates. It also included Galvanostatic Intermittent
Titration Technique (GITT) data and EIS measurements of cells at
different SoCs and temperatures. All this data is used to develop a
battery model (see Table 1).

The battery model constitutes of two parts, viz., the battery dynam-
ics model, which models the voltage response and SoC change for a
given C-rate demanded from the cell (to check if the voltage or SoC
exceeds the specified limits), and the battery degradation model, which
computes the decrease in SoH and increase in SoR over the usage of the
cell. These are each explained below.

Battery dynamics model
The battery dynamics model is based on a simplified equivalent

circuit model (ECM) which consists of a variable voltage source and
a variable resistor. The equivalent circuit is as shown in Fig. 2. The
voltage source is dependent on the SoC of the cell and this dependency
is given by an OCV–SoC curve derived from Galvanostatic Intermittent
Titration Technique (GITT) tests on the cells.

The variable resistor of the model is dependent on the SoC and
temperature of the cell. This dependency is given by a resistance–soc–
temperature map (shown in Fig. 3) derived from EIS measurements on
the cells at different SoC and temperature conditions.

The SoC of the battery, on which both the voltage and the resistance
are dependent, is in turn dependent on the C-rate profile that the cell
experiences. It is modeled adopting a coulomb counting approach as
shown in the equation below.

𝑆𝑜𝐶𝑛 = 𝑆𝑜𝐶𝑛−1 −
𝑖 ∗ 𝑡
𝑄0

(7)

where, SoCn and SoCn-1 are the SoC at the current and previous
calculation step, respectively, 𝑖 is the current, 𝑡 is the time step and
𝑄0 is the initial capacity of the battery. Finally, the voltage of the cell
is given by Ohm’s law as shown in the equation below.

𝑉 = 𝑂𝐶𝑉 (𝑆𝑜𝐶) − 𝑖 ∗ 𝑅(𝑆𝑜𝐶, 𝑇 ) (8)

where 𝑉 is the voltage at the terminals of the battery, 𝑇 is the temper-
ature of the battery, OCV is the open circuit voltage of the battery as
a function of the SoC, 𝑖 is the current through the battery and 𝑅 is the
resistance of the battery as a function of SoC and temperature.
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Table 1
Aging tests.
Type of test Variable Fixed parameters Variable values

Calendar aging Temperature (◦C) 95% SoC 5 25 45
SoC (%) 45 ◦C 20 50 95

Cycle aging

Temperature (◦C) 50% aSoC
60% DoD
1 C

5 25 45

Avg. SoC (%) 45 ◦C
60% DoD
1 C

30 50 70

DoD (%) 45 ◦C
50% aSoC
1 C

20 60 100

25 ◦C
50% aSoC
0.33C

60 100

Discharge rate

25 ◦C
50% aSoC
100% DoD

Charge-0.33C 0.33C 0.5C 1C 2C

45 ◦C
50% aSoC
60% DoD

Charge-0.5C 0.5C
Charge-1C 1C
Charge-1.4C 1.4C

Charge rate

25 ◦C
50% aSoC
100% DoD

Discharge – 0.33C 0.33C 0.5C 1C 2C

45 ◦C
50% aSoC
60% DoD

Discharge – 0.5C 0.5C
Discharge – 1C 1C
Discharge – 1.4C 1.4C
Fig. 3. Resistance–soc–temperature map.

Battery degradation model
For this work, an empirical, stress-based model, inspired from [23],

is developed to evaluate the calendar aging, cycle aging and increase
in SoR for the battery. In this approach, the effect of a phenomenon
(eg. calendar aging) on the battery is computed by the stress factor
produced due to it. For instance, when the cell is at rest, the stress
factor due to calendar aging is computed whereas, when the cell is
being cycled, the stress factor due to cycle aging is computed. The
stress factor for a phenomenon itself, is computed as the product of the
impacts of each of its related parameters (explained below). The stress
factor is then multiplied by the reference degradation rate (which is
the degradation rate when the stress factor is 1) to obtain the actual
degradation rate in the cell, as shown in the equations below.

