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Abstract
	
Vehicle-to-grid is a recent technology associated with electric vehicles that allows bi-directional power flow between electric vehicles and the grid to supply energy at peak demands (OVO Energy, 2021). This report explores the immediate and long-term viability of vehicle-to-grid technology in the United Kingdom. The investigation concludes that the infrastructure and funding for V2G is severely lacking, and that widespread implementation of the technology is very unlikely before the year 2030. Other interesting points to note is that the only current V2G capable electric vehicle is the Nissan Leaf (Electric Nation, 2020), and that uncontrolled discharging for V2G can result in reduced life of electric vehicle batteries (Uddin, et al., 2018).
Key Words: Vehicle-to-grid, bi-directional power flow, lacking infrastructure & funding, reduced life of batteries.


Nomenclature

CCS = Combined Charging System
CO2 = Carbon Dioxide
EV = Electric Vehicle
GHG = Greenhouse Gas
GW = Gigawatt
GWh = Gigawatt Hour
kWh = Kilowatt Hour
Mt = Megaton(s)
MW = Megawatt
NOx = Oxides of Nitrogen
PPM = Parts Per Million
TWh = Terawatt Hour
V2G = Vehicle-To-Grid
YoY = Year on Year
ZEV = Zero Emission Vehicle
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1. [bookmark: _Toc87903049]Introduction
T
he world is becoming ever more environmentally conscious, fuelled by a torrent of hard evidence that human activity is affecting the world we live in. From the ground we stand on to the air we breathe, there is no hiding from the pollution that we have pumped out for over a century. The climate is approaching a tipping point, of which potentially irreversible damage could result, this calls for global action across all nations to end their dirty addictions to fossil fuels; and find ways to secure a sustainable, pollution-free future.
	Part of the road to redemption lies in the hands of energy production, the UK’s energy industry is struggling to meet power demands, and resorts to coal to stay afloat. It has become imperative that the grid can supply greener and more reliable power to consumers. One of these methods is through Vehicle-to-Grid (V2G) technology. This technology has the potential to use electric vehicles as a collective power bank that can supply the grid at times of peak demand and limit the reliance on fossil fuels. This report will focus on the feasibility of vehicle-to-grid in the UK and what a future with V2G may look like.

2. [bookmark: _Toc87903050]Research
2.1 [bookmark: _Toc87903051]Surrounding Environmental Issues in the UK
[bookmark: _Toc87903052]2.1.1: Climate Change
	Global climate change is happening, this is supported by thousands upon thousands of studies providing irrefutable evidence. The National Aeronautics and Space Association (2021) recorded these figures for the current levels of climate change:
· Global CO2 PPM: 417
· Global Air Temperature Rise Since 1880: 1.18’C
· Minimum Level of Arctic Ice in Summer: 13% (in 2012 was the lowest on record)
· 427bn tons of arctic ice loss annually
· Sea level rising by 3.4mm/year
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Figure 2.1.1.1: Historic CO2 parts per million (National Aeronautics and Space Association, 2021)
	In the UK’s plan for zero carbon, the government warns of the potential implications that global temperature rise could bring. Such as more frequent floods and fires, as well as crop failure and millions of people being displaced from their homes as sea levels rise (HM Government, 2021b).
[bookmark: _Toc87903053]2.1.2: The Impact of Motor Vehicles on UK GHG (Greenhouse Gas) Emissions
	As shown below, private passenger vehicles and taxis are the largest contributor to transport emissions in the UK. In addition, road transport contributes 34% of NOx (Oxides of Nitrogen) emissions compared to other sources like energy, industry and agriculture (Public Health England, 2018).	Transport occupies over a quarter of total UK GHG emissions, in addition, over half of this is down to passenger cars. This means that passenger cars alone contribute almost 15% of total GHG emissions in the UK (Department for Transport, 2021).

