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Abstract
A number of studies have investigated the possibility of
extending Electric Vehicle (EV) Lithium-ion battery life by
deliberately choosing to store the battery at a low to moderate state
of charge. Recently, there has been considerable interest shown in
the scheme of a deliberate discharge and subsequent recharge of
a battery to yield an overall reduction in battery degradation whilst
carrying out Vehicle-to-Grid (V2G) services (so-called ‘beneficial
V2G’). This paper presents an investigation of the conditions
permitting successful operation of this method by examining
incremental time variation of the relevant parameters for two types
of cells from results of the same physical size and chemistry, and
similar capacity. These two types of cells are found in this present
analysis to offer differing degrees of suitability for beneficial V2G.
Keywords—Electric Vehicle, Battery Degradation, V2G

I.

INTRODUCTION

The concept of using the storage capacity of EV batteries
via bi-directional chargers to support the power grid for
balancing short-term variations in power supply and demand
is very attractive. This would be one way of increasing the use
of intermittent renewable energy sources. This process as part
of V2G can also permit a reduction in peak power demand by
‘time shifting’ [1]; that is, EVs supplying power at the peak
demand time and recharging when aggregate demand is low.
This latter use of V2G can postpone (or even partially avoid)
the need to reinforce the network [2], as EVs become more
commonplace and the power demand due to their charging
requirements increases. Thus, as the number of EVs rises, they
could be used to support the power network and offset the
additional stresses which their charging causes. Other
functions of grid support via V2G are also possible, e.g. Firm
Frequency Response (FFR) [3] to stabilize the grid and avoid
power disruption for which a business case could be most
easily made currently (though it does depend on the
framework conditions that may change with the increase in
EVs) [4]. In this application, an aggregation of EVs would
provide power to the grid when the frequency falls below
nominal and absorb power when the grid frequency exceeds
its nominal value. The projected value of V2G to the economy
motivated the UK government in 2017 to provide funding of
around £30 million for innovative projects that develop future
V2G products, services and knowledge [5]. The UK
government’s decision [5] had apparently been favourably
influenced by recent research reported, such as [6-9] in which
laboratory cell testing suggested that, under appropriate
conditions, carefully managed V2G could actually extend Li-
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ion battery life. In a UK Government sponsored meeting for
industry and academia in August 2017 [5], which was used to
launch the advertised UK £30m V2G initiative, UK Civil
Servants indicated that in their view V2G had been shown to
be potentially beneficial to an EV battery [6]. It was felt by
them to be sensible for the UK to consider largely bypassing
the adoption of ‘Smart Charging’ (whereby EV charging is
done at such times as the network has spare capacity) and
perhaps to move straight towards the widespread adoption of
V2G in the UK. Innovation, research and development and
market testing funding was accordingly allocated for this
purpose.
Li-Ion batteries used in EVs have a finite lifetime in terms
of the number of charge/discharge cycles which they can
provide before their storage capacity falls to their end of useful
automotive life. The latter is widely taken to be when capacity
falls to around 80% of nominal capacity [10,11] and/or their
internal resistance rises by 100% [12]. Using an EV battery,
whether for driving or for grid support, will therefore tend to
reduce its remaining life. The cost of EV batteries is currently
still high, around $137 /kWh as of December 2020[13], so any
additional use of the battery over and above its prime purpose
for transportation may carry an appreciable cost due to the
associated additional battery degradation. If the costs of V2G
induced additional degradation exceeding the price obtainable
by an EV owner for providing the V2G intervention
concerned, then it may not prove to be an economical
proposition for that actor.
Whilst battery technology is developing rapidly currently
the topic of beneficial V2G is still subject to debate since a
number of studies have analysed battery degradation due to
V2G and come to differing conclusions [7] [14-18]. In [1418], the battery degradation cost for V2G provision was
calculated as a function of the percentage decrease in
equivalent cycles due to the V2G service provision, which
would increase the related cost. In [15], batteries were tested
under standard profiles and their cycling life was found to be
long enough to result in a low battery degradation cost.
Another study [16] evaluated the impact of different charging
strategies, namely as-fast-as-possible, smart charging and
V2G on battery degradation and concluded that V2G always
increases the degradation cost, and similar conclusions were
reached in [17]. The work in [18] adopted a battery life model
for lithium-ion batteries and considered cycling degradation;
this resulted in higher costs when V2G was provided, except
in the particular case where wind energy utilisation is
increased. The models adopted in [14-18] depicted V2G