SF = 𝐼 ∗ 𝐼 ⋯ ∗ 𝐼 (9)
4

𝑝1 𝑝2 𝑝𝑛
DRactual = DR𝑟𝑒𝑓 ∗ SF (10)

where, SF is the stress factor and Ip1, Ip2, etc. are the impacts of
the parameters such as temperature, DoD, etc., that the stress factor
depends upon. DRactual is the actual degradation rate and DRref stands
for the reference degradation rate. The degradation rate is computed in
%/time for calendar aging and %/FEC for cycle aging and SoR increase.
These values are then multiplied by the time or FECs in that calculation
step to get the absolute degradation in %. Since the degradation due to
calendar and cycle aging are calculated separately, they are added in
the end to obtain the total degradation in the cell.

The stress factor for calendar aging is modeled to depend on the
storage SoC and temperature of the cell while the stress factor for cycle
aging depends on the average SoC, DoD, C-rate and temperature during
cycling. The stress factor for the increase in SoR depends on the average
SoC, C-rate and DoD.

Aging experiments were conducted on cells such that while one
parameter was varied, the others remained constant. For example, in
calendar aging when the experiment was conducted at different SoCs,
the temperature was kept constant. In cycle aging, when experiments
were performed at different temperatures, the other related parameters
like the average SoC, DoD and C-rate were kept constant.

The impact of the various parameters on the degradation of the
cell is derived from data obtained from these experiments and involves
three steps. For calendar aging, for example, data from calendar aging
experiments performed at different storage SoCs and temperatures is
used. The three steps to find the impact of SoC on calendar aging are
as shown below.

1. A set of experiments are conducted at 45 ◦C for different SoCs.
The capacity loss over time for the various SoCs is shown in
Fig. 4. A linear regression is performed on each SoC data-set to
obtain an equation of the form

𝑄𝑙𝑜𝑠𝑠 = 𝑠 ∗ 𝑡 + 𝑖 (11)

where Qloss is the capacity loss, s is the slope of the curve which
is interpreted as the rate of capacity loss at that SoC, t is the time
in days and i is the intercept.
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Fig. 4. Capacity loss due to calendar aging at 45 ◦C and different SoCs.

Fig. 5. Stress factor dependence on SoC.

2. The impact of different SoCs is obtained by normalizing the
slope for each storage SoC to the slope for 95% SoC (because
this was considered as a reference; the experiments at different
temperatures were conducted at this SoC) by the formula

𝐼𝑠𝑜𝑐 =
𝑠𝑠𝑜𝑐
𝑠95%

(12)

where Isoc is the impact of a given SoC, ssoc is the slope of the
curve for that SoC and s95% is the slope of the curve for 95%
SoC.

3. A linear regression (for this specific case) is then performed on
these impact data-points to obtain the impact as a function of
the SoC as shown in Fig. 5.

A similar exercise is performed to obtain the impact of temperature
on calendar aging as well as the impact of the other parameters on
cycle aging and SoR increase. However, the final regression performed
to obtain the impact function differed from case to case.
5

3.3. Techno-economic analysis

Various simulations were performed based on the input profiles
and the battery model. The output of the model is the evolution
of degradation of the battery and the evolution of SoR through the
simulated time period. Using these technical parameters, an economic
analysis is made for a V2G service provider.

As stated earlier, a case study was performed (Section 4). For the
analysis of this case study the economic tools used were payback period
and Net Present Value (NPV). The NPV of a project is given by the
equation

𝑁𝑃𝑉 = −𝐼 +
𝑛
∑

𝑡=1

𝐶𝐹𝑖𝑛 − 𝐶𝐹𝑜𝑢𝑡
(1 + 𝑑)𝑡

(13)

where, I is the initial investment for the installation of the V2G charg-
ers, CF is the cash flow, d is the discount rate and n is the time period
over which the calculations must be made. CFin is the cash inflow
which consists of the revenue/savings from V2G provision while CFout
is the cash outflow which includes any remuneration that needs to be
provided by the V2G service provider. This remuneration takes into
account the amount of degradation in the battery of the EVs due to
V2G service provision and, thus, the cost of battery degradation to the
owner. In addition to this, it includes a remuneration to the EV owners
solely for their participation in the V2G program.

