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Figure 1. Visual depiction of V2G
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Graph 1. Energy used over time




















1. [bookmark: _Toc87862300]	Introduction
This report is the investigation into Vehicle to Grid (V2G) technology, assessing the feasibility of implementation and its capacity to support energy generation optimisation as a crucial component in the race for carbon neutrality.  V2G technology utilises battery capacity of participating electric vehicles as an energy reserve to provide grid storage capacity.  When at rest and connected to a bi-directional charging unit, grid operators can use this axillary reserve capacity to store excess energy generated in off peak periods, ready for redeployment upon high demand.  The mass adoption of V2G technology could increase the efficiency of renewable energy capture and supersede use of high carbon reserve sources that currently support grid operation.  In addition, V2G offers a function of grid support by spreading the extra load requirements due to increased EV adoption. 
The climate change discussion, now secured within popular culture, has begun to adjust the mindset of consumers towards sustainability.  This has initiated legislative change in transportation and energy sectors globally.  As a result, investment into green transportation alternatives, predominantly electric vehicles (EVs), has accelerated technology innovation.  Critical areas of advancement include reduced cost of manufacture due to material and process optimisation, increased range capability through battery and management technologies, and expanding public charge networks.  It is evident that technological advancements have greatly improved consumer appeal of the EV transportation solution, with over 10 million units in use globally (Richter, 2021).
Electric vehicles are a viable green transport solution as they produce no emissions during operation.  The reduction of tailpipe emissions will benefit the environment by reducing the production of global warming contributors such as Carbon Dioxide (CO2) and toxic gases including Carbon Monoxide (CO).  Reduction of which will result in increased air quality within areas of high congestion and utilisation of renewable energy sources for transportation.  Zero emission vehicles provide the illusion of emission free transportation, however, energy used during the lifecycle of a vehicle, from point of initial manufacture to recycling once obsolete, must be generated by some means.  In the move toward sustainability, advancements are made each year to increase the adoption of renewable energy generation.  These include wind, solar, hydro, and geothermal energy to offset the need for high carbon energy sources such as coal, oil, and gas.  
Despite the increasing rate of advancement in EV and green energy production, several factors pose a threat to wide scale V2G adoption.  These include limitations of current grid infrastructure to transmit and control bidirectional energy from supply to end users, and to structure storage capacity to supplement renewable energy generation.  Another major concern, due to the components high cost, is accumulator deterioration over time, as all electrochemical storage devices have finite cycle life.  
The report will investigate each contributing factor that may affect wide scale adoption of V2G technology, including current EV technology, infrastructure, and possible system functionality.  Based on this research, analysis of each factor will build an argument to assess the possibility of future implementation and outline the technological advancements required to enable an effective V2G system. 



















2. [bookmark: _Toc87862301]	Literature Review 
[bookmark: _Toc87862302]V2G Technology 
To support the ever-growing number of EVs in use, forms of grid intergradation are necessary to manage the extra load they pose on the grid.  Current infrastructure is not capable of supplying the energy required to charge thousands of vehicles at a similar time of day, therefore, supportive energy infrastructure and management methods are required to supplement grid operation.
There are a range of charge management technologies specified to support EV function.  V20 tech is the current standard, whereby the customer manually manages charge events of their vehicle.  This system is currently efficient for both users and the grid as EV roll out is currently in its infancy and the overall load demand for all electric vehicles is low, however, if mass adoption occurs, advanced grid management will be necessary to manage the high demand for energy.  VG1 smart charging uses algorithmic control to manage charge events to spread the load to maintain correct grid function in times of high demand (Virta, 2021).  
V2G charging technology utilises the many, often dormant electric vehicles, to support grid function by providing axillary storage capacity.  The use of bi-directional chargers allows the two-way flow of electricity, charging storage devices in times of low demand, or high renewable output, ready to supplement the grid under peak usage.  Participating vehicles should have the ability of connecting to a charging facility whenever at rest.  This will reduce demand on the grid by spreading load required to maintain suitable charge levels for end user function.  This ability for grid demand optimisation will minimise load on transformers and supply lines, thus increasing energy supply security while enabling mass EV charging capabilities.  Although substitute supply avenues should be maintained and available, wide scale V2G implementation will decrease the requirement of expensive high carbon axillary sources currently used to support daily grid supply (Panday, Bansal & Agrawal, 2015).
