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1. [bookmark: _Toc534420989][bookmark: _Toc3754055][bookmark: _Toc24625424][bookmark: _Toc24625855][bookmark: _Toc28283338]Introduction:
The evolution of electric vehicles has had an excellent impact on the economy and the environment, with research highlighting the potential of electric vehicles replacing conventional within the transportation sector. The progression of EVs technology has been widely recognised all over the world as a vital method to achieve green energy and a low carbon economy transformation (Alam et al, 2018, p.64). EVs sales has been and continues to increase, with EVs stock reaching 740,000 units globally, in 2015 (Ayre, 2015). 
The main arguments which forced the finding of new solutions for personal mobility included: fossil fuels depletion, CO2 related greenhouse effect, the dangerous impact on global warming, and climate changes. Utilising electric energy as an energy carrier for passenger cars, could lead to a reduction on pollutant emissions in urban areas, especially when adopting electricity generation mix, as this will reduce greenhouse gas (GHG) emissions from transportation when related to the source of electricity supplied to this sector (Sorrentino, Rizzo, and Sorrentino L, 2014, p.31). Extensive research is now available regarding the potential benefits associated to vehicles’ electrification on worldwide mobility, a lot of research aims their studies towards verifying technical and economic feasibility in the short to long term scenarios. Whereas, others have concentrated on the environmental affect and social impact of vehicle electrification, and analysed the generation mix influence on real-world GHG reduction effect related to EV diffusion. 
The potential of reducing CO2 emission through EVs technology in the transportation sector is enormous. However, such reductions need to be balanced against the impact of high-power demand on the electricity generation industry. A recent research paper by Rode and Fischbeck, 2019, stated that electrification of vehicles and the decarbonisation of electric power, are two separate but equally important and integrated problems. Furthermore, the research has highlighted ‘The CO2 reduction benefits of electrification are only fully realised if the electric power sector is decarbonised, similarly, changes to future generation and consumption of electricity must be planned concurrently.’ The importance of EV and their effect on climate protection has only been recognised in the last decade in the course of the energy transition. Therefore, the arguments regarding the actual environmental impact of EV technology are often very emotional (Regett, Mauch, and Wagner, 2018, p.1).
In line with the above, the objective of this report is to assess the worldwide real carbon impact of electric vehicle. That is, by studying the previous literature which analyses the energy consumption and CO2 emissions related to the introduction of electric vehicles from manufacturing process, well to tank, and tank to wheel GHG emissions.                
2. [bookmark: _Toc24625425][bookmark: _Toc24625858][bookmark: _Toc28283339]Emissions and Economical Benefits of EV technology:
A recent article claimed that battery electric vehicle in the UK emits 50% less CO2 compared to traditionally fuelled vehicles, even when considering battery production. The article was written by Matt Allan, where he talked about recent studies completed at Imperial College London. Dr Lain Staffell of the mentioned college reported that ‘An electric vehicle in the UK simply cannot be more polluting than its petrol or diesel equivalent – even when taking into account the upfront carbon cost of manufacturing their batteries.’ He continued with ‘The carbon content of Britain’s electricity has halved in recent years and keeps on falling, whereas conventional engine vehicles have very limited scope to reduce emissions over their lifetime.’ How far this can be true, and how much numbers can be put into what Dr Staffell said, is what will be discussed further down by highlighting the most up-to-date research completed. 
[bookmark: _Toc28283340]2.1. Are EVs Really Environmentally friendly?
The study from Imperial College London revealed that, the increase in renewable and low-carbon energy generation in the UK means that, approximately charging an EV produces just 25% of the CO2 emitted by an internal combustion driven vehicle. Taking in consideration the manufacturing of EV’s battery, and the CO2 emissions from charging it over its lifetime (Allan, 2019). Dr Staffell said ‘EVs have real potential to reduce our carbon footprint and help meet our net-zero carbon ambitions, despite some speculation about how clean they really are.’ The potential to reduce GHG emission through EV’s is not only realised in the UK, vehicle electrification was also considered and massively implemented within the U.S transportation sector. The increasing global market share of EV’s, has inspired research with relation to their capability in decreasing GHG emissions. However, the exact benefit of EV technology, specifically on air quality, is directly dependent on the number and type of EV’s replacing conventional vehicles, as well as the source of the supplied electricity to power those cars (Schnell et al, 2019, p.95). 
[bookmark: _GoBack][image: ]To analyse the extent to which these benefits are realised in the U.S, a detailed study has been completed in 2015 by Nealer, Reichmuth, and Anair where their finding can be summarised as following: the current EVs are driving cleaner than ever before, based on 2014 EV sales data, the average EV in the united states generates global warming emissions while driving an equal to 68 MPG gasoline vehicle, therefore, reducing emissions 60 percent compared to an average new gasoline car. A full size long-rage Battery Electric Vehicle (BEV) which produces 265 miles per charge and adds approximately 6 tons of emissions in the manufacturing process, resulting in a 68% increase over the manufacturing of gasoline version. This can be considered better for the environment as the electric vehicle reaches 53% lower overall CO2 emissions compared to conventional vehicle. The following barograph represents the results of the study mentioned before, comparing the life cycle global warming emissions from the manufacturing and operation of gasoline and battery electric vehicles: 