4. Case study

This case study is based on the RegEnergy project [24], the objec-
tive of which was to integrate photovoltaics (PV) and EVs at Y-Parc,
the technological park at Yverdon-les-Bains, Switzerland. The overpro-
duction of PV electricity without installed storage was found to be
economically unattractive due to the disparity in the feed-in tariff and
the purchase price of electricity. Hence, various options were evaluated
for increasing self-consumption of the PV electricity production such as
PV with battery storage, PV with EV, and PV with battery storage and
EV together. Apart from utilizing EVs for increasing self-consumption,
it was noted that they could also be used for V2G service provision
such as FCR service provision and peak shaving services. The EVs used
for this purpose would be those owned by the employees working at
Y-Parc.

Estimates of the revenue obtainable from different V2G services
were calculated in the study. However, the impact of V2G service
provision on the battery pack of the EV was not studied. This prevented
accurate economic evaluations of these options, since the cost of degra-
dation of the battery pack, the minimum cost that would be needed to
be paid to the EV owner as remuneration, was not taken into account.
Hence, the model developed in the previous section is used to evaluate
this impact and a techno-economic analysis is performed based on the
results obtained. The EV and economic parameters chosen and profiles
developed for the simulation are described below.

The EV considered for the simulation is modeled after a 2020
Renault Zoe with a kerb weight of 1563 kg and a battery capacity of
52 kWh. The drag coefficient is taken to be 0.29. The rolling resistance
is assumed to be 0.012 from [25] while a frontal area of 2.43 m2 is
considered. The battery-to-wheel efficiency value adopted is 0.739415
from [26] and the braking efficiency is considered to be the same as in
[27], i.e., 0.4. These properties are summarized in Table 2.

To develop the driving profile, a WLTC Class 3b profile is used.
However, only a part (low, middle and high velocity regions) of the
whole WLTC profile is chosen as the resulting average distance and
speed data matched that of Switzerland’s. The resulting C-rate profile is
shown in Fig. 6. This profile constituted one trip (from home to office
or vice-versa). Two such trips were simulated during the weekdays.

The FCR profile is developed using the droop model described in
the previous section and the grid frequency data from the website of
National Grid ESO (UK), where this data is published every month
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Fig. 6. C-rate profile for EV (single trip).

Fig. 7. Power demand at different levels of peak shaving provided. The shaded region
represents the maximum amount of fruitful peak shaving that can be performed.

on a per-second resolution. The peak shaving profile is developed by
setting a limit on the amount of power that the company (Y-Parc)
can draw from the grid. If the power required exceeded this limit, the
excess power is drawn from the EVs. The power drawn per EV can be
calculated by dividing the excess power demand by the number of EVs
present on the company premises, which would have to be within the
power capabilities of the V2G charger.

However, there is a limit to the amount of peak shaving that can
be performed since this service is provided only for a few hours each
day, and not for the whole day. So, essentially, there would be two
kinds of power peaks, one occurring during the service timings (DS)
while the other occurring outside the service timings (OS). The DS peak
power can be reduced only until it was higher than or equal to the OS
peak power. If it is reduced further, the OS peak would became the
peak power that would be priced and, so, reducing the DS peak power
further becomes futile. Fig. 7 shows this phenomenon.

The implementation of the battery model is carried out in Python.
The resistance–temperature–soc map used in the model is derived from
EIS measurements at 1 Hz due to the resolution of the grid frequency
data. A code was developed to, first, prepare a C-rate profile that the
battery pack will follow, depending upon the type of V2G service to
be simulated, and then compute the amount of degradation using the
model. Finally, the evolution of the battery degradation (cycle and
6

Table 2
Simulated EV parameters.

Parameter Value Unit

EV considered Renault Zoe (2020) –
Kerb weight 1563 kg
Battery capacity 52 kWh
Drag coefficient 0.29 –
Rolling resistance 0.012 –
Frontal area 2.43 m2

Battery-to-wheel efficiency 0.739 –
Braking efficiency 0.4 –
Maximum velocity 140 km/h

Table 3
Economic considerations.

