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Abstract 12 

Electric Vehicles (EVs) appear as an environmental solution for transport sector since they emit 13 

zero emissions while driving. Nonetheless, the carbon intensity (CI) of the energy sources involved in 14 

the electricity generation system could seriously compromise this solution.  Hence, this study proposes 15 

a methodology to verify the sustainability of the sector by the introduction of EVs. By means of the 16 

“Well-to-Wheel” tool, it compares emissions generated by two fleets: one based on internal 17 

combustion engine vehicles (ICEVs) and another one that also contemplates different EVs penetration 18 

levels. This methodology develops an iterative process on the contribution of renewable sources to 19 

the electricity generation system until a certain level of emissions reduction is achieved. The needed 20 

evolution of the CI for the electricity system is therefore deduced. The methodology has been applied 21 

to Spain by the mid-term future, given these country policies for both a high penetration of EVs and a 22 

progressive introduction of renewable sources in its electricity system. Results indicate that the current 23 

Spanish electricity mix allows for a reduction in CO2 emissions by the introduction of EVs, but a 100% 24 

renewable system will be needed for reductions up to 74 million tons per year. This research is a first-25 

ever study to relate the forecasted Spanish environmental policies, in terms of urban transport and 26 

configuration of the power system, with a sustainable introduction of EVs in the urban fleet. Hence, 27 

this paper would be very helpful for policy makers on evaluation of the requirements for a transport 28 

fleet electrification. 29 
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Variables   

𝐹(𝑡) Total fleet evolution. 

𝑟(𝑖, 𝑡) Rate of total fleet growth (%). 

𝐹𝐼𝐶𝐸𝑉𝑠0
(𝑡)  Fleet of ICEVs without EVs penetration. 

𝐹𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) Remaining fleet of ICEVs with EVs penetration. 

𝑓𝑝(𝑖, 𝑗, 𝑡) Rate of EVs penetration (%). 

𝐹𝐸𝑉𝑠(𝑡) Fleet of EVs with EVs penetration. 

𝐹𝑇(𝑡) Total fleet of ICEVs and EVs with EVs penetration. 

𝑔(𝑡) Emissivity of the electricity system (g CO2/kWh). 

𝑃(𝑘, 𝑡) Participation of each power source in the electricity generation (%). 

𝐸𝑚𝐼𝐶𝐸𝑉𝑠0
(𝑡) Emissions due to 𝐹𝐼𝐶𝐸𝑉𝑠0

(𝑡), (g CO2). 

𝑑(𝑖, 𝑡) , 𝑑(𝑗, 𝑡) Annual travel distances (km). 

𝑐𝐼𝐶𝐸𝑉𝑠(𝑖, 𝑡) Fuel consumption for ICEVs (l/km). 

𝐸𝑚𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) Emissions due to 𝐹𝐼𝐶𝐸𝑉𝑠𝐹

(𝑡), (g CO2). 

𝐸𝑚𝐸𝑉𝑠(𝑡) Emissions due to 𝐹𝐸𝑉𝑠(𝑡), (g CO2).  

𝑥𝑒𝑙𝑒𝑐𝑡(𝑗, 𝑡) Fraction of electrical contribution for EVs (%) a. 

𝑐𝑒𝑙𝑒𝑐𝑡(𝑗, 𝑡) EVs electricity consumption per kilometre (kWh/km) a. 

𝑥ℎ𝑦𝑏(𝑗, 𝑡) Fraction of hybrid contribution for EVs (%) b. 

𝑐ℎ𝑦𝑏(𝑗, 𝑡) Fuel consumption for EVs (l/km) b. 

𝐸𝑚𝐸𝑉𝑠,𝑒𝑙𝑒𝑐𝑡(𝑡) Emissions generated due to the electrical behaviour of EVs (g CO2) a. 

𝐸𝑚𝐸𝑉𝑆,ℎ𝑦𝑏(𝑡) Emissions generated due to the hybrid behaviour of EVs (g CO2) b. 

𝐸𝑚𝑇(𝑡) Total emissions generated by 𝐹𝑇(𝑡), (g CO2). 