[bookmark: _Toc28283116]Figure 1: EV vs Gasoline vehicle (Nealer, Reichmuth, and Anair, 2015, p.3)
 
           




Furthermore, Nealer, Reichmuth, and Anair discussed that, emissions from EV’s are highly estimated to keep falling. Their estimated study was relayed on national data from 2013 to 2015, where it demonstrated a declining percentage of the electricity generated by coal, and an increase usage of renewable sources including solar and wind power to generate electricity. Additionally, many EV owners in the U.S are combining electric vehicle purchases with home investments in solar energy. Also, with the carbon standards for fossil fuel power plants beginning to be implemented, and the continuing improvement of EV’s technology, emissions reduction benefits of this technology will pursue its growth. The research highlighted a very interesting conclusion where the authors said ‘To reach their full potential, EVs must account for a larger share of vehicle sales while the electricity grid shifts from coal to low-carbon renewable sources. Moving forward with both of these transitions constitutes a critical strategy for cutting projected oil use in half over the next 20 years and putting the United States on a trajectory toward net-zero climate emissions by mid-century’. The table below lists the percentage of emissions reduction with relation to electricity source and how renewable source take EV’s near 0 emissions if fully implemented. [image: ]   




[bookmark: _Toc28283130]Table 1: Well to Wheels EV's emissions with relation to electricity source (Nealer, Reichmuth, and Anair, 2015)







Similar research has been conducted earlier this year in Germany, where the EV charged with German electricity mix from 2015 (of which 29% is Renewable Energy Source) with an emission factor of 0.58 kg CO2 eq/Kwh, which performs better in term of emissions than a gasoline car at nearly 50,000km. For average yearly mileage of approximately 14,000km, the calculated distance corresponds to a payback period of 3.6 years. Where this is decreased to just below 2.8 year for the EU electricity mix with an emission factor of 0.46 kg CO2 eq/Kwh, and to 1.6 years for electricity from PV that only emits 0.1 kg CO2 eq/Kwh (Regett, Mauch, and Wagner, 2018, p.5). The graph below is related to the study conducted in Germany, where CO2 was calculated for EV and gasoline engine, including the different electricity sources (DE: German electricity mix, EU: European electricity mix, PV: photovoltaics): 

[image: ]                                                                                            



[bookmark: _Toc28283117]Figure 2: CO2 calculation for EV and gasoline vehicle (Regett, Mauch, and Wagner, 2018).
        




Another research conducted in the EU countries including the UK found that, EV have a significant lower life-cycle GHG emissions in comparison to a typical conventional vehicle. Even with consideration of high battery manufacturing emissions, an average EV in Europe emits 50% less life-cycle GHG over the first 150,000 km of driving. However, with relation to the electricity production source, this benefit varies from 28 to 72%, but the emissions recovery period is at a maximum of 3 years even in countries with relatively high carbon electricity generation (such as Germany). A comparison between most efficient IC engine and EV was made where this last one produces 29% less GHG emissions (Hall, and Lutsey. 2018, p.5). The graphs below demonstrates the results of this study: [image: ]    

[bookmark: _Toc28283118]Figure 3: CO2 Life-cycle emissions (over 150,000 km) of electric and conventional vehicles in Europe (Hall, and Lutsey. 2018).