Parameter Value Unit

Price of battery 250 e/kWh
Price of battery pack 13000 e

End of life of battery pack 80 % of initial battery capacity
Price of usable battery pack 650 e/%
Investment per V2G charger 1000 e/%
FCR price 8.08 e/MW/hr
Peak power price (monthly) 4.42 e/kW
Electricity price @ company 0.17 e/kWh
Electricity price @ home 0.19 e/kWh
Discount rate 5 %
Currency conversion rate 0.91 e/CHF

calendar aging) and the increase in the SoR of the battery over the
simulated time period is output.

For the economic evaluation, the NPV and payback period are used
as tools, as detailed in the previous section. The investments involve the
cost of procuring and installing the V2G chargers. This cost per charger
is assumed to be e 1000. The cash inflow consists of the revenue that
the company will earn/save while providing V2G services. The cash
outflow consists the costs to the company. This includes the money
that must be remunerated to the EV owner (battery degradation and
charging costs) and any charging costs incurred by the company (in
case free charging is provided at the company site). The discount rate
is chosen to be 5% for all calculations. The various other economic
assumptions are listed in Table 3. The currency conversion rate from
CHF to e is also shown because the FCR price and peak power price
were procured in CHF (prices in Switzerland) and then converted to e.

5. Simulations and results

The various V2G scenarios that were simulated are presented in this
section. Each subsection describes a simulation scenario detailing the
conditions of the simulation along with the technical and the economic
evaluation performed using the results.

5.1. Reference scenario

A reference scenario is built which would act as a base case to
compare all other scenarios. This scenario does not involve any V2G
service provision. The EV owner uses their EV only to commute to and
from work. The EV is simulated to leave from home at 7:30, arrive at
the workplace at around 8:00, leave from work at 17:00 and arrive
home at around 17:30. Once the SoC drops to 20% or below, the EV
is charged up to 100% SoC and the charging is done immediately on
arrival from work. During weekends, the EV is not used.

Simulations of this scenario show that the battery pack loses 0.669%
and 0.083% of its capacity due to calendar aging and cycle aging,
respectively, resulting in a total capacity loss of 0.752%, over one year.
The number of FECs performed by the battery pack is 27 and the cost of
charging to the owner is around e 220. The calendar aging constitutes
a major portion of the total degradation, as can be seen in Fig. 8. The
increased rate of degradation during the middle of the year can be
attributed to the higher temperatures experienced by the battery pack.
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Fig. 8. Evolution of degradation for the reference scenario.

Fig. 9. C-rate and SoC profile for a random day in the FCR scenario.

5.2. FCR scenario

For this scenario, the EV is simulated to provide FCR services at
the workplace. The amount of FCR service to be provided is fixed at 1
MW, which also fixes the number of chargers used, depending upon the
charger power. This number was chosen since the minimum regulation
to be provided by an FCR service provider is 1 MW [27]. The driving
times and profiles remained the same as the reference case. The FCR
service is provided from the time the EV reaches the workplace up to
16:00, i.e., one hour before leaving for home. During that one hour,
the EV is charged (for free) for a fixed amount of time (15, 30, 45 or
60 min) up to a maximum of 70% SoC. This is a form of remuneration to
the EV owner, so that they save money on charging their EV. At home,
the car is charged, if required, such that it has a minimum of 60% SoC
before leaving for work the next day. This charging is performed as
late as possible (to reduce calendar aging at high SoCs). The power of
the charger at home is fixed at 3.7 kW, since the EV is assumed to be
charged using a single phase AC connection [28,29]. The parameters
varied in the simulations are the power of the charger at the workplace
(e.g., 11 kW, 12 kW, etc.) and the amount of time that charging takes
place at the end of the FCR service provision. The C-rate and SoC profile
for a random day is illustrated in Fig. 9.
7

Fig. 10. Additional degradation with different charger powers and charging times for
the FCR scenario.

Fig. 11. Savings by the EV owner and cost to the company with respect to the amount
of charging provided by a 12 kW charger.

The results show that the amount of additional battery degrada-
tion (with respect to the reference scenario) increased with increasing
charger power and charging time, as can be seen in Fig. 10. This can
be attributed to higher cycling at high charger powers and greater
calendar aging for high charging times due to higher SoCs.