always as additional cycling since battery power exchange is
involved, which is detrimental to the battery. Therefore, an
economically viable V2G was achievable when the revenues
from the V2G services exceeded the associated battery
degradation cost. The research set out in [7] on the other hand
followed [6] to some extent, showing that performing grid
services at low average State of Charge (SOC) arising from
bi-diurnal charging can lead to a longer battery life when
compared to a case where V2G was not provided and the
averaged SOC level was higher due to daily charging activity.
In [8], it was shown that smart charging involving limited
V2G at low initial SOC, charging before departure, and less
frequent charging can extend battery life when compared to
uncontrolled charging. In research reported by [9], it was
found that calendar degradation and cycling degradation are
both reduced at a low SOC. As a result, it was possible - via a
V2G design - to minimise the occurrence of high levels of
SOC, and thus to increase the life of the cells considered by
60% compared to the results of uncontrolled charging.
Previous studies, such as [19] and [20] which considered
the Vehicle-to-Grid (V2G) cycling costs associated with
battery degradation, concluded that V2G profits are
outweighed by the possible reductions in battery lifetimes. In
[19] a battery wear model was created based on
manufacturers’ test data for the Li-ion battery in a Nissan
Altra EV. This allowed direct battery degradation cost
assessment. FFR was found to be uneconomic, as degradation
costs from the model exceeded revenues. Study [20]
calculated degradation costs for LiFePO4 based A123 cells as
used in commercial and EV applications [21]. Study [20] used
simple regression models based on laboratory data for a
limited set of ageing stress factors, namely depth of discharge,
and average SOC. Energy arbitrage was not found to be
economic for the EV owner. More severe stress factors (e.g.
elevated temperature and SOC during cycling and storage)
were not considered in that study.
Results were reported in [6], which suggested a means of
carrying out V2G while at the same time prolonging the life
of the Nickel Cobalt Aluminium Oxide (NCA) cells studied
(i.e., beneficial V2G). Conversely, [22] drew the same
conclusions as were reached in [14-18], namely that V2G will
always cause additional battery degradation. The authors used
cells of the same NCA battery chemistry, physical size and
similar capacity to those tested in [6], but the associated
experimental results demonstrated that V2G would always be
adverse to cell lifetime. Given that both [6] and [22] adopted
NCA C6/LiNiCoAlO2 cells and conducted both storage and
cycling testing, the diverging outcomes seemed surprising.
The lead authors of [6] and [22] published further work [23]
in which the discrepancy, inter alia, was argued by them to be
anomalous, and was ascribed to the introduction of modelling
and simulation in [6]. However, by giving such justification
[23] ignores the seemingly inconsistent degradation results
reported in [6] and [22].
The present paper analyses the degradation results given
in [6] and [22] and addresses this apparent discrepancy. It
finds that, based on the cell data given in [6], the availability
of beneficial V2G is time dependent. Furthermore, based on
the data given in [22], it is not available under similar
conditions. For completeness, a brief outline of the various
forms of degradation experienced by Lithium-ion batteries is
first presented. Then, results from the literature are discussed
to ascertain examples of the conditions under which beneficial

V2G may be carried out. Conclusions are subsequently drawn,
showing that cells can have different suitability for beneficial
V2G even when of the same size, capacity and chemistry. The
requisite condition – namely that saving in calendar
degradation must exceed the associated cycling losses for
beneficial V2G - additionally may depend on the degree of
prior ageing of the cell, and its initial SOC and temperature.
The conclusion reached is that even when a particular cell
permits beneficial V2G, this may only be so for a limited part
of the cell’s lifetime. This has overall consequences for the
practice and economics of V2G.
II.

