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Data from the last five years shows peak electricity demand in the UK at around 75% of the major power producers’ (MPP’s) total production capacity (BEIS 2021, 5.10). Further data also shows reliance on power imports chiefly from France, The Netherlands, and Belgium (BEIS 2021, 5.13), and a decreasing but still prominent usage of gas and nuclear power plants to meet demand (BEIS 2021, 5). With the finalization of Brexit posing potential hardships for energy import; increasing deployment of renewable energy solutions such as solar and wind which are more vulnerable to and fluctuate with local conditions; and the projected increasing demand from domestic and services sectors (BEIS 2019), it is possible that the UK may face local or regional energy shortages as grids powered mainly by renewables struggle to maintain adequate output. This problem is compounded by the fact that peak demand typically increases in the winter months (Gavin, 2014), when solar power in particular will be operating under suboptimal conditions.
A potential solution for dealing with the fluctuating capacity of a grid powered mainly by renewables is the use of vehicle-to-grid (v2g) technologies, whereby electric vehicles plugged in to private or public charging stations may instead be discharged to the grid to bolster its capacity during peak demand times or else as a stopgap measure to avoid blackouts while backup power stations are brought online. This report attempts to evaluate the effectiveness of widespread use of v2g technology and discusses some of the attendant socio-economic factors surrounding it.
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Assuming full participation of private electric vehicles in a national v2g initiative, how much of the peak demand might this supplementary ‘powerplant’ be able to satisfy? The DUKES report from the Department of Business, Energy, and Industrial Strategy lists maximum simultaneous load met by MPPs in 2020 as approximately 48.9 megawatts. Previous years show similar values, with the maximum listed being 53.4 MW in 2016 (BEIS 2021, 5.10). Data from a winter’s day in 2012 shows a maximum demand of around 57 MW (Gavin, 2014)—the gradual downward trend in peak demand likely due to increased efficiency of household appliances, heaters, et cetera. Taking then a ‘worst case’ scenario of 55 MW demand, how much of that may be supplied by EV batteries?
The RAC estimates put 330,000 battery electric vehicles and 320,000 plug-in hybrid electric vehicles on the road in 2021 (RAC 2021). Battery capacities for BEV such as Tesla model 3 or Jaguar I-Pace range from around 75kWh (Tasgaonkar, 2021) to 90kWh (JLR, 2021); capacities for PHEV are much smaller, typically around 10kWh (Lilly, 2019). Maximum power outputs for different models are also widely variable, so a maximum safe discharge of 50kW is assumed for all vehicles for simplicity.
[image: ]Most of the demand on the grid happens for about 12 hours from 9am to 9pm, but peak values, at least in winter months, happen from approximately 3pm to 9pm (Gavin, 2014). From this, four time durations were set out: the full 12 hours, an intermediate 8 hours, a peak 6 hours, and an emergency 2 hours. The RAC estimates were used with battery capacities of BEV and PHEV to give per unit, total, and percentage of demand results displayed in tables 1 and 2. Note that because capacities of BEV have so much variance, the RAC estimate was evenly divided such that half of them have 75 kWh batteries (BEV 1) and the rest have 90 kWh batteries (BEV 2). Table 1
Table 2