It is also found that unfulfillment of the FCR service occurred at
high charger powers. Unfulfillment refers to the inability of the service
provider to deliver the contracted service. The unfulfillment occurring
is by virtue of the high charger powers, resulting in greater energy
exchange with the grid, thereby causing the battery SoC limits to be
reached. It is seen that using a 12 kW charger did not result in any
situations of unfulfillment of the FCR service and is, thus, chosen for
the final evaluation.

The economic evaluation shows the amount of savings by the EV
owner and the cost of charging to the company at different amounts
of charging provided at the end of the FCR service (shown in Fig. 11).
It is observed that, with a charger power of 12 kW, for charging times
less than 6 min, the savings by the EV owner is negative. Moreover,
it is observed that the cost to the company increased with an increase
in the amount of charging. Hence, 15 min of charging is chosen for
the evaluation since it provides the lowest cost to the company while
simultaneously providing positive savings to the EV owner.

The final evaluation showed that for an FCR service provision
compensation of e 8.08/MW/hr and service provision for 8 h per day



Journal of Energy Storage 44 (2021) 103178S. Bhoir et al.
Fig. 12. Additional degradation with different number of chargers and amounts of PS
for the PS scenario.

for 5 days a week with a 12 kW charger, the payback period is 15 years
considering an investment of e 1000 per charger. It must be noted that
the payback period may be reduced by lowering the charger investment
or increasing the time of FCR provision by using company vehicles
during off-working hours and weekends.

5.3. PS scenario

In this scenario, the EV is simulated to provide PS services to the
company. The EV is simulated to leave from home at 7:30 and from
the workplace at 17:00 and PS services are provided whilst the EV is at
the workplace. No charging is provided at the company. However, as
an incentive, a part of the savings by the company is given to the EV
owners who participate in providing this service. In addition to this,
the extra charging costs and battery degradation costs to the owner
due to PS provision is reimbursed. However, if the degradation costs
are negative, no money is sought from the EV owners, since this could
discourage participation.

The EV is charged at home such that the SoC while leaving for
work the next day is at least 60%. The charging is delayed as much
as possible. The power of the charger at home is 3.7 kW while that of
the charger at the workplace is 12 kW. The parameters varied during
the simulations are the amount of PS to be provided (e.g., 25%, 50%,
etc.) and the number of V2G chargers installed at the workplace. As
the number of chargers vary, the number of EVs (and battery packs)
involved in the service will vary, and so will the load on each battery
pack.

A technical evaluation revealed that higher number of chargers and
higher amounts of PS led to lower additional battery degradation. This
can be attributed to the fact that a higher number of chargers allows
for lower amounts of cycling of the battery while a higher amount of
PS allows for lower calendar aging (since SoC after high amounts of
PS will be low). This can be seen in Fig. 12. It must also be noted that
the degradation in this scenario is lower than in the reference scenario,
hence the negative additional degradation. In the figure, it can also be
seen that for 25% PS, the graph is flat irrespective of the number of
chargers. This is because at 25% PS, the amount of cycling is so little
that increasing the number of chargers does not reduce the load on each
battery significantly.

The economic analysis considers the residual amount given by the
equation below.

𝐴 = 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 − 𝑐𝑜𝑠𝑡 (14)
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residual company owner
Fig. 13. Residual amounts for different number of chargers and amounts of PS for the
PS scenario.

where, Aresidual is the residual amount, savingscompany consists of the
money saved by the company in energy bills due to PS and costowner
consists of the extra cost of charging incurred by the EV owner due
to PS provision and the cost of battery degradation. A portion of this
residual amount is given to the participants as an incentive. The amount
that remains after giving away the incentive forms the net cash flow
for the project (CFin − CFout in Eq. (13) above). It is observed that this
residual amount increases with the amount of PS provided and also
increases, very slightly and for high amounts of PS provided only, with
the number of chargers. For the final evaluation, it is decided that the
highest amount of PS would be provided since this would increase the
residual amount. However, it is also decided to minimize the number
of chargers as the increase in the residual amount with the number of
chargers is much lower than the increase in the investment that comes
with it, as can be seen in Fig. 13.