DISCREPANCY IN FINDINGS REGARDING THE
POSSIBILITY OF BENEFICIAL V2G

A. Costless V2G
The authors of [6] presented a data and simulation study
suggesting the idea that, under certain circumstances, V2G
involving battery discharge and subsequent recharging (which
could include peak shaving and FFR) can actually extend the
life of Lithium-ion batteries in EVs. In this work, the authors
develop a comprehensive battery degradation model based on
long-term ageing data collected from more than fifty longterm degradation experiments on an unspecified type of
commercial 3Ah 18650 C6/LiNiCoAlO2 cell. The model
allows for the major known sources of battery degradation including calendar ageing, Depth of Discharge (DOD), battery
temperature, vehicle battery State of Charge (SOC), and C rate
(the rate at which a battery is discharged relative to its
maximum capacity). Using the developed model, and a
driving pattern simulation, study [6] found that lowering the
average SOC by discharging energy to the grid in the ‘parked’
period during the day can reduce capacity fade. The idea here
is that the higher the average SOC and ambient temperature,
the greater is the degree of calendar degradation. For the
battery cells studied it was found that, under certain
conditions, the calendar degradation at high SOC could
exceed the discharge/charge cycling losses over a period of
storage, assumed to be 8.5h. Thus, providing grid support
could in these circumstances be actually beneficial to the EV
battery. For this result or conclusion to hold, the calendar
degradation must be sufficient (namely higher) when
compared to the cycling degradation
If valid, this is a most interesting idea since it mitigates the
chief objection to V2G, namely that it may inevitably cause
expensive additional battery degradation. The scope for
profitable V2G business models is greater where the cost of
battery degradation is low or possibly even negative. The
situation is analysed further in the following sections.
B. Is Costless V2G Possible?
In an apparent contradiction to [6], [22] presented the
results of an experimental study on the impact of V2G
operations on Lithium-ion battery degradation. These results
show that additional cycling to discharge EV batteries to the
power grid, even at constant power, is always detrimental to
battery lifetime and performance. It was found that the level
of calendar degradation of the battery cells studied was too
low at typical temperatures (25OC) to be able to offset the
damage caused by battery cycling. Thus, delayed charging
from the grid to the EV battery (G2V) as compared to
immediate G2V had no significant effect (<1%) on capacity
retention at room temperatures. Given that [6] and [22] use
apparently very similar commercially available 18650-type
cells, with a capacity of approximately 3Ah, and with Graphite

(GIC)/LiNixCo1−x-yAlyO2 (NCA) negative/ positive
electrodes, the seemingly opposing conclusions are not
expected and can thus be viewed as controversial [23].The
difference in these two sets of findings were discussed in a
journal-encouraged joint paper by the lead authors of [6] and
[22] in [23]. The conclusion reached was that the discrepancy
was due to the use of simulations in [6]. This present paper
critiques the presented ‘resolution’ of the discrepancy as
argued in [23], which the present authors do not find
convincing.
III.

METHODOLOGY

The SOC of a battery refers to the percentage of the fully
charged battery energy capacity actually stored in a battery.
As the battery gradually decays, the maximum energy which
it can hold at full charge falls. The conventional way to
quantify the effects of capacity degradation is via a term
known as ‘State of Health’ (SOH): a battery that when fully
charged would have held X% of the energy it would have held
when new and fully charged, would have a X% SOH [24].
Studies [25] and [26] have shown that EV battery
degradation may arise from two main causes. The first of these
is known as ‘Calendar Degradation’ and refers to the fact that
a Li Ion battery degrades with time, whether or not it is used.
The other form of battery degradation occurs when a battery
is actually used to store energy via successive
charge/discharge cycles, known as Cycling Degradation.
To explore the possibility of beneficial V2G, the results
from [6] and [22] were used to establish the degradation
associated with the methodology put forward in [6] involving
storage for 8.5 hours during the day. This was quantified at a
high SOC and at a low SOC at different times as the battery
cells aged, at a given fixed temperature. The difference (a
saving in degradation over the 8.5 h period at any particular
time) was then compared to the cycling degradation cost of
discharging the EV battery at the beginning of the 8.5 h period
of storage, and then recharging at the end, the overall effect
being to reduce the average SOC. To achieve an actual benefit
from V2G, the procedure would need to reduce the overall
level of battery degradation. Whether this favourable outcome
could be achieved at the relevant time and temperature was
then evident by comparing the variation in calendar
degradation with the incremental variation in cycling
degradation with time.
IV.