[bookmark: _Toc87952990]Figure 2.1.2.1: Greenhouse gas emissions by transport mode in the year 2019 (Department for Transport, 2021)


Figure 2.1.2.2: %NOx emissions of road transport compared to other UK pollution sources (Public Health England, 2018)
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Figure 2.1.2.3: Transport Sector vs Other UK Sector's GHG Emissions in the Year 2019 (Department for Transport, 2021) 


[bookmark: _Toc87903054]2.1.3: Effects of Air Pollution on Public Health
	Air pollution causes illnesses such as stroke, lung cancer and cardiovascular disease (Public Health England, 2018). Public Health England (2018), also states that it affects humans in every stage of life, from asthma in young children, to heart attacks in the elderly.
[bookmark: _Toc87903055]2.1.4: Issues Concerning Power Generation in the UK
	Around 50% of power in the UK is generated by natural gas, and gas prices are rising significantly (Davies, 2021a). The news outlet Wired (2021) has reported that gas prices have risen in the UK by 420% YoY. Davies (2021a) also remarks that these rises in gas prices are increasing pollution as power plants switch to cheaper and hence dirtier fuels. This could rise due to the expected demand increases caused by growing EV (Electric Vehicle) ownership (Electricity Info, 2021). To add, the UK suffered the loss of a 2GW power cable to France that supplies energy when needed, this has increased usage of the UK’s last remaining coal plants (Ambrose, 2021).
[image: ]
Figure 2.1.4.1: UK Energy Generation Shares on the 8th of November 2021 (EnergyDashboard, 2021)
2.2.5: Energy Flexibility
	As outlined by the National Grid ESO (2021), energy flexibility is needed to keep the balance between supply and demand. The National Grid ESO explains that demand can change from day-to-day, for instance a cold winter day would raise demand compared to a day in the summer. Supply is also exampled in how it can change with fuel availability or weather affecting renewables.
2.2 [bookmark: _Toc87903056]Vehicle-to-Grid (V2G)
[bookmark: _Toc87903057]2.2.6: V2G Concept
	V2G is where energy stored in an EV’s battery can be returned to the grid, this helps boost the energy available in peak demands (OVO Energy, 2021). The supply of power from EV’s acts as an extra power source for when renewables such as wind or solar are unavailable (IEEE, 2021). The ability to provide instant energy makes V2G a form of energy storage (National Grid ESO, 2021). According to the Hyundai Motor Group (2020), V2G can reduce the amount of power used by buildings and can prevent power cuts. Below is the principle of a V2G system:
[image: ]
Figure 2.2.6.1: V2G Schematic (Hyundai Motor Group, 2020)
[bookmark: _Toc87903058]2.2.7: Benefits of V2G
	V2G has numerous potential benefits, the website Electric Nation (2020) likened the technology to a ‘decentralized power station’, claiming that it can reduce the power grid’s need for additional power generation; that is usually generated from fossil fuels. With 11million EV’s expected by 2030, there is potentially 22TWh (16GWh daily) of flexible charging available with just half of EV’s using V2G charging.
	Below, the National Grid ESO (2021) projects the potential power demand from the present to 2050. The two scenarios are detailed in section 6.1 (appendices).
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Figure 2.2.7.1: Projected Evening Power Demand to the Year 2050 (System Transformation) (National Grid ESO, 2021, p. 273)
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Figure 2.2.7.2: Projected Evening Power Demand to the Year 2050 (Consumer Transformation) (National Grid ESO, 2021, p. 272)
In the system transformation graph, V2G is shown to reduce peak EV charging demand, in the consumer transformation graph, it is expected to reverse EV power demand and give back to the grid. National Grid ESO (2021) also expects that there will be high up-take of home driveway and EV fleet charging, it is also expected that workers will be able to plug in during work hours to give back to the grid. In the final graph below, V2G is shown to supply a significant portion of energy flexibility in both system and consumer transformation scenarios. 
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Figure 2.2.7.3: Available Energy Flexibility in the year 2050 (National Grid ESO, 2021, p. 241)