From the final evaluation it is noted that providing 100% PS with
22 chargers installed and 40% of the residual amount given back to the
participants, the NPV would be around e 10900 after 10 years and the
payback period would be about 7 years.

5.4. PS+FCR Scenario

The PS and FCR services are combined in this scenario. The driving
profiles and timings remain the same as in the other scenarios. As
for the service provision profile, PS and FCR services are provided
simultaneously. The amount of FCR service provided is not fixed at 1
MW. Rather, it depends on the number of V2G chargers installed, which
in turn depends on the amount of PS provided. The service provision
takes place whilst the EV is at the workplace. No free charging is
provided, but a monetary incentive was provided, as in the PS scenario.

The EV is charged at home such that the SoC while leaving for work
the next day is at least 60%. The power of the charger at home is 3.7
kW. A charging power of 12 kW for the chargers at the company is
considered, out of which 6 kW are allocated to FCR provision while
the remaining 6 kW are allocated to PS services. The reason for this
separation is that during a 100% activation for the FCR service, if PS
is also demanded simultaneously, the service provision would not be
possible.

A technical evaluation of all the simulated cases (different number
of chargers and amounts of PS provided) shows that the amount of
additional degradation in the battery is independent of the number of
chargers installed and the amount of PS service provided, as can be
seen in Fig. 14. This may be attributed to the fact that the total PS to
be provided at 100% PS is very low. Hence, reducing the amount of
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Fig. 14. Additional degradation with different number of chargers and amounts of PS
for the PS+FCR scenario.

Fig. 15. Residual amounts for different number of chargers and amounts of PS for the
PS+FCR scenario.

PS provided further, or increasing the number of EVs does not have a
significant impact on the degradation of each battery pack.

The economic evaluation, like in the PS scenario, shows that the
residual amount (given by (14)) increases with the amount of PS service
provided. Thus, the amount of PS service provided must be maximized.
However, unlike the PS scenario, it is seen that the residual amount
increases with the number of chargers as well, as shown in Fig. 15. This
is due to the fact that a higher number of chargers increases the revenue
from FCR provision. Nevertheless, it is observed that minimizing the
number of chargers leads to lower payback periods due to the disparity
in the investments made per charger and the increase in the residual
amount per charger.

Thus, by maximizing the amount of PS service and minimizing the
number of chargers and giving 40% of the residual amount back to the
participants, the economic calculations show that a payback period of
7 years is to be expected and the NPV after 10 years is estimated to be
e 19500.

6. Scenario comparison

A comparison of the three simulated scenarios has been presented
here. The assumption of a 12 kW charger costing e 1000 and a discount
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rate of 5% is common to all the scenarios. The other assumptions for
each of the best-case scenarios are reiterated here as follows:

1. FCR scenario: 8 h of FCR provision 5 days a week is considered. 1
MW of FCR service is provided which requires 84 EVs (chargers)
to be installed. The remuneration for FCR provision is e 8.08
/MW/hr. 15 min of charging is provided at the end of FCR
provision each working day.

2. PS scenario: 100% PS provided with 22 chargers installed. Peak
power costs of e 4.42/kW and electricity costs of e 0.17/kWh
that can be potentially avoided by the company. No charging
facility is provided at the company. However, charging and
battery degradation costs are remunerated to the EV owner. In
addition to this, 40% of the residual amount is distributed among
the participating EV owners.

3. PS+FCR scenario: 100% PS provided with 45 chargers installed.
Peak power costs, electricity costs and FCR remuneration are the
same as the previous scenarios. FCR and PS service is provided
for 9 h while no charging facility is provided at the company.
Charging and degradation costs remunerated to the EV owner
while 40% of the residual amount is also distributed among the
participating EV owners.