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Figure 1. Visual depiction of V2G technology



V2X, or vehicle to anything encompasses, vehicle to home (V2H) and vehicle to building (V2B) technologies, whereby vehicles are bidirectionally connected to a premises offering personal or business storage capacity.  Although these forms of charge facility do not directly provide the grid with storage capacity, they can reduce load by optimising business and personal energy consumption using available vehicles to store energy in times of low demand and support building energy demand in peak times to reduce costs and load in periods of high demand (Virta, 2021).
[bookmark: _Toc87862303]EV Battery Technology
Electric vehicles store the energy required for propulsion in their battery pack.  Once charged, stored energy is transmitted to one or more motors on demand, stipulated by the controller, in an operation to propel the vehicle.  Battery capacity, measured in kilowatt hours (kWh), varies from vehicle to vehicle with a current maximum held by the Tesla Model S Long Range Plus, that boasts a total capacity of 100 kWh, equating to an approximate 325-mile range.  Although manufactures advertise their total capacity in vehicle spec information, they are subject to a maximum depth of discharge of approximately 95% to maintain function and reduce premature cell degradation.   The predominant battery type adopted for EV manufacture are cylindrical lithium-ion cells.  This is due to their high energy and power densities, good high temperature performance and relative low cost of manufacture.  
All batteries are effectively subject to a level of degradation from the point of manufacture.  The rate at which this occurs depends on numerous factors including, chemical composition, external environment, thermal management system and charge routines.  Depth of discharge (DOD), normally expressed as a percentage, is defined as the amount of energy discharged from full relative to its total capacity.  This is important to understand as deep discharging degrades batteries faster than shallow discharge events (Battery University, 2019).  Inversely, state of charge (SOC) is defined as the electrical energy available, for example, a battery with a 45% DOD has a 65% SOC.  Another key term used to understand battery characteristics is cycle life.  This defines the amount of charge and discharge events a battery can endure before causing a significant decrease in performance.  
EV battery pack function is monitored and controlled by a battery management system (BMS).  The main function of a BMS is to balance SOC of individual cells by monitoring their voltage protecting from thermal runaway caused by uneven charge.  The system also monitors battery operating temperatures, which increase upon charge and discharge due to the inherent internal chemical reaction, initiating cooling sequence if temperatures fall outside of tolerances (Gabbar, Othman & Abdussami, 2021).  
Electric vehicle charging capabilities are defined by three levels, slow fast and rapid, based on the available voltage rating of the supply which determines charge speed, although different vehicles will charge at contrasting rates dependant on the form of Electric Vehicle Supply Equipment (EVSE) utilised by the manufacturer.  Slow charging uses a generic three pin 30-amp plug, typically rated up to 3kw, which can provide a full charge in 8-10 hours depending on SOC and battery capacity.  To enable fast charging capabilities, a ‘socketed’ system can be installed at a residence facilitating 7kW, or in an industrial setting with a high voltage supply which can allow 22kW of power flow, charging a vehicle in 3-4 hours.  EVs manufactured with rapid charge capability, can plug into a tethered charger that requires greater energy demand to supply upwards of 43kW, providing a full charge in 30-40 mins.  Both socketed and tethered units require use of a type 1 or 2 charger dependant on manufacture preference (EDF Energy, 2021).  It is important to note that continuous rapid charge events can degrade the battery prematurely due to the increased strain on cells, however, this can be mitigated with a mix of charge events.  As the grid supplies alternating current (AC) to both single phase residential and 3 phase industrial, the vehicle requires on board conversion to direct current (DC) enabling energy flow to the battery.  The current standard charging systems only allow a one-way flow of energy, from the grid to the vehicle.  For V2G operation manufactures should be required to provide bi-directionally capable charging equipment upon purchase of an EV.  The amount of energy used during charge events does not equal the energy available due to several losses associated with charging and EV operation.  These include cable losses, whereby energy is lost as heat when transmitting electricity from supply to battery when charging, and from battery to motor upon driving.  Also charge events use energy to power the BMS and cooling system to maintain battery health and protect from thermal incident.
When considering EVs as a successor to the internal combustion engine, it is crucial to look at the materials required to support the technology and sources to ensure availability and sustainability.  EV batteries consist of 6-12 kilograms of lithium and various other metallic compounds, dependant on specific technology, required to complete the electrochemical reaction.  These materials include cobalt, nickel, and manganese, used in addition to lithium to form cathodes, and graphite as anode material, all of which are extracted from a finite supply in earth’s crust (British Geological Survey, 2018).  Although finality of resources is an important consideration regarding future production, a concerning present issue is ethical sourcing of materials.  The main concern stems from the Dominican Republic of Congo (DRC), whereby, approximately 60% of all cobalt is supplied.  Although infrastructure has been implemented to support operations, political and economic instabilities render investment unfavourable.  An article from Auto Express stated that in 2018, approximately 40,000 children are utilised to extract the material, who operate in dangerous conditions with minimal safety equipment and inadequate pay.   Another issue, despite the longevity of infrastructure, is lithium, whereby minors are subject to lithium dust inhalation that is known to cause respiratory illness.  Chile, being the main supplier of lithium, consumes 65% of water supplies in some areas to support mining infrastructure.  The deficit of this practice has resulted in mass migration from the worst affected areas.  In addition, the UN state that lithium mining causes ecosystem degradation and long-term damage to the landscape (Griffiths, 2021).  
As electrochemical storage devices have a finite lifespan, disposal methods and supportive infrastructure must be implemented to prevent environment harming wastage and reduce the required raw material from mining.  To enable correct disposal, economically and sustainably viable recycling solutions require investigation and investment.  Fortum state that 80% of a battery can be recycled through mechanical and hydrometallurgical processing.  Mechanical processing includes discharge and disassembly, whereby main constituents such as aluminium, copper, plastics and black mass are separated.  Black mass contains the critical metals, including lithium, cobalt, manganese, nickel, and graphite.  This can be treated through a chemical precipitation method that separates these scarce materials ready for reuse in production of new batteries (Fortum, 2021).
[bookmark: _Toc87862304]Energy Generation
[bookmark: _Hlk87816156][image: Human domination of the biosphere: Rapid discharge of the earth-space  battery foretells the future of humankind | PNAS]Energy production is a fundamental requirement to support the functionality of modern-day human existence.   These basic requirements include ability to light and heat homes, places of work, provide transportation, and power the many electronical devices necessary for both personal and business use.  Since the mid-1900s, long after the industrial revolution, overall energy consumption has risen exponentially (graph 1).  This is due to the many technological breakthroughs resulting in wide scale adoption of electrical equipment for day-to-day use.   For perspective, present-day humans consume approximately twenty-four times the daily energy necessary to maintain a state of metabolic health through the consumption of food (Schramski, Gattie & Brown, 2015).
Graph 1. Energy used over time

As per the Law of Conservation of Energy, energy cannot be created or destroyed, it can only be converted from one medium to another (Energy Education, 2021).  To support the ever-growing need for energy, many generation sources have been utilised to meet demand including nuclear, fossil fuel, and recently green alternatives.  Coal, oil, and gas burning power stations are classed as high carbon energy sources as they produce large quantities of greenhouse gasses that contribute to global warming.  In the 2021 UK energy brief, the Department for Business, Energy & Industrial Strategy state that fossil fuels produced 127.1 TWh (terra watt hours) of energy and accounted for 40.8% of electricity generated in 2020 (Department for Business, Energy & Industrial Strategy, 2021).  This is due to their ability to quickly produce vast quantities of energy required to supplement the grid in periods of high demand.
Green or renewable energy generation operates through harnessing earth’s naturally occurring energy resources, or by utilisation of otherwise wasted biproducts from current infrastructure.  Figures from the 2021 UK energy brief presented renewables as the current fastest growing energy sector, producing 43.2% of total annual electricity generation, an increase of 6.3% since 2019.  Despite their inherent inconsistencies, wind and solar provided the largest contribution of 28.4%, with the further 14.2% produced by other developing sources such as hydro, marine and biomass (Department for Business, Energy & Industrial Strategy, 2021).  
Solar or Photovoltaic (PV) generators capture energy in hours of radiation omitting sunlight with varying effect, based on ever changing cloud cover and sun intensity.  This can cause rapid fluctuations in voltage resulting in wear to regulators and comprised power quality if voltage levels are outside the 5% tolerance (Patra, 2020).  Wind farms are subject to an equal level of inconsistency as voltage generated is directly proportional to windspeed.  Turbines require a minimum wind speed of 3m/s to operate and will reach their maximum generation level at 20 m/s.  As a safety precaution, windspeeds above 25 m/s will initiate a brake to prevent voltage overload and structural damage (H. Yang, J Chen & X, Pang, 2018).  Wind inconsistency, due to gust intensity and directional changes, can also cause fluctuation in voltage resulting in grid wear as traditional infrastructure is designed receive and distribute steady power.   Although emission free and increasingly efficient, much solar and wind energy is lost through inability to control input and store unused energy generated over the required output quantity.  
Hydroelectric sources, currently the smallest contributor of energy in the UK due to its technological infancy, is fast growing as a consequence of recent innovation and investment.  Hydroelectric energy sources, such as tidal surge energy collectors, operate in a similar manor to wind generators, using fluid flow to spin turbines.  Due to tidal consistency and far greater fluid density, hydro energy has the capability of producing large quantities of predictable energy.  The main disadvantages of tidal energy generation are the specific locational requirements for construction and operation, damage risk to ocean ecosystems and the inability to synchronise consumption patterns with tide cycles resulting in energy loss (Greenmatch, 2021).
Axillary energy sources, known as the ‘Short Term Operating Reserve’ (STOR) are high power generating avenues that can be implemented promptly to support the grid as a backup contingency. In 2014/15 the STOR provided the UK National Grid with approximately 231,616 MWh of energy, consisting of both renewable and high carbon energy sources that produced 142,379 tons of CO2 (NationalGrid, 2016).   An example of a potentially clean STOR is the Dinorwig Pumped Storage Power Station, commissioned in 1984, produces hydroelectricity using a dam to separate an upper and lower reservoir.  Upon demand, water is fed from the upper level through six 300 MW turbines into the lower area where the water is stored.  Once the demand has been met and energy from other clean sources is available water is pumped to the upper reservoir ready for the cycle to repeat upon requirement (Welsh Government, 2018).  Although this system requires energy to replenish its stock of water, provided renewable energy is used, the system can be defined as a clean energy storage device, available to supplement the grid on demand, reducing the need for high carbon backup generation.  
[bookmark: _Toc87862305]Energy Grid 
A major area of concern when speculating the adoption of EVs as a public automotive solution is current grid infrastructure and its capacity to support the extra load requirements.  Due to the continuous investment and optimisation of the grid in the move to green energy generation, grid capabilities are constantly increasing.  In 2019 EEL Power stated that the grid has a maximum of 600GW frequency response capacity to support growing end user needs, which is projected to grow a further 5GW by 2024 with implementation of auxiliary storge capacity (EELPower, 2019).  If 32 million vehicles in the UK were to require 7 Kw charge capacity at the 5pm peak time, the grid would need to supply a maximum of 224GW throughout the period it takes to charge all vehicles, estimating a requirement of 37.33% of total available capacity, in addition to current requirements such as suppling homes and businesses the energy they require to operate.  As this data shows, current grid capabilities coupled with rudimentary charge technology will be insufficient in supporting the move toward full EV adoption.
3. [bookmark: _Toc87862306]	Conclusion
Charging technologies are a necessary component to support the wide scale adoption of electric vehicles due to the extra load requirements on the grid.  With minimal EVs currently in use, V20 plug, and charge is applicable as the load requirements are small, however, this method does not support grid operation and current infrastructure will not have the ability to support mass EV adoption.  Provided EV growth continues, V21 grid operator-controlled charging, is a viable solution to support extra load requirements as it allows the staggering of charge events.  As the next step in charge control, V2G technology provides load spreading capabilities of V21 and the added capability to provide the grid with auxiliary energy storage.  This enables advanced load levelling to aid in energy generation optimisation (Change-Climate, 2021).  The function of load levelling includes valley filling, whereby low cost off peak or renewable energy is stored for later use, and peak sheading, which uses this stored energy to support the grid in periods of peak demand (Hitachi, 2021).
To support V2G adoption numerous charging facilities per vehicle must be installed to maximise storage capacity.  Each vehicle should have a minimum of a 7kW power facility at residential buildings and 22kW supply for all parking areas at industrial places of work and shopping venues.  As V2G technology aids grid support and saves energy companies costs, that would otherwise be spent on outsourcing foreign energy or high carbon STORs, energy companies should outlay the investment necessary to increase charge capability at the same rate as EV adoption to maximise capacity.  
Correct V2G operation requires cooperation from energy providers, end users/ consumers, and vehicle manufacturers.  Energy providers will require algorithmic control of bidirectional charging, ensuring that usage of auxiliary storage capacity does not detriment end user function.  The system must work with the BMS to monitor individual SOC and battery health to enable estimation of the load required to meet end user needs and the capacity available to support grid function.  A minimum DOD must be defined as shallow charge events help to optimise battery cycle life while ensuring consumers have the available energy to support inconsistencies of everyday life.  In addition, consumer communication is necessary for optimisation, as periods of rest can increase available capacity and inversely extra needs such as planned tips may require a full charge for a certain time.  Finally manufacture cooperation is required by standardising bidirectional charge systems, including hardware, to allow plugin of any vehicle at any charge facility, and software to enable integration of grid monitoring systems. 
In conclusion, correct implementation of V2G technology could be the mutually beneficial answer to both green energy generation optimisation and load stabilisation, however, advancement is required in grid infrastructure, including observation and management of participating vehicles and hardware implementation, in addition to sustainable battery technology and consumer cooperation.
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