2.3 [bookmark: _Toc87903059]UK Moving to Net Zero
[bookmark: _Toc87903060]2.3.1: UK Plan for Net Zero
	The UK has recently announced plans to reduce carbon emissions to zero, some key areas from HM Government (2021b, pp. 19-25) are listed below:
· Power
· Brand new large-scale power plant
· 40GW of offshore wind by 2030
· 1GW of floating offshore wind
· Industry
· Capture 20-30Mt of CO2 per year by 2030
· Industry to switch to cleaner fuels
· Improvements to energy efficiency
· Heating Buildings
· Reducing domestic heating energy requirements
· Swap boilers for electric pumps/hydrogen boilers
· Transport
· Increase ZEV numbers
· Investment in EV infrastructure
· Electrifying railway lines
· Cleaner maritime transport	


3. [bookmark: _Toc87903061]Discussions
3.1 [bookmark: _Toc87903062]Government Action & Public Interest
[bookmark: _Toc87903063]3.1.1: V2G Acknowledgement in Future Energy Plans
	As previously stated, the government is aiming to reach carbon neutral by 2050 (HM Government, 2021b). V2G is mentioned numerous times throughout government planning as part of the road to net zero. The Smart Systems and Flexibility Plan 2021 aims for V2G to be part of a flexible energy system (Department for Business, Energy & Industrial Strategy, p. 9). The plan also refers to V2G as a potentially “significant source of battery storage” (Department for Business, Energy & Industrial Strategy, 2021). In the document, the government has already issued a call for evidence on the benefits of V2G (Department for Business, Energy & Industrial Strategy, 2021, p. 36). Lastly, the government is expecting V2G to become a reality for EV fleet owners in the mid 2020’s, with further integration of V2G into the grid after 2030 (Department for Business, Energy & Industrial Strategy, 2021, p. 19).
	Overall, the government seems to be keen on introducing V2G to the UK with hopes of the technology becoming an important part of power storage. Their call for evidence also shows their interest in the technology, however V2G is not shown to be prevalent until 2030.
[bookmark: _Toc87903064]3.1.2: Public Interest and Subsequent Effects on V2G
	V2G requires consumers to participate to provide energy storage, therefore the uptake of V2G is a concern. The graph below shows the potential forecasts for V2G usage, the outcomes range from 5-45%. Marcus Stewart, Principal Advisor for the National Grid, commented: “This reflects uncertainty around the take up of V2G” (Electric Nation, 2020). This uncertainty not only affects the V2G programme, but the power demand from EV’s on the grid. The figures in section 2.2.7 showing peak power demand from EV’s demonstrate the drastic effect this has. Low consumer participation only shaves peak loading, whereas high participation has capacity to drive demand negative, hence alleviating demand from the grid. No participation means no benefit.
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Figure 3.1.2.1: Projected Uptake of V2G (National Grid ESO, 2021) 