The difference in the number of chargers in each scenario is a technical
aspect. In the FCR scenario, to provide 1 MW of FCR power with 12 kW
chargers, 84 chargers are required. This number could be reduced by
either reducing the amount of FCR provision or increasing the charger
power. In the PS scenario, the minimum number of chargers is decided
by the amount of PS to be provided and the charger power. In the
simulations, the maximum amount of PS service that needed to be
provided was in the month of February when approximately 250 kW
needed to be provided. This translates to roughly at least 22 chargers
that would be required to provide this service. Finally, in the PS+FCR
scenario 12 kW chargers are used to provide both FCR and PS service.
However, the amount of FCR service that needed to be provided is kept
variable, so the number of chargers is determined by the amount of PS
to be provided. With the charger power split into 6 kW for PS and 6 kW
for FCR provision, at least 45 chargers are required to provide 100% PS.
The amount of FCR service that could be provided using this number
of chargers is 270 kW, and it is assumed that this FCR provision could
be sold to an aggregator at the same rate at which it is sold to the grid.

The NPV for the best options of each of the scenarios described
above are shown in Fig. 16. The various simulation parameters and
results have also been summarized in Table 4. The NPV for FCR
provision, after 10 years, is still negative (approximately e -21000)
which is due to the high investment costs. However, for the PS and
PS+FCR scenarios, the NPV, after 10 years, is approximately e 11000
and e 19500, respectively. The investment for the PS+FCR scenario is
higher than the PS scenario, but, since the net cashflow is also higher,
the NPV for the PS+FCR case surpasses that of the PS case after 7 years.

The reason for the low NPV for the FCR scenario is the high
investment cost. The NPV could be increased by either decreasing the
investment costs or increasing the net cashflow. The net cashflow is the
revenue/savings from the V2G service minus the remuneration to the
EV owners. Its value for the 1st year is approximately e 7800, e 4100
and e 8000 for the FCR, PS and PS+FCR scenario, respectively. The
net cashflow for the FCR scenario FCR could be increased by having
company EVs providing FCR services when they are not is use, i.e., typ-
ically during the night and over the weekends. This would increase the
cashflow with no increase in the investment costs, considering that the
company vehicles are EVs with V2G capabilities.

7. Conclusions

In this study, a battery model is used to evaluate the amount
of battery degradation that comes along with V2G provision. This
degradation is employed to evaluate the economic gains that come with
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Table 4
Simulation parameters/results summarized for all three scenarios.
Parameters/Results FCR PS PS+FCR

No. of chargers simulated 84 22 45
Remuneration 15 mins of free charging 40% of residual amount 40% of residual amount
Charger power (Home, kW) 3.7 3.7 3.7
Charger power (Work, kW) 12 12 12
Additional battery degradation (%) 0.155 −0.052 −0.1214
Payback period (years) 15 7 7
NPV after 10 years (e) −21000 11000 19500
Fig. 16. NPV evolution for the different scenarios simulated.

V2G service provision. The case study of a company is made, which
utilized the V2G capabilities of the EVs of their employees to provide
FCR services to the grid or to perform peak shaving at the company
premises. An incremental analysis (additional battery degradation with
respect to the reference case) is made to assess the economic benefits
that could be reaped by both, the company and the EV owner in this
situation. The various V2G scenarios considered were FCR provision,
PS provision and PS+FCR provision.

For the FCR provision scenario, an investment of e 1000 per
charger resulted in a payback period of 15 years while for the PS
and PS+FCR provision scenarios, the payback period was 7 years.
Simulations showed that the investment for the charger was a major
factor in determining the payback period for the project. If the in-
vestment per charger dropped to e 500, the payback period for FCR
provision scenario would also be about 7 years. The payback period
for this scenario could also be decreased by increasing the time of
FCR provision by using company vehicles during off-working hours and
weekends.

The NPV calculations showed that, for a project time of 10 years
and under the simulated circumstances, providing peak shaving and
FCR service simultaneously would be the most profitable, followed by
providing peak shaving alone.
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Abbreviations

BMS Battery Management System
DoD Depth of Discharge
EV Electric vehicle
FCR Frequency containment reserve
FEC Full Equivalent Cycle
GITT Galvanostatic Intermittent Titration Technique
NMC Lithium Nickel–Manganese–Cobalt oxide
NPV Net Present Value
OCV Open circuit voltage
PV Photovoltaics
SoC State of Charge
SoH State of Health
SoR State of resistance
PS Peak shaving
TSO Transmission System Operator
V2B Vehicle-to-building
V2G Vehicle-to-grid
V2H Vehicle-to-home
WLTC Worldwide Harmonized Light Vehicle Test Cycles
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