𝑔𝑙𝑖𝑚(𝑡) Allowable maximum value of 𝑔(𝑡), (g CO2/kWh). 

𝑠(𝑡) Degree of sustainability due to the substitution of ICEVs by EVs (%). 

𝑠𝑟𝑒𝑓 (𝑡) Reference value of 𝑠(𝑡), (%). 

  

Parameters  

𝑡  

𝛥𝑇 Time interval for the study 

𝐶𝐼 (𝑘) Carbon intensity of each power source (g CO2/kWh). 

𝑒𝑚𝑊𝑡𝑊(𝑖) WtW emissivity for ICEVs (g CO2/L). 

𝑒𝑚𝑊𝑡𝑊(𝑗) WtW emissivity for EVs with hybrid behaviour (g CO2/L) b. 

𝐿𝑅𝑆𝐼(𝑓) Level of renewable sources introduction. 
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Indices  

𝑖 Index for ICEVs vehicles type, i = {1, 2, 3, 4}, specifically 1: gasoline car, 
2: diesel car, 3: diesel bus, 4: gasoline motorcycle. 

𝑗 Index for EVs vehicles type, j = {1, 2, 3, 4 }, specifically 1: BEV car, 2: HEV 
car, 3: PHEV car, 4: BEV bus; 5: HEV bus, 6: PHEV bus, 7: BEV 
motorcycle. 

𝑓 Index for LRSI, f = {1, 2, 3, 4, 5} 

𝑘 Index for the power source in electricity generation, k = {1, 2, 3, 4, 5}, 
specifically 1: coal, 2: nuclear, 3: oil, 4: natural gas, 5: renewable. 

a: Electrical behavior of EVs related to BEVs and PHEVs partly. 37 

b: Hybrid behavior of EVs related to HEVs and PHEVs partly. 38 

 39 

1. Introduction   40 

Unlike traditional vehicles powered by internal combustion engine (ICEVs), electric vehicles 41 

(EVs) generate zero emissions while they are driven on the roads: “zero tailpipe emissions” [1–3]. 42 

However, a raise in the emissions due to the electricity generation system to cover the increase of 43 

electricity demand by the EVs could appear [4,5]. This emission increase would mainly depend on the 44 

electricity mix structure. Therefore, the carbon intensity (CI) of the technologies involved in the 45 

electricity generation mix of every country would determine the environmental profitability degree of 46 

introducing EVs in relation to the net total CO2 emission savings [6]. 47 

Well-to-Wheel (WtW) analysis has been widely used to assess total carbon emissions reduction 48 

in transport sector [7–10]. This approach considers the whole process of energy flow, from the fuel 49 

generation to the vehicle driving, dividing the whole process in two clear separate steps: Well-to-Tank 50 

(WtT) and Tank-to-Wheel (TtW) processes. An exhaustive study [10] analyses the WtW for EVs 51 

considering the generation mix of 70 different countries and compares the results with the equivalent 52 

emissions of ICEVs. Results show that countries with the highest CI power sources are also the ones 53 

with highest EVs’ emissions. Even in some countries, emissions are higher than the ones generated by 54 

the corresponding ICEVs. Other study [11] makes a similar analysis, applying WtW methodology to 55 

each European Union Member State. This research also considers the CI content of electricity trades 56 

between countries. Besides, it calculates how total CI of the power mix of a country decreases when 57 

importing low CI electricity from another region and the other way round. WtW method has been also 58 

applied to specific countries or regions to calculate CO2 emissions when introducing EVs. For instance, 59 

[12] analyses the current Malaysia’s case of study, [13] studies the four countries with highest 60 

passenger car sales (Germany, the United States, China and Japan) together with a highly renewable 61 

energy country (Norway). [14] makes a comparison between both developed and developing countries 62 

and finally [15] focuses on European countries. 63 

All of these studies present comparisons between emissions produced by EVs with their 64 

current country electricity generation mix and the ones generated by ICEVs. They all try to determine 65 

whether the introduction of EVs is a clean solution or not, coming all to the same view: CO2 savings 66 

when introducing EVs only happen in the cases where high CI sources are not the main representative 67 

ones in the electricity system. China emerges in this context as the global largest EVs market, with 1.2 68 