[image: ]The results indicate that if all cars are fully discharged, the v2g ‘powerplant’ may easily meet and exceed a 55MW demand for all time durations used. Indeed, even if discharge is limited to half the capacity of any individual vehicle’s battery, to allow for incomplete charging at the start of the demand period and to allow drivers to have some ability to use their vehicle immediately afterward, the total needs of the grid can still be met by any one category of EV alone. Table 2 shows the results for 50% battery discharge of the v2g ‘powerplant’. 
These are encouraging figures, but they must be met with some caution. The above results make several assumptions which make the numbers perhaps unrealistically optimistic. Firstly, they assume any EV plugged in to the v2g network will have at least a 50% charge available to use, and secondly they also assume that every EV in the UK is plugged in and available when needed. Lastly, and importantly, unlike a real powerplant the v2g ‘powerplant’ will need to recover all the energy it puts into the system at a later date—the total TWh demanded yearly will not change (and may in fact increase if more people purchase and charge electric vehicles). It does, however, grant MPPs the ability to disconnect their peak loading times from peak demand times of the grid, and may be particularly useful in smoothing out power fluctuations from a grid running primarily on renewable sources. 
The first two assumptions have to do with participation and availability. Of central concern to a v2g system is participation—how many EV owners will actually contribute to the grid—and availability: even if 100% of EV owners do participate, how many of their cars will be available (plugged in and sufficiently charged) during times of high demand.
As mentioned, peak demand happens in the late afternoon and evening. These are typically times when drivers and their vehicles are in use: tied up in traffic, shuttling children to and from school and sporting events, or else driving to restaurants and social outings. As such, it is extremely unlikely that peak demand will coincide with peak availability. Tables 3 and 4 show results for if only 10% and 1% of UK EV are available to the v2g system during a demand period. Note that even if a mere 1% of EV are discharged to half their capacity, the cumulative power available is still enough to satisfy a 55MW demand for a two hour period. The numbers drop to 46% of demand for 6 hours, 35% for 8 hours, and 23% for 12. With relatively few vehicles, it would seem that v2g technology has the potential to be an effective and useful energy buffer for peak demand hours, as long as the grid can recharge the [image: ]batteries in off-peak times.Table 3
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Since a v2g system will not work without some base level of EV charging infrastructure widely in place, this report assumes such infrastructure to be already extant for the sake of discussion; the construction, regulation, and maintenance of charging infrastructure deserves its own discussion which this report does not have the scope to adequately pursue. Instead, focus here is spent on the socio-economic aspects of v2g implementation.
The effectiveness of any distributed system such as v2g technology relies heavily on participation of individuals. To maximize the capacity at any given time of a v2g ‘powerplant,’ participation should be encouraged as much as possible. While the most direct way to do this might simply be by legal mandate, such an action may have issues with enforcement and, if unpopular enough, may also have negative effects on the adoption of EV themselves. Instead, EV owners can be incentivized to freely participate by other means.

[bookmark: _Toc88517063]3.1 | Monetary Considerations
Incentive systems are already in place for the purchase of EV. Within the UK, the government offers grants and tax reductions to entice new EV purchases (RAC, 2021). Similar incentives are at play internationally as well, such as in the United States where EV are allowed free use of the carpool lane on interstates and highways to encourage their purchase by commuters (EV Pros, 2021).
From a government perspective, a similar tactic could be used to encourage EV owners to participate in a v2g system: a road tax reduction could be put in effect for those who participate. This would however necessitate some sort of meter-side reporting from the v2g charging equipment itself, which may be costly to implement. Instead, v2g equipment could be installed in public parking spaces in cities, and drivers who plug into the systems while parked there could have their parking fees waived or reduced.
From a private perspective, monetary gains may be more easily made by prioritizing local needs before the grid. One of Tesla’s secondary products, Tesla Powerwall, uses the same cells found in Tesla EV as stationary energy storage (marketed to couple with a solar roof) for a single household (Tesla, 2021). With v2g technology, EV batteries could be put to the same use while still in the car—estimated daily energy usage of a medium size household is approximately 8kWh (Topping, 2021), meaning a single fully charged BEV could power 9 to 11 households for one day, 5-6 if the previous 50% discharge cap still applies. This helps the grid by decreasing the local grid demand, and EV owners may also be more willing to participate if they know the energy from their car is going to them and their neighbors, not to unknown strangers.
Further, if EV owners were paid competitive rates for contributions to the grid during peak hours, enough to reduce or offset the costs they incur later during EV charging, they might be more willing to actively participate in a v2g system. MPPs could then use these reimbursements to dynamically tailor the load to their powerplants by setting or changing the times at which better payback rates are offered.
V2g effects on battery life must also be considered. Lithium ion batteries degrade with each cycle, and so extended cycling will reduce the total capacity and eventually render the battery impractical or wholly unusable for automotive application, at which point it must be replaced. Current BEV energy storage is expected to have a life of approximately 100,000 miles (Tesla, 2021). Given that each BEV has an estimated maximum range, that can then be used with the battery capacity to approximate mileage/kWh. In the case of a Tesla Model 3, with a ~75kWh battery and estimated range of 330 miles (Tasgaonkar, 2021), that number is 4.4 miles/kWh.
Using kWh mileage, the effect of v2g contributions on battery life can then be estimated: if a participant has discharged 50% of their Model 3’s capacity six days out of a week, then their weekly v2g impact is 990 miles or, in other words, 0.9% of the expected battery life per week. While many EV have warranties covering battery replacement, in the event that the owner must pay for replacement themselves, v2g impact figures may be used to petition for grants and subsidies to reduce replacement costs to the participant.

