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1.0 Introduction

One of the biggest problems facing the world today is the impact of Climate Change.
We are experiencing rapid warming from human activities, primarily due to burning fossil fuels that generate greenhouse gas emissions (UN, 2021)
As a result of the rise in global temperature, more and more efforts are being made by governments, NGOs and individuals to slow the rate of climate change. In the automotive sector this has led to a shift away from ICE technology and towards electric, hybrid and alternative fuels to power road vehicles. In the UK, the government have laid out strict regulations for the future. 
All new conventional petrol and diesel cars and vans are set to be banned from sale in 2030. (Griffiths, 2020) 
Furthermore, by 2035 the sale of new hybrid vehicles will also be banned. As a result of this many people are looking for ways to make the future network of battery powered vehicles more efficient and environmentally friendly.
The drive for increased production of renewable energy is increasing, however largescale renewable energy generation brings with it a significant problem. 
The key issue with using renewable energies to supply the grid, is the fluctuational production; due to dependency on environmental factors such as wind and solar radiation (Evans, 2012) 
This means that generating power through renewables alone isn’t currently flexible enough to meet the demands of the grid, a strength of fossil fuel power stations is that they can be switched on to generate more power at peak times with very short notice. 
Decoupling the production from the demand side maybe a solution; by storing the overproduced energy and then utilising it when required during peak time or when an insufficient production of energies occurs (Thanapalan, 2020). 
In order to do this, there must be a method of storage for the surplus power with means to feed the power back into the grid when required.
 One method of doing this is Vehicle to Grid (V2G), this system connects individual passenger vehicles to the national grid when they are plugged into a charging port, allowing power to flow to and from the vehicles battery and taking advantage of the amount of time vehicles are left unused for. Kempton, states that ‘In the United States, for example, the vehicle fleet has over 10 times the mechanical power of all current U.S. electrical generating plants and is idle over 95% of the day.’ (Kempton, 1996). 
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Figure 1 Shows a basic diagram of a Vehicle to Grid System (Bibak, 2021) 

Vehicle to grid would not be effective on a small scale, however, as the number of EVs on the roads increases so does the potential for V2G. 
Current design models for V2G allow for the vehicle owner to choose if they want to send power back to the grid and if so, how much. This will ensure that no one is left with an empty battery when they come to use their car. Furthermore, by feeding their cars power back into the grid, owners can benefit from receiving money back from the government to pay for the power they supply. 
In the case of a high plug-in rate driver archetype (75% of time plugged in) a 7kW V2G charger could capture annual revenues of around £436 - four times that achieved with the average plug-in rate (Element Energy, 2019). 
Currently, V2G is yet to be implemented on a large scale. However, Johan Cruyff Arena in Amsterdam have installed their own vehicle to grid system allowing fans to charge their cars and in return help power the stadiums utilities through a 3MW battery energy storage system. (Colthorpe, 2019) 
Currently the stadium has 15 V2G parking bays with plans to eventually convert all 2000 parking spaces to be V2G compatible. 
This paper will critically analyse the benefits and potential barriers of Vehicle to Grid technology regarding the private automotive sector. 



2.0 Benefits of Vehicle to Grid

2.1 Reducing Volatility of Renewable Power Generation

Perhaps the greatest benefit of V2G is its ability to reduce the volatility of renewable power generation. Generating renewable energy is often weather dependant, with the likes of solar, wind and tidal energy all relying on specific conditions to generate significant amounts of power. Last year in the UK during the May Day Bank Holiday 80% of power generated came from renewable sources. 
Sunny and windy weather, coupled with low demand for power, led to a surge in renewable sources of energy, National Grid Electricity System Operator said. (Harrabin, 2021)
The UK Government have set a target for the country to be powered by 100% renewable energy by 2030 with plans to increase the number of renewable energy plants across the country. A simultaneous introduction of a V2G system would allow for more of the renewable energy generated to be used across the national grid. 
Uddin, et al states, ‘adding such vehicle-to-grid technologies to EVs can provide the necessary matching between the time of generation and time of load.’ (Uddin et al, 2017)
Essentially, V2G unites the fleet of private battery vehicles to create one flexible power storage unit that can be used to hold surplus power generated by renewables during times of low demand ready to be fed back into the grid at peak times or during periods where energy generated by renewables is at a low.  