million EVs sold in 2018 [16] due to its appealing EVs incentive policies [17]. However, the main use of 69 
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coal for electricity generation in this country [18] also foresees the highest CO2 emissions projections 70 

for this country with EVs introduction. Study  [19] specifically states that the large-scale development 71 

of EVs in China maintaining its current power structure would be equivalent to replace oil with coal in 72 

the system, which would result in carbon emissions increasing. Research [20] also forecasts the key 73 

role that fuel economy regulations will play in the short-term future of China together with the lower 74 

reliance of the power system on fossil fuel in the long-term. After China, Japan would suffer the highest 75 

CO2 emissions for EVs, as [18] states. Japan, together with other countries such as South Korea or 76 

Taiwan, depend on the import of fuels through maritime transportation. This situation affects not only 77 

the energy mix of these countries, but also the complexity and WtW analysis [21]. So far, all the 78 

published studies claim the global necessity of moving towards a more renewable electricity system  79 

to meet decarbonization by EVs introduction [22]. Particularly, [23] equates the large effect of grid 80 

decarbonization with increasing EVs fleet. Moreover, [24] identifies the assumption of an unchanged 81 

electricity mix over the coming years as a traditional error factor while forecasting EVs emissions 82 

reduction in a country. The study [18] addresses this traditional error. Namely, [18] presents an 83 

experimentally vehicle dynamic model to simulate ICEVs and EVs consumption under eight driving 84 

cycles to determine CO2 emissions of both types of vehicles considering the projected emissivity 85 

evolution of the countries under study (Europe, China and Japan) until year 2040. Three main results 86 

are presented in this study. Firstly, the enhancement of both EVs and ICEVs’ technologies will lead to 87 

a reduction in carbon emissions along the years, being ICEVs’ emissions always higher than EVs’ ones. 88 

Secondly, China is expected to produce the highest CO2 emissions due to its power grid composition 89 

projections. Finally, the difference between CO2 emissions from ICEVs and EVs gets smaller under 90 

highway conditions and higher under urban driving conditions.  91 

Other methodologies have also analysed the influence of electricity structure systems 92 

regarding EVs emissions using energy models. For instance, research [25] uses the MARKAL model to 93 

generate a quantitative scenario for electricity and cogeneration sectors in the Netherlands, which 94 

allowed them to stablish strategies to achieve, in comparison with 1990 levels , 15% and 50% CO2 95 

emissions reduction in 2020 and 2050, respectively. Another study [26] employs the energy model 96 

(PERSEUS-NET-TS) to analyse four different methods to evaluate CO2 emissions in Germany by 2030, 97 

revealing differences up to 0.55 kg/kWh. 98 

The existing literature only makes quantitative analyses of EVs carbon emissions and, although 99 

some studies consider the effects of a changeable electricity mix along the years,  these researches 100 

lack the possibility of forecasting the detailed evolution of the power system structure needed to 101 

guarantee all the time a specific level of emissions reduction. This detailed evolution of the power 102 

system has been the focus of our investigation. Hence, our paper proposes a methodology to assess 103 

the time evolution of the renewable sources introduction in the electricity system in order to get, for 104 

a particular penetration of EVs in the fleet, a particular level of decrease in the CO2 emission. This 105 

method also determines the limit emissivity of the power system to ensure a zero emissions 106 

introduction of EVs in a particular fleet. The methodology will evaluate the possibility to reach a 107 

sustainable transport sector by combining EVs penetration and renewable participation in the 108 

electricity system.  109 

Other researches have also proposed methodologies to evaluate changes in the energy mix 110 

with the introduction of EVs, but they present a series of limitations that the current paper has tried 111 

to cope with. Research [27] analyses the initial consumers’ preferences while selecting a vehicle and 112 
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evaluates their change in preferences according to various electricity generation mix scenarios 113 

together with their environmental impact. Their results indicate that BEVs’ market share could be 114 

promoted up to 10% and reduce GHG up to 5% by 2026. The evaluation period of this research 115 

represents an imminent future (2026), while our paper establishes a longer evaluation period: up to 116 