[bookmark: _Toc88517064]3.2 | Social Considerations
Another important determinant of participation is convenience. If EV owners are significantly or even moderately inconvenienced by their contributions to a v2g system, their willingness to participate further will likely decline. Therefore, any successful v2g network must do its best to minimize or eliminate inconvenience to the participants.
One possible avenue has already been tangentially mentioned: parking. Since a good deal of grid demand happens during the day, when the majority of people are at work, participation might be incentivized by partnering with private car parks and campuses with their own parking to install v2g chargers in prime parking spaces. Participation in the v2g system is then incentivized by an increase in one kind of convenience to offset the potential inconvenience of decreased available range for the return trip home. Of course, some level of policing might be required to ensure that those who use the priority v2g spaces are actual participants and not opportunists.
Another solution may lie in better data management. With vehicle companion apps becoming more common, such as for Vauxhall’s Corsa-E (Wilde, 2020) or Tesla’s companion app for iPhone, it may become possible to manage charging and discharging based on a user’s habits profile gathered on their phone. An EV owner’s habits such as typical commute times or even set alarm times could be used to determine availability for v2g discharging. If a user sets their alarm for 7am, the companion app may be able to approximate when to switch from discharging to charging the vehicle batteries, thus ensuring that the user will have a certain amount of available capacity when they go to work. Analysis of typical depth of discharge during standard commute times could also be used to more finely calibrate the minimum level of charge needed for typical use. Of course, since such data would be based on typical usage profiles, it may not adequately adjust for unexpected actions such as emergencies or holiday trips.
To counter this, companion app users could be given some level of control over the intelligent charging system—the ability to set minimum charge levels after which the vehicle will automatically disengage from the v2g system, for instance. Allowing EV owners to not only choose whether or not to participate in a v2g network but also to choose their level of participation may go a long way to ease concerns of those afraid they might find their vehicle discharged to the grid when they need it most.
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Thus far the discussion has been based on the assumption that v2g technologies would use participating EV as an energy buffer to ameliorate load on powerplants during times of high demand. This type of usage lends itself particularly well to a grid supplied by renewable sources, which as mentioned are more vulnerable to output fluctuations based on local conditions. The unspoken goal inherent to this is that v2g technology, if deployed widely enough, can be a powerful tool in ‘greening’ UK power production, by making the output of renewables steady enough to be confidently relied upon.
If, however, the goal is simply to provide power during times when MPPs are struggling to meet demand, additional options become available.

[bookmark: _Toc88517066]4.1 | PHEV As Mobile Generators
Batteries on PHEV have such little capacity because of the hybrid nature of the vehicle. When needed, the petrol or diesel onboard powerplant can be run to produce the levels of energy demanded at certain points in the drive cycle. It should then be possible to run a PHEV connected via v2g technology as a petrol or diesel generator, using the onboard battery as a mediator between ICE and grid. In fact, the technology to manage this already exists: companion apps such as InControl (JLR 2021) offer the ability to remote start and stop connected vehicles, ostensibly to precondition the cabin climate. There is no reason the same control may not be paired with a v2g management program instead.
Interestingly, the peak thermal efficiency of a diesel engine reaches about 40% (Friso, 2014). By comparison, combined cycle gas turbine power stations have operated at about 48% thermal efficiency for the last five years (BEIS, 2021, 5.10), a difference of 8% which is not ideal, but not necessarily catastrophic if PHEV are used for backup generation sparingly.