BATTERY DEGRADATION

A. Calendar Degradation
The rate of calendar degradation, wherein capacity fades
and impedance rises, varies with temperature, in accordance
with Arhennius’ Law, under which the rate of a chemical
reaction doubles with each 100 C rise in temperature, as set
out in [27] and [28]. The rate of calendar degradation is also a
function of the battery SOC during storage [26]. There is
disagreement in the literature over the optimum level of SOC
for storage, namely whether it is around 50% [29] or the lower
the better [30] though probably not a total discharge.
B. Cycling Degradation
Cycling degradation is the term used to describe the loss
of capacity and increase of impedance which a battery suffers
as it is used to store energy via successive charge/discharge
cycles. In [31] it was found possible to experimentally
determine the three modes of physical degradation to which

Li-Ion cells are subject: loss of active positive electrode
material, loss of lithium inventory and loss of active negative
electrode material. Cycling degradation takes place in addition
to the continuing calendar degradation that may be viewed as
an independent phenomenon [24] [26]. It is usually measured
by considering the % capacity loss per charge/discharge cycle
[26]. Cycling degradation has been found to be a function of
the number of cycles, the amount of charge transferred per
cycle (effectively this is a function of the DOD) [32],
temperature at which cycling occurs [26] [26] [33] [34],
average SOC (the lower the average SOC for cycling, the
lower the battery degradation), [26] [35] and charge/discharge
current during the cycle (‘C rate’). If a cell is fully discharged
from 100% SOC in 1 hour the C rate = 1C [36-38], while
cycling degradation is linearly proportional to the C rate below
1C [39]. As with calendar degradation, the various forms of
cycling degradation will vary with cell chemistry and method
of manufacture, as explained in [29] and [30].
V.

COMPARATIVE BATTERY DEGRADATION ANALYSIS

A. Consideration of the Uddin et al. [6] results
In [6], one may find curves showing the cumulative calendar
degradation of the cells used at differing levels of SOC, from
which the underlying results may be obtained. Without the
need to construct a model of calendar degradation, the
experimental results reported may be used to examine the
feasibility of beneficial V2G (where the benefits to SOH from
storage at low SOC exceed the loss of capacity caused by the
extra cycling due to V2G operation) under fixed
charge/discharge rates. From the results in [6], the authors
produced a curve with Fig. 2(a), showing the difference for
the particular battery cells studied between cumulative
calendar degradation at 90% SOC and 50% SOC with time,
where the cells being stored in a chamber maintained at 25oC.
The difference curve gives an indication of the cumulative
reduction in calendar degradation arising from storage at 50%
SOC as opposed to storage at 90% SOC. As may be seen, the
incremental saving associated with storage at low SOC is
substantial at around 2000 hours but decreases thereafter.
Using the data from [6], the authors of this present paper have
derived a curve, Fig. 2(b), showing the incremental difference
in calendar loss over the 8.5 hours storage period proposed in
[6] as a percentage of cell capacity vs time of storage. This
will give a measure of the variation in saving calendar
capacity degradation by storage at low SOC over time. The
amount of saving shown in Fig. 2(b) falls rapidly after 2000
hours, and more slowly thereafter.

(a) Total Calendar Degradation (b) Incremental calendar degradation
90% SOC

50% SOC

Difference

Fig. 1: Total and incremental calendar degradation using the data from. [6].

These results suggest that the methodology used in [6] for
beneficial V2G might perform best with these particular cells
up to perhaps 3000 hours of the test cells’ life and would

appear to be less useful both before and after that time. To
further explore the possibilities, the amount of cycling
degradation was considered. In [6], cycling tests were carried
out, inter alia, at a temperature of 250 C, with an initial SOC
of 95%, ∆ SOC of 30%, discharge rate of 1.2C, and charge
rate of 0.3C. This gives a cycle time of 1.25h and a cycle
charge throughput of 1.8 Ah for the 3 Ah cells. Cycling
testing was carried out until a charge throughput
corresponding to 2000 cycles and a total cycling time of 2500
hours was achieved. As the cycling test lasted 2500 hours, an
appreciable amount of calendar degradation will have taken
place. In [6], the results for calendar degradation at SOC 65%
were not published, so the lower degradation figures for SOC
50% were deducted on a conservative basis. Fig. 2(a) shows
the incremental degradation calculated by the authors from
the data in [6] expressed as a percentage of the original cell
capacity vs cycling time. The amount of cycling degradation
taking place per cycle varies over the life of the cell. In [6],
measurements of capacity were made after various numbers
of cycles. Since the testing programme lasted for a number of
months, an allowance was made for the effects of calendar
degradation. Then, the net variation in cycling degradation
after the differing numbers of cycles was calculated. The net
cycling degradation per cycle could thus be established.
Superimposing the plot for incremental cycling degradation
and the plot for saving in SOH due to low SOC in Fig. 2(b),
cycling degradation becomes commensurable with calendar
degradation. The x-axis in Fig. 3(b) represents both the time
of calendar degradation and the duration of cycling in hours.
It is evident from Fig. 3(b) that between about 1000 hours and
2500 hours the saving in degradation due to calendar ageing
at low SOC over 8.5 hours exceeds the degradation arising
from carrying out V2G cycling. Thus, one condition for
beneficial V2G is established on an experimental basis.