2040. Moreover, research [27] presents four pre-established different energy mix scenarios whose 117 

composition does not depend on the level of CO2 emissions reduction achieved with the penetration 118 

of EVs, unlike our study where the introduction of renewable sources clearly depends on two carbon 119 

emissions constrains related to the introduction of EVs. Research [28] presents a methodology to 120 

optimally schedule the charging/discharging process of EVs with two main objectives: minimize costs 121 

of the system and reduce CO2 emissions. Such methodology is applied to distributed networks that 122 

integrate renewable resources. This application differs from the one presented in this paper, since the 123 

horizon of our work extends to the configuration of all the national grid and renewable resources are 124 

introduced according to CO2 emissions restrictions provoked by EVs.  Study [29] proposes a techno-125 

economic analysis of a city-scale energy system with rooftop PV, batteries and EVs with storage 126 

possibilities for Kyoto in Japan. The dimension applicability of such research focuses just on distributed 127 

networks for cities and includes only solar PV as renewable resources. Moreover, it makes an analysis 128 

of a fix temporary scenario, without including any renewable energy evolution according to the 129 

introduction of EVs. However, our study includes the configuration of the entire national grid and 130 

contemplates all different types of renewable energies, not just solar PV. Hence, our methodology is 131 

scalable to the scenario in question. Besides, our paper develops the evolution of the energy system 132 

configuration according to carbon dioxide emissions boundaries generated by the penetration of EVs. 133 

Furthermore, other studies have used the methodology Life cycle assessment (LCA) to evaluate carbon 134 

emissions impacts of the introduction of EVs. For instance, research [30] makes a LCA of EVs battery 135 

charging in all the 28 European Union countries considering the current and the projected electricity 136 

mix structure until 2050. Despite the valuable information that could be extracted from this work, it 137 

does not indicate the total evolution that carbon dioxide emissions would suffer along this period since 138 

the work does not considered the remaining quantity of ICEVs and the projected EVs to be included in 139 

the fleet. Moreover, the introduction of renewable sources does not answer to CO2 restrictions when 140 

introducing EVs, but to projected plans. Otherwise, our paper includes an energy model that allows a 141 

changeable introduction of renewable sources in the energy mix according to the CO2 emissions 142 

reduction constrains due to EVs introduction. Besides, the methodology considers two different fleets 143 

to obtain the carbon dioxide emissions reduction: one formed only by ICEVs and another one formed 144 

by ICEVs and EVs. In both cases, the evolution of the quantity of such vehicles lies in forecasted data. 145 

Finally, our work employs the methodology WtW instead of LCA to assess carbon emissions reduction. 146 

Despite LCA is a more precise technique that considers more stages in the vehicles’ life when analyzing 147 

its environmental suitability, WtW is the most widely used method for policy support in road transport 148 

[31]. According to [31], WTW methodology is used for instance by the European Union for the Fuel 149 

Quality Directive and for the Renewable Energy Directive, in the USA, the Environmental Protection 150 

Agency bases its regulatory actions on the WTW approach of the GREET model, and also in China, WTW 151 

is used to assess policy options. 152 

Having said that, we have not found any work in the literature that relates the introduction of 153 

renewable sources in the electricity mix with a double level of CO2 constraints restriction when 154 

introducing EVs: a first level that ensures a net CO2 emissions introduction of EVs and a second level 155 

that ensures a CO2 emissions reduction with such introduction. Specifically, the limit electricity system 156 
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emissivity (first constraint), which guarantees a net CO2 emissions introduction of EVs, remains 157 

unexplored in the rest of the literature, to the best of our knowledge. Additionally, as far as we are 158 

concerned, no other studies include a comparison between emissions generated by two possible 159 

fleets: one completely formed by ICEVs and another one that also includes EVs. Beyond this, the 160 

method is completely scalable and true to reality since it considers the complete replacement of ICEVs 161 

cars, motorcycles and urban buses by EVs, including all the different types: BEVs, PHEVs and HEVs. 162 

The methodology has been applied to the Spanish case study in the mid-term future, until 163 