[bookmark: _Toc88517067]4.2 | Non-Rechargeable Batteries
Recently, Indian Oil Corp partnered with Phinergy Ltd to investigate the possibility of non-rechargeable aluminum-air batteries for automotive use (Chakraborty, 2021). While some research is also being done to try and make these much cheaper and lighter batteries rechargeable (Mori, 2019), it is possible that some percentage of the EV market might come to rely on power packs which are replaced instead of recharged. Though such a vehicle would have no need of a charging plug, legislation could mandate the installation of one specifically for v2g purposes. In this case, the EV would be treated as a generator rather than a buffer by the system, as there would be no way to recharge it later.
Participation in such cases would likely be lacking, but could be encouraged by battery replacement cost subsidies based on amount of charge expended via v2g systems. Of course, such subsidies would need either vehicle mounted or charger mounted monitoring apparatus to tally the kWh put into the grid.
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Though the figures for potential v2g output indicate such a system as a valuable and effective tool for grid management, particularly in conjunction with renewable energy sources, there are many challenges yet to be resolved, both in infrastructure and socio-economic spheres, before such a system might be successfully deployed. Leaving infrastructure aside, a widespread v2g system must minimize its effect on participants, both in terms of money and in terms of convenience, if it hopes to be viable. There are many ways of incentivizing participation, such as tax reduction, battery replacement cost subsidies, priority parking, and increased user control via smartphone connectivity. If such means produce a stable availability of even 1% of the existing EV on UK roads for v2g use, the available output would be enough to briefly supply the entirety of peak electricity demand, to allow MPPs time to adjust their own loadings when they may be struggling to provide enough output. While use of a v2g system would not reduce the total amount of energy demanded, it would allow the grid to disconnect demand times from supply times, making renewable energy sources such as solar, whose output fluctuates greatly throughout the day, and wind, whose output fluctuates with local weather conditions, to provide a more stable supply to UK homes and businesses.
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BEV 1 165000 75 6.25 9.38 12.50 37.50 1,031,250        1,546,875         2,062,500          6,187,500        1875.00 2812.50 3750.00 11250.00

BEV 2 165000 90 7.50 11.25 15.00 45.00 1,237,500        1,856,250         2,475,000          7,425,000        2250.00 3375.00 4500.00 13500.00

PHEV 320000 10 0.83 1.25 1.67 5.00 266,667            400,000             533,333             1,600,000        484.85 727.27 969.70 2909.09

Individual kW/hours Total kW/hours % of 55MW demand/hours

Power Output Utilizing 100% of Battery Charge
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BEV 1 165000 37.5 3.13 4.69 6.25 18.75 515,625            773,438             1,031,250          3,093,750        937.50 1406.25 1875.00 5625.00

BEV 2 165000 45 3.75 5.63 7.50 22.50 618,750            928,125             1,237,500          3,712,500        1125.00 1687.50 2250.00 6750.00

PHEV 320000 5 0.42 0.63 0.83 2.50 133,333            200,000             266,667             800,000            242.42 363.64 484.85 1454.55

Individual kW/hours Total kW/hours % of 55MW demand/hours

Type
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of units
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(kWh)

Power Output Utilizing 50% of Battery Charge
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BEV 1 16500 37.5 3.13 4.69 6.25 18.75 51,563              77,344               103,125             309,375            93.75 140.63 187.50 562.50

BEV 2 16500 45 3.75 5.63 7.50 22.50 61,875              92,813               123,750             371,250            112.50 168.75 225.00 675.00

PHEV 32000 5 0.42 0.63 0.83 2.50 13,333              20,000               26,667                80,000              24.24 36.36 48.48 145.45

Power Output Utilizing 50% of Battery Charge for 10% EV Availability

Type

Number 

of units

Capacity 

(kWh)

Individual kW/hours Total kW/hours % of 55MW demand/hours
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BEV 1 1650 37.5 3.13 4.69 6.25 18.75 5,156                7,734                  10,313                30,938              9.38 14.06 18.75 56.25

BEV 2 1650 45 3.75 5.63 7.50 22.50 6,188                9,281                  12,375                37,125              11.25 16.88 22.50 67.50

PHEV 3200 5 0.42 0.63 0.83 2.50 1,333                2,000                  2,667                  8,000                 2.42 3.64 4.85 14.55

Power Output Utilizing 50% of Battery Charge for 1% EV Availability

Type

Number 

of units

Capacity 

(kWh)

Individual kW/hours Total kW/hours % of 55MW demand/hours
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