[bookmark: _Toc87903065]3.2	Funding and Costs of V2G Technology
[bookmark: _Toc87903066]3.2.1: Capital Investment for V2G
	No specific pledge has been made by the government about the amount of future capital to be invested in V2G. However, some notable investments have been made to date. £30 million from the government has recently been funnelled into 20 V2G projects, with £20 million made available for demonstrations and innovation in 2017 (GOV.UK, 2017). Private investment has come from innovate UK, of whom invested £46 million into V2G technology (Electric Nation, 2020). This is progress, although it becomes trivial when compared to the £26 billion pledged by the UK for net zero (HM Government, 2021b).
[bookmark: _Toc87903067]3.2.2: Hardware Costs and User Earnings
	According to Ofgem (2021), users are paid at 30p/kWh. This equates to achievable profits of £725/yr, this can be significant for the public who can use this income to offset charging costs or vehicle purchase. Hardware brings the largest issue, with bi-directional chargers costing £3,700 more than mono-directional chargers. This cost is significant and would most probably turn potential consumers away. Although both Ofgem (2021) and National Grid ESO (2021, p. 105) agree that costs should fall when V2G uptake increases, thus enticing a wider market.
3.3 [bookmark: _Toc87903068]Ethical and Environmental Concerns for V2G
[bookmark: _Toc87903069]3.3.1: Impacts of Raw Materials Extraction
	The demand for rechargeable batteries due to EV’s is rising exponentially, the rechargeable battery market is expected to rise from $7 billion to $58 billion by the year 2024. 2/3 of cobalt comes from the Dominican Republic of the Congo, where human rights abuses and 40,000 child labourers have been reported (United Nations, 2020). In South America, lithium mining consumed 65% of the Salar de Atacama region’s water supply, forcing locals to drink imported water (Wired, 2018). This raises concern over the humanitarian aspect of lowering carbon emissions, serious measures need to be in-place to ensure the materials are coming from reputable sources.
[bookmark: _Toc87903070]3.3.1: End of Life for EV batteries
	With all consumer products, the life cycle needs to be assessed. National Grid (2021) claims that EV batteries have a life beyond 100-200,000 miles on the road, and that they are planned to be recycled. Nissan already use recycled batteries to power the Amsterdam Arena, whilst Renault Zoe batteries will be used as home energy storage devices (National Grid, 2021).

[bookmark: _Toc87903071]3.4	Capability of V2G Infrastructure & Technology
[bookmark: _Toc87903072]3.4.1: V2G Vehicle Capability
	Currently, the only vehicle that supports V2G technology, as stated by Electric Nation (2020), is the Nissan Leaf with it’s CHAdeMO charging system; with virtually all other EV brands using CCS (Combined Charging System) which is not capable of V2G charging. Electric Nation (2020) interviewed CCS promoter CharIN, who warned that bi-directional charging would not be available until 2025. The chart below shows the percentage of popular EV’s that possess CHAdeMO versus CCS charging systems, there is a staggering difference between the two, with only one car (the Leaf) having CHAdeMO. 
There could be up to 11 million EV’s on the roads by 2030 (Ofgem, 2021), so there is huge potential for V2G; but with only 10% of EV’s V2G capable at present, this is a highly limiting factor. Focusing on the V2G uptake graph in section 3.1.2, V2G participation does not take off until 2025-30. From the charger-type data, this will likely be due to the enabling of bi-directional charging in CCS bringing V2G to the majority (90%) of EV brands.