2040. Figure 1 [32] and Table 1 [33] provide a general caption about the electricity generation system 164 

and fleet composition of the country, respectively. 165 

 166 

 167 

Table 1. Current Spanish fleet composition. 168 

 169 

 170 

 171 

 Spain is expected to get a large contribution to CO2 transport emissions reduction due to the 172 

environmental policies proposed in the regulatory draft [34] by the Ecological Transition Spanish 173 

Ministry [35]. This regulatory draft emerges for the first time in 2018 with three general goals: to 174 

ensure compliance with the Paris Agreement’s objectives [36], enhance the decarbonization of the 175 

Spanish economy and introduce a sustainable development model capable of mitigating climate 176 

change. In line with these three objectives, the draft presents two main fields of application: 177 

sustainable mobility and renewable electricity generation system. 178 

Regarding the former, the draft prohibits by 2040 the sale and registration of light vehicles 179 

which produce carbon dioxide emissions, and its circulation by 2050. This measure enhances the 180 

renovation of the current aged ICEVs fleet in Spain, which has an average age of 12.4 years, whereas 181 

the European average age states at 10.8 years [37]. Moreover, the Spanish regions with more than 182 

50000 inhabitants are obliged to create spaces with low emissions before 2023, enhance the public 183 

transport and electrify urban buses. This draft also boosts the installation of recharge point for EVs, 184 

making it obligatory in the coming years for petrol stations with high shares, new construction 185 

Gasoline car Diesel car Gasoline motorcycle Diesel bus 

9820553 13038663 3201831 14986 

Figure 1. Current Spanish power system composition. 
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buildings and non-residential existing buildings with more than 20 parking places.  To ensure such 186 

mobility transition in a sustainable way, the Spanish Government has introduced financial aids, 187 

specifically the so called Plan Moves [38]. This Plan includes economical aids to buy EVs (only BEVs and 188 

PHEVs, together with hydrogen vehicles) and to install recharging points for such vehicles.  189 

With reference to renewable generation, this regulation aims to achieve a 74% renewable 190 

sources introduction in the electricity generation mix by 2030 and a 100% renewable one by 2050. 191 

Moreover, the draft includes highly environmental-restrictive policies to coal power stations, which 192 

practically imply their upcoming closing [39]. Besides, a stepped close of nuclear power plants is 193 

foreseen as another future measure for the Spanish ecological transition  [40]. Finally, the regulatory 194 

draft [35] includes a “just transition strategy” with a series of regulatory measures to reduce negative 195 

economic impacts in energy sectors that do not fit in the ecological transition.  196 

Both effects, a large penetration of EVs and a change in the electricity mix with a growing 197 

introduction of renewable sources, make Spain an ideal case study for urban transport emissions 198 

reduction. Our study includes five different levels of renewable sources introduction (LRSI) in the 199 

Spanish power system, which reflect the previously described regulatory plans. 200 

This research is a first-ever study to relate the forecasted Spanish environmental policies, in 201 

terms of urban transport and configuration of the power system, with a sustainable introduction of 202 

EVs in the urban fleet by using a novel methodology based on carbon emissions constraints for the 203 

electricity generation system. Hence, this paper would be very helpful for policy makers on evaluation 204 

of the requirements for a transport fleet electrification.  205 

The paper is organized as follows: section 2 presents the methodology, section 3 describes the 206 

application to Spain by the mid-term future and section 4 provides the results and discussion of this 207 

application. Finally, the paper concludes in section 5.  208 

 209 

 210 

2. Methodology 211 

A methodology has been developed to determine the reduction in CO2 emissions due to the 212 

penetration of EVs in the transportation fleet. The method establishes the needed CI factor of the 213 

electricity generation system to provide, at any time along that evolution, a specific level of emissions 214 

reduction. Figure 2 represents the flowchart of the proposed methodology, whereas Table 2 define 215 

both input and output data. 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 
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Table 2. Inputs and outputs  225 

Inputs Outputs 

𝑡0 𝐹𝐼𝐶𝐸𝑉𝑠0
(𝑡)  

𝑡𝐹 𝐹𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) 

𝛥𝑇 𝐹𝐸𝑉𝑠(𝑡) 

𝐹(𝑡0) 𝐹𝑇(𝑡) 

𝑟(