2.2 Improved vehicle battery life expectancy

[bookmark: bbib11]In the May 2017 issue of the Journal of Power Sources, Dubarry et al. (Dubarry et al., 2017c) presented the results of an experimental study on the impact of V2G operations on Lithium-ion battery degradation. Their results show that additional cycling to discharge EV batteries to the power grid, even at constant power, is detrimental to battery performance. (Uddin, 2017)
On the other hand, studies have shown that V2G could be used to reduce degradation and increase the lifespan of lithium-ion batteries. (Uddin et al, 2017) describes a smart charging model for V2G based on data gathered other 2 years to predict battery ageing. This model can predict battery capacity and power fade over time with accelerating factors to within 5-10% accuracy. This data can then be fed back into a modelled smart charging and battery management system connected to a smart grid template. The results from this simulation showed that V2G with smart charging could reduce capacity fade by up to 9.1% and power fade by 12.1%. 
However, there are issues with Uddin’s model. Currently this work is all theoretical with no real-world testing or data to back up the results. Real world testing would need to be conducted to validate the results of this experiment to determine its accuracy. 

2.3 Money back to vehicle owners

One of the most appealing customer benefits of V2G is the promise of money back for the power donated to the grid by their vehicle battery. Studies have shown that by connecting a private vehicle to a V2G ready charge point the owner could expect annual revenues of up to £436 if the vehicle is plugged in 75% of the time. (Element Energy, 2019)
By giving money back to adopters of vehicle to grid technology the likelihood of people buying V2G ready vehicles increases. From a commercial point of view, the money made from selling power back to the grid across a fleet of vehicles could bring enormous financial benefits to the company. 
However, while the power sold back to the grid will generate revenue for the vehicle owner there may be issues with the amount of money gained.
To make economic sense, the revenues of V2G through ancillary grid services should not be offset by the loss of value of the EV due to battery degradation. (Lauinger, 2017)
Furthermore, the price of energy is in constant fluctuation with prices rising during times of heavy demand and falling during times of low demand. This could mean that owners of V2G compatible vehicles may earn less over certain periods of time, and that if a system is employed where the power is only sold to a local area the economic gains in one part of the country may amount to far less than in other parts. This could make the technology less appealing to certain market players. 
Most of the literature sees the delivery of control energy for frequency and voltage regulation in the ancillary services market as the most promising economic opportunity for vehicle-to-grid. This is because of the availability payments that market players receive even without delivering any electricity to the grid, hence limiting the issue of battery degradation. (Lauinger, 2017) 
Lauinger states that the most appealing system to consumers is one where they are able to receive payments even if no power is delivered from the vehicle, instead using the battery to control power flow through the grid. This would be ideal as the reduction in battery wear from not charging and discharging the battery when the vehicle is plugged in would generate larger profits from using V2G.  
The financial aspect of V2G is very important as it will be the key deciding factor for many consumers as to whether they adopt vehicle to grid technology in their home or business. It is likely that regulations will need to be brought in to ensure the returns from V2G are sufficient to offset the value lost from battery wear. 

3.0 Barriers for Vehicle to Grid systems

3.1 The Need for a Smart Grid

For V2G technology to work effectively on a large scale a large update to the national grid is required. Smart Grids can transfer power and information in 2 directions as opposed to the traditional grid which can only transfer power to the consumers. 
Advantages of a Smart Grid include:
· More efficient transmission of electricity
· Quicker restoration of electricity after power disturbances
· Reduced operations and management costs for utilities, and ultimately lower power costs for consumers
· Reduced peak demand, which will also help lower electricity rates
· Increased integration of large-scale renewable energy systems
· Better integration of customer-owner power generation systems, including renewable energy systems
· Improved security
(SmartGrid.gov, 2021)
The introduction of a Smart Grid will be a lengthy and expensive process, estimated costs for a Smart Grid in the US show how costly the upgrade could be.
EPRI estimates that the implementation of a fully functional smart grid will cost $338 billion to $476 billion. Those investments, however, will result in benefits worth $1.3 trillion to $2 trillion. (Kanellos, 2011)
The barrier for V2G here is the initial cost of setting up a Smart Grid. Finding investment for a project this large would not be easy as many individuals and businesses would likely object to having to pay for it through increased taxes. 