Teixeira, and Sodre, 2018, conducted research where a simulation program had been put in place, to analyse the impact of replacement of IC engine powered vehicles by EVs, on energy consumption and CO2 emissions. The results were as following: CO2 emissions from EVs were at least 10 times lower compared to conventional vehicles, taking into account the variation of electricity source from renewable generation to thermopower generation. Replacing 25% of current taxi fleet by EVs, can introduce a reduction from 9500 tons of CO2 up to 1400 tons of CO2 annually.   
[bookmark: _Toc28283341]2.2. Economical Advantage of EVs versus Conventional Vehicles:
[image: ]Zgheib, Haddad, and Mansour, 2018, mentioned in their study which assessed consumption, emissions and costs of EV under real driving conditions that, many research found that electrified vehicles including hybrid electric vehicles (HEV), plug in hybrid electric vehicles (PHEV) and battery electric vehicles (BEV), are beneficial in term of tank-to-wheel fuel and emissions saving, even when taking in consideration their potentially higher ownership and operating costs to date. An example was made of the Hyundai Ioniq, which is available in two models (PHEV and BEV), has fuel efficiency and saving of 54% and 77% on both models respectively than its gasoline counterpart. The barograph below represents the results of this research.        



[bookmark: _Toc28283119]Figure 4: Fuel consumption of different vehicle types (Zgheib, Haddad, and Mansour, 2018).







Moreover, it was discussed in the research presented before within the U.S regions by Nealer, Reichmuth, and Anair, 2015. That based on the most successful two models sold in the United States in 2015 which were the Nissan Leaf and the Tesla Model S, driving an EV in any part of the country, generate lower global warming pollution than the average new gasoline vehicle, even in the dirtiest region within the U.S where electricity grid is dependent on fossil fuel. Those EVs highlight 21% improvement of fuel economy compared to conventional vehicles.
Furthermore, the results of the simulation program discussed earlier, for the aim to analyse the impact of EV on energy consumption are presented as following: ‘For the engine powered vehicle, the energy consumption evaluated from fuel energy content is nearly 8 times higher than the electric energy consumption by the EV under the NEDC test schedule’ (Teixeira and Sodre, 2018, p.383).
Office of Energy Efficiency and Renewable Energy in the U.S published a recent article in 2019 titled as ‘Saving on Fuel and Vehicle Costs’, where the summary of the presented publication was: EVs can save on money, with much lower fuel costs on average than conventional gasoline vehicles, due to much higher efficiency of EVs over their counterpart, and also because the electricity is cheaper than gasoline.      
As conclusion from all the researchers studied above, it is evident that EVs are much more economical when compared to conventional vehicles. 
3. [bookmark: _Toc24625426][bookmark: _Toc24625859][bookmark: _Toc28283342]CO2 Emitted Implementing EV technology:
[bookmark: _Toc28283343]3.1. Manufacturing Process:
The energy used to manufacture EVs is another critical aspect of the lifetime CO2 footprint related to this technology. Many studies have researched that battery pack production requires a lot of energy, the vehicle must drive a significant mileage before it can repay the CO2 released during the manufacturing process (Holloway, 2019). Regett, Mauch, and Wagner, 2018, discussed that the production of vehicle in Germany contributes to GHG emissions of approximately 6.6 tone of CO2 for an ICEV and about 6.8 tone of CO2 for an EV, that excluding the manufacturing of battery system. If a battery system with a capacity of 30 KWH and a production share of the following 57% Asia, 20% US, 12% Europe and other regions 11%, was taken into confederation, the total emissions for the production of an EV according to Regett et al, is 10 tone of CO2 equivalents. 
A study has been completed to assess the GHG emissions from the production of Lithium –Ion battery for electric vehicle in China, revealed that, for the three type of most popular utilised lithium-ion batteries which are, LFP, NMC, and the LMO battery, the GHG emissions from the production of a 28Kwh battery are 3061.Kg of CO2, 2912.kg of CO2, and 2705.kg of CO2, respectively. That alone will amount to approximately a 30% increase in GHG emissions from EV production in contrast to conventional vehicle (Hao et al, 2017, p.10).         
Hall and Lutsey, 2018, reported that with regards to figure 3 above, the life cycle effect of  a certain vehicle is the total emissions impact from all the activities, including manufacturing process. EVs process of manufacturing requires higher energy, and emits more emissions compared to manufacturing a conventional vehicle due to lithium-Ion battery. Manufacturing of  EVs battery requires extracting and refining rare earth metals, and due to the conditions involving in this process (high heat and sterile), it intensively consumes energy. On the other hand, EVs drives longer mileage with a certain amount of energy, and generates very low level of emissions through fuel production phase and vehicle life. This research also suggested that grid decarbonisation offers a significant opportunity to decrease the effect of battery manufacturing on GHG emissions, and estimated 17% decrease on emissions from vehicle manufacturing, if the grid carbon decreased by 30% with the use of cleaner electricity through the energy production process.  
Another study has discussed the manufacturing impact of EV on emissions where the main finding can be summarised as follow: global warming emissions happens when manufacturing any vehicle, electric or IC driven vehicle, but EV results to higher emissions compared to its counterpart (15% higher), and that is due to the manufacturing of its lithium-Ion battery. Battery production adds approximately 1 ton of emissions to the total manufacturing emissions. However, the extra emissions related to EV manufacturing are rapidly offset by the reduction in vehicle emissions during operation mode. In addition, global warming emissions of EV productions are significantly decreasing as automakers gain experience and develop their manufacturing efficiency which includes solutions such as, Lithium-Ion battery recycling or reuse, developing an alternative battery chemistry that offers less energy and materials, and the implementation of renewable sources to generate the electricity supplied to manufacturing facilities (Nealer, Reichmuth, and Anair, 2015, p.3).  