Figure 3.4.1.1: Market Share of CCS and CHAdeMO Charging Units from 11 Selected Popular EV Brands (PodPoint, 2021)(Zap Map, 2021a,b,d-k)
*Tesla Model 3, Nissan Leaf, Renault Zoe, Jaguar I-Pace, BMW i3, Tesla Model S, Kia e-Niro, Audi e-tron, Volkswagen e-Golf + ID, Hyundai IONIQ and MGZS.
[bookmark: _Toc87903073]3.4.2: Effects of Increased Cycling on EV Batteries
	To increase battery cycling and not investigate the effects on the system components would be negligent. A study undertaken by Dubarry et al (2018) on the effects of increased cycling on lithium batteries found V2G “…detrimental to cell performance” (European Comission, 2019). However, this statement contradicts another study by (Uddin, et al., 2017) which found that intelligent V2G can reduce cell capacity and power fade by 6% and 3% respectively, and even extend battery life beyond that of not using V2G. A resultant collaboration by both researchers (Uddin, et al., 2018) concluded that discharging for maximum profits is not viable for V2G due to degradation, and that future V2G requires an intelligent system that limits the trade of energy to conserve battery life.
[bookmark: _Toc87903074]3.4.3: V2G Infrastructure Capability
	Relatively little information is available on UK V2G infrastructure at present, according to Ofgem (2021), there have been 330 V2G capable public chargers installed across the UK as part of a study performed by the company Kazula (a subsidiary of OVO Energy). This may seem like progress for V2G, but when compared to the 26,000 (RAC, 2021) – 27,200 (Zap Map, 2021g) public mono-directional chargers available, the number is soon insignificant.
[bookmark: _Toc87903075]3.5	V2G in the Motor Industry & Energy Solutions Competition
[bookmark: _Toc87903076]3.5.1: Industrial Interests in V2G
	Plenty of promises have been made for V2G for infrastructure and consumers, but the last piece is industry. Several manufacturers have given their insights on V2G; Nissan is already leading the way having supported V2G since 2013 (Menzel, 2021), also according to Menzel (2021), Nissan said they have not exploited V2G “…due to the lack of relevant functions in the current charging stations”. Hyundai say their models also support V2G, with the ability to convert AC to DC both directions (Hyundai Motor Group, 2020). Tesla now promise that their models will support V2G in the near future (Home Charging Stations, 2021). In Germany, automotive giant Volkswagen have pledged for all models to support V2G by 2022; Audi and Skoda will also receive this, with Audi currently working to store solar energy with their vehicles (Schmidt, 2020). This shows the industry is making moves towards V2G compatibility, however as Nissan demonstrated, it is the infrastructure that is the main inhibitor to V2G at present.
[bookmark: _Toc87903077]3.5.2: Alternative Energy Solutions
	An alternative demand solution to V2G are the recently approved Rolls-Royce small-scale nuclear reactors, these small reactors can produce ~450MW each (enough to power 1.3 million homes) with 16 secured for funding (Davies, 2021b). These power stations are a good, stable source of power; however, critics say that renewable power is needed, not nuclear (BBC News, 2021).
	Another, most-likely cheaper option is demand-side response (DSR), in which consumers are incentivized to help grid flexibility by reducing demand (ADE, 2021). The National Grid ESO (2021, p. 289) recognise DSR as consumer behaviour change towards gas and electricity. Reducing demand would take pressure off supply at peak times of demand. £11 million has been invested by the government for demonstrations of effective DSR (Department for Business, Energy & Industrial Strategy, 2021).
	Unlike V2G, the nuclear programme has already received funding and permission by the government. The government has employed the same demonstration-for-funding scheme that V2G has been offered, this could mean that DSR is in direct competition with V2G in the demand reduction field.

4 [bookmark: _Toc87903078]. Conclusions
After discussing the factors that come to play in V2G’s prospects, some conclusions can be drawn regarding the viability of V2G technology.
The government has acknowledged the role that V2G could play in future energy flexibility; however, V2G is not expected to be widespread until 2030, with EV fleets receiving the technology in the mid 2020’s. Uncertainty surrounds V2G when it comes to whether or not it will be popular amongst the British public, and from the future predictions, consumer participation is what will dictate the effectiveness of V2G. There has been no serious funding from the government for the implementation of V2G yet, with only small amounts invested in demonstrations and projects investigating the applications of the technology. The small level of funding shows government interest, but perhaps caution on the use of V2G as a mainstream method of power flexibility.
It is clear that hardware costs being in excess of £3500 above standard chargers will drive away potential customers; although if costs fall as predicted when V2G becomes more popular, this will help lower income consumers find their way into the programme. The recycling of batteries is shown to be planned and underway, however the sources and methods of which some manufacturing materials are coming from, brings concern about human and environmental endangerment.
The study found a stark difference in EV’s capable of bi-directional charging, only 1(Nissan) of the 11 most popular brands have this capability. The introduction of two-way charging for CCS will enable the other 90% of EV’s to participate in grid supply, as it stands this should come in to play in 2025. Also brought forward was the danger of increased battery cycling, studies have found that to maintain battery life, smart or intelligent V2G is required to regulate discharge.
Research found that there is a negligible amount of existing V2G infrastructure available, this shows the need for serious investment to support even fleet charging, let alone domestic use. Lastly, global industry is making sweeping changes to support V2G, but again is restricted by the slow or non-existent development of supporting infrastructure.
The summative conclusion of this study is that if V2G is to become a viable mode of energy flexibility in the UK, serious investment in infrastructure and technology is required. Presently the country is not prepared for this technology, and it should be expected that V2G will not become widespread until 2030 at the earliest. Nonetheless, should V2G gain the popularity it requires, it has the potential to become the staple routine for many EV drivers, and take the nation another step forward in the quest to reach net zero…
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6 [bookmark: _Toc87903080]Appendices
[bookmark: _Toc87903081]6.1	The National Grid ESO ‘Future Energy Scenarios’ Report
	This report refers to the Future Energy Scenarios Report, published by the company, National Grid ESO (2021). This report puts forward four potential pathways that the UK could follow in it’s methods to energy generation. 
The graph below shows the four different scenarios, these scenarios range in their levels of effort towards environmental change. Starting with the slowest approach, ‘steady progression’ (grey), incorporates minimal consumer behaviour change and the lowest decarbonization rate. Next is ‘system transformation’ (blue), this includes low consumer behaviour change, but more effort to change industry. Following this is ‘consumer transformation’ (yellow), this brings sweeping changes to consumer involvement in helping energy change, by changing boilers to hydrogen, and participating in V2G charging. Lastly is ‘leading the way’ (green), the most credible route to decarbonization, shows all aspects of industry and society changing to decarbonize.
This report will primarily focus on system transformation and steady progression.
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Figure 6.1.1: Four Outcomes of Decarbonization as Theorized by National Grid ESO (2021)