(a)
(b)
(a) Incremental cycling degradation vs. cycling time
(b) incremental cycling degradation vs. calendar degradation
Incremental saving in calendar degradation
Incremental cycling degradation
Fig. 2: Incremental cycling degradation using the data from [6].

Uddin et al. [6] found that cycling degradation was higher
with ∆ SOC of 30% and (start) SOC of 50% than was the case
for their cells when (start) SOC was 95%. Accordingly, one
might expect that the conditions for achieving beneficial V2G
would be harder to achieve under this regime. Fig. 3 shows
the results of a similar analysis to that given above for the
lower SOC (start point). Here, due to the almost identical
reported rate of calendar degradation at 50% SOC and 20%
SOC, there is minimal available benefit from storage at low
SOC to offset the cycling degradation, which is larger at a
start point of 50% SOC than at 95% SOC for  SOC 30%.
Beneficial V2G is not possible under these conditions.

Incremental calendar degradation
Incremental cycling degradation
Fig. 3: Incremental cycling degradation vs. incremental calendar degradation

B. Consideration of the Dubarry et al. [22] results
In [22], a study was made of calendar degradation for NCR
18650B 3.35Ah cylindrical cells under various conditions
including storage in a chamber maintained at 250 C with SOC
of 100% and 50%. The results using data obtained by the
authors from [22] (Fig. 4(a)) allow a comparison with the
Uddin et al. [6] work – using degradation at the nearest
comparable SOC to that used in [6], i.e. 100% will be
expected to be slightly greater than at the 90% SOC of the
Uddin et al.’s [6] results.

(a) Total calendar degradation
100% SOC

(b) Incremental calendar degradation
50% SOC
difference

Fig. 4: Total and incremental calendar degradation using the data from [22]

Fig. 4(b) (arrived at in the same way as Fig. 2(b) by the
present authors) shows the incremental calendar degradation
results and the reduction arising from storage at low SOC for
8.5 h. This allows a comparison with the work described in
[6] – calendar degradation at 100% SOC will be expected to
be slightly greater than at the 90% SOC of the results given
in [6], but not greatly so.
These results suggest that the Uddin et al.’s technique [6] has
less scope with the battery cells studied in [22], since the
potential reduction in calendar degradation arising from
storage at 50% SOC rather than at 100% SOC shown in Fig.
5(b) are much less than those shown in Fig. 2(b)
Dubarry et al. [22] also carried out real cycling degradation
tests to represent the effects of two fixed profile driving
cycles per 24 hour period, together with a number of different
behaviours. A useful pair of experiments for the present
purpose involved one series of tests with a single V2G
intervention per 24 hours with ∆ SOC =30%, initial SOC
=100%, T= 25OC, C=0.25, and another series of tests on an
identical basis but with no V2G intervention. The difference
in degradation between the two runs would yield the cycling
degradation involved with a single V2G intervention. The
cycling testing lasted for 8.25 months, 5940 hours, and each
cycle lasted for 11 hours.
It is then possible to plot the benefits of reduced calendar
degradation over the 8.5 hours period against the costs of 1
cycle of V2G, ∆ SOC =30%, initial SOC =100% and T = 25

O

C. The C rate used by Dubarry et al. [22] was lower than that
used by Uddin et al. [6] and given that a low C rate promotes
a lower degree of degradation [39] the results would
underestimate the degree of cycling degradation when
compared to the C rates used in the Uddin et al. [6] study,
thus favouring beneficial V2G. The present authors’
comparison is shown in Fig. 5.
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