3.2 Compatibility issues

Currently there are very few V2G ready vehicles on sale around the world.
Nissan is the only volume car maker that has V2G enabled EV's available today. (Nissan, 2021)
[image: alt]
The Nissan Leaf is currently 1 of only 2 V2G ready vehicles available to purchase (Nissan, 2021)

The lack of V2G compatible vehicles currently in production highlights a major barrier to V2G technology, for the technology to be adopted on a large scale there must be an equally large supply of resources. This includes a supply of compatible vehicles and charger units as without these key components the system cannot function. 
One company offering V2G charger units is EDF, currently this equipment is only available to business customers. However, there are plans to make them available for home installation in the future. (EDF, 2021)
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Figure 3: EDF V2G charger developed with ABB (EDF, 2021)

Another issue of compatibility is with the charger unit itself. Currently the only charger plug compatible with V2G is the CHAdeMO connector. There are 3 other main types of EV connector in use today which are shown in figure 4 and 5.
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Figure 4: AC Connector types (Podpoint, 2021)
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Figure 5: DC Connector Types (PodPoint, 2021)

The issue presented here is that due to the number of alternative connectors many cars will not be V2G compatible unless systems are developed for the alternative connectors, or the vehicles themselves are updated. Furthermore, even if V2G chargers are updated to accept different connector types there may still be an issue of finding compatible connectors for certain vehicles when away from the owner’s home charging point. This in turn could reduce the amount of time the vehicle is plugged in for the affected owners leading to a reduction in personal revenue and when large numbers are affected by this the overall effectiveness of the grid could be impacted. 
One method of overcoming this barrier would be to nominate a single charging system for all EVs going forward to decrease compatibility issues. 

3.3 Infrastructure Issues

One of the biggest barriers facing all EVs is the lack of electric vehicle friendly infrastructure. According to ZAPMAP, as of the 22nd of November 2021 there are 46661 connectors spread across 17374 locations across the UK (ZAPMAP, 2021) 
 Figures 6 and 7 show a break down of charging connector points data in the UK.
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Figure 6: Number of Public Charging Points by Speed (2016- to date) (ZAPMAP, 2021)

The difference in the number of connectors to number of devices indicates that certain devices carry multiple connectors to suit a range of vehicles. 

[image: Chart

Description automatically generated]
Figure 7: Number of Rapid Charging Points by Type (2011-to date) (ZAPMAP, 2021)

The graphs provided by ZAPMAP show the large increase in charging points over the years across the UK. While the number is increasing rapidly the current distribution of EVs as a percentage of the total number of vehicles on the road in the UK is still very small. 
At the end of June 2021, there were 39.2 million licensed vehicles in the UK but roughly 300,000 of these were EVs. (Powell, 2021) 
As the number of EVs on the road increases the charging network must continue to grow for the majority of vehicles to remain plugged in when not in use to support the national grid. The question of where these chargers will go is an important one. For many people they will be able to have a charger fitted to their home where they can charge their car off road in a driveway or garage. However, for those who don’t have access to off-road parking there is currently no way for them to charge their vehicles on the street. Ideas have been proposed to convert lamp posts in residential areas to house V2G compatible chargers which may help reduce the number of people without access to a charger. 
Siemens and ubitricity have converted over 1,300 lampposts in London to provide on-street charging. The slow charge solutions provide an answer for EV drivers who cannot install a charge point at their domestic address because they lack a driveway or garage. (Manning, 2020)
For V2G to overcome this barrier charging networks must continue to grow and adapt to allow as many people as possible to plug their vehicles into the grid. 




































4.0 Conclusion

To conclude, the Vehicle to Grid concept shows a lot of promise for helping to combat issues of power storage and stability in the future as the world moves away from fossil fuel power generation and towards renewable energy. The vehicle to grid network has the potential to benefit many key players with the sizeable storage network it creates allowing for power companies to generate more power and safely store it when it is not required. It also benefits the users and consumers by giving them the opportunity to earn money back on their power bills by giving up the electricity in their vehicles to be put back into the national grid during peak times. It is important that the owners of these vehicles remain in control of how much power is 
given back to the grid and how their vehicles are used in the system, the app-based designs laid out in several of the models mentioned in this paper seem to be the best designs as they give easy and complete control to the vehicle owners allowing them to use their vehicles as they wish whilst still being able to give back to the grid. 
However, despite the benefits of V2G the current barriers in place could prove difficult to overcome in the short term. The introduction of a smart grid is potentially the hardest barrier to overcome as it will require large scale changes across the country and huge investment from the government and private companies to make it possible. Although with other technologies coming into view as well the push for a smart grid may accelerate its progress. The issue of compatibility of new vehicles will likely fade away as the infrastructure grows to accept V2G, companies are more likely to invest on the technology as it grows and becomes available to more people. There may also be government driven rules in the future forcing companies to make their EVs V2G compatible, similar to the ban on new petrol and diesel vehicles in 2030. 
If these barriers can be overcome then Vehicle to Grid could be a successful system in the fight against global warming and climate change. 
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