[bookmark: _Toc87903082]6.2 	EV Charger Types
	There is not just one type of charger for electric vehicles, there is a multitude of chargers used across the country. CHAdeMO being popular with Nissan and CCS being popular with many other models such as Tesla. Below is a table showing charge rates of the different available types:
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Figure 6.2.1: Charging Connector Types and Charge Rates (EDF Energy, 2021) 

6.3 [bookmark: _Toc87903083]EV Charger Market Share
The table below shows the EV’s from the 11 most popular brands and their charger compatibilities.
Table 6.3.1: Popular EV Models Against Charger Type (PodPoint, 2021) (RAC, 2021)(Zap Map, 2021a,b,d-k)
	Brand
	Market Share
	CCS
	CHAdeMO
	Type 2
	Type 1
	3-Pin

	Other
	27
	 
	 
	 
	 
	 

	Tesla Model 3
	18
	1
	0
	1
	0
	0

	Nissan Leaf
	17
	0
	1
	1
	0
	0

	Renault Zoe
	7
	1
	0
	1
	0
	0

	Jaguar I-Pace
	6
	1
	0
	1
	0
	0

	BMW i3
	5
	1
	0
	1
	0
	0

	Tesla Model S
	4.6
	*
	0
	1
	0
	0

	Kia e-Niro
	4.6
	1
	0
	1
	0
	0

	Audi e-tron
	3.7
	1
	0
	1
	0
	0

	Volkswagen e-Golf + ID
	3.3
	1
	0
	1
	0
	0

	Hyundai IONIQ
	2.1
	1
	0
	1
	0
	0

	MGZS
	1.1
	1
	0
	1
	0
	0

	Total
	99.4
	9
	1
	11
	0
	0




Greenhouse Gas Emissions by Transport mode in the year 2019 


Cars 	&	 Taxis	HGV's	Vans	Shipping	Buses	Other*	68	19	19	9	5	10	Transport type


greenhouse emissions 
(mega tons/ghg)



%NOx Emissions of Road Transport Compared to Other UK Pollution Sources

NOx	
Road Transport	Energy, Industry, Agriculture 	&	 Non-Road Transport	33.6	66.400000000000006	

Transport Sector vs Other UK Sector's GHG Emissions in the year 2019


Energy Supply	Business	Residential	Agriculture	Waste	Other	Passenger Cars	Other Transport	21	17	15	11	4	4	14.123076923076924	12.876923076923076	

Market Share of CCS and CHAdeMO Charging Units from 11 Selected Popular EV Brands*


EV's with CHAdeMO	EV's with CCS	1	9	
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