        
[bookmark: _Toc28283344]3.2. Electricity Generation:
Certainly, driving an EV has a very small CO2 footprint than even the best IC engine vehicle due to the higher efficiency of electric drivetrain. However, all that depends on the source of the electricity generation that is powering the battery pack during operation, and the manufacturing process. Therefore, many companies started investing on the development of renewable electricity generation sources. For example, Audi rebuilt a facility near Brussels for the production of the new E-tron. That factory has 37,000 square meters of solar panels, providing 95% of the electricity needed to build the vehicle, and it uses biogas to heat the plant. E-torn batteries are also built on site, which will drive down the overall CO2 emissions emitted to build the car (Holloway, 2019). 
Schnell et al, 2019, discussed that in the U.S, western states generally produces most of their electricity from renewable or emission-free sources (i.e. solar, wind, hydroelectric, and nuclear), whereas the western states, still rely on fossil fuel and combustion sources to generate electricity (i.e. oil, coal, biomass, and natural gas). Furthermore, Regett, Maunch, and Wagner, 2018, analysed the emissions associated with this electricity generated to power the manufacturing phase in Germany. The results where that the carbon footprint of EV production is lower if the manufacturing process takes place in countries with low emission factor of electricity, as the electricity demand will be covered by the Renewable Energy Systems (RES). However, the current German electricity mix is not dominated by RES, and that will affect the GHG emissions related to EV technology.
[image: ]The source of energy used to generate electricity in the U.S has been changing, with consequent reduction in emissions intensity. The highest polluting source of electricity (coal-fired power) has declined drastically due to the sustained lower natural gas prices. Never mind the contribution of the renewable sources (solar and wind) in the improvement of electricity grid. Figure 5 below represents the source of electricity generation in the U.S between 2009 and 2012, coal power remains the predominant source of power generation. However, the previous few years have witnessed a significant shift toward different sources of electricity, including natural gas and renewable sources. The share of coal in energy generation grid fall from 44% to 37% between 2009 and 2012, in contrast natural gas increases by a similar percentage and held 30% share of the electricity grid (Nealer, Reichmuth, and Anair, 2015). 




[bookmark: _Toc28283120]Figure 5: Electricity generation source 2009-2012 (Nealer, Reichmuth,  and Anair, 2015).





Teixeira and Sodre, completed a research in 2018 where they wrote, electric vehicles can be a possible solution, however, there are still environmental issues regarding EV technology, as the reduction from tailpipe emissions may be followed by an increase in emissions from power generation plants. According to the international energy agency (IEA), 42% of the world CO2 emissions comes from electricity and heat generation through the use of fuel combustion, and 40% of the world electricity is produced using this process, the numbers highlighted here are from the 2016 IEA paper.        
4. [bookmark: _Toc24625427][bookmark: _Toc24625860][bookmark: _Toc28283345]EV’s Battery Technology Development and the Related Side-effects:   
Rolander, Starn, and Behrmann, published an online article in 2018 titled “Lithium Batteries' Dirty Secret: Manufacturing Them Leaves Massive Carbon Footprint” where they highlighted a big disadvantage of EV technology. The article discussed the massive impact of Lithium-ion on CO2 emissions, driving an electric vehicle certainly reduces the carbon footprint, but making the lithium-ion batteries could emit 74% more CO2 than normal car manufacturing processes will do. Following this article, many other online publications started criticising EV battery’s technology including, Hausfather who discussed the same issue in 2019, and Ellsmoor also in 2019. Articles were published at carbonbrief.org and forbes.com, respectively. 
[bookmark: _Hlk28272171][image: ]According to the literature review, lithium-ion battery manufacturing was associated with GHG emissions of 150-200 Kg CO2 eq per Kwh battery capacity in 2018. From which half of the emissions are due to battery and cell production, and the other 50% is from the supply of materials. The lithium-ion battery system with a capacity of 30 Kwh, made of a nickel-manganese-cobalt (NMC) cathode and graphite anode, has total mass of 177kg, the production of this NMC active material, share about a quarter of the total battery manufacturing emissions (see figure 6). The environmental impact from battery manufacturing can be improved through the development of new energy efficient method, and by using renewable source to power battery manufacturing plants (Regett, Mauch, and Wagner, 2018, p.2).     
      



Figure 6: climate impact of battery manufacturing and share processes (Regett, Mauch, and Wagner, 2018).








Dunn et al, 2016, reported that even that lithium-ion battery not really contribute to GHG emissions during operation mode, the overall contribution during manufacturing process is very high. Their suggestion in order to decrease climate change impact of this process was to develop an advanced cathode and other battery materials which do not require intensive energy. Also, recycling processes that operate at mild conditions, and directly recovering cathode materials can improve battery GHG emissions and  economic impact, that is because cathode materials are the most valuable component in the battery pack.  
5. [bookmark: _Toc28283346]Cost Consideration:
Up to now, more than 4 million EVs have been sold, and the battery cost has been gradually decreasing. Recent studies show that battery cost for an EV application is estimated to reduce to approximately 20% between 2016 and 2030. Furthermore, due to climate change impact from EV’s battery technology, the cost should decrease below 100$ / Kwh for BEV to compete with the price on an internal combustion engine vehicle (Philippot, et al, 2019, p.1). 
Dunsford-white, 2018, discussed that, UK motorists are being forced to look back at their options and search for alternative, cheaper transport solutions. Electric vehicle offers the ideal option, as by now EV prices are cheaper than conventional vehicle for many buyers, especially for those who drives long mileage, and being affected by the massive fuel costs. The study completed in this article revealed that using January 2018 fuel prices, the comparison between a very efficient diesel Ford Focus and pure electric Nissan Leaf, after driving 10 000 miles per year for a period of 5 years shows that, the Focus costs 8.32 pence per mile, while the Nissan Leaf only costs half of that (4.18 pence per mile). Which means that EV will save £414 on fuel each year, and £2067 across 5 years.     
6. [bookmark: _Toc28283347]Conclusion:
Taken together the findings of previous research, studies have shown that EV technology may be the solution for the transportation sector to achieve a cleaner environment and better economy. However, that is if pairing electric vehicle market share increases with electricity grid decarbonisation, because the major issue with driving an electric vehicle is to deal with the manufacturing of its Lithium-ion battery, and depending on electricity as main fuel to drive the vehicle. Meanwhile, EVs are still environmentally friendly and better than conventional vehicle in term of CO2 emissions, even when taking in consideration the manufacturing process, and the life-time supply of electricity to power the battery pack. 
Furthermore, EVs development could improve their efficiency and reduce the carbon impact of their manufacturing phase, by relying on renewable source as main energy supplier to their plants, and developing the battery technology through the utilisation of different, and more efficient materials. Also, government must push the energy industry toward grid decarbonisation, and provide the necessary support to switch from conventional method of producing electricity which consist of burning fossil fuel, to more carbon-free source to generate electricity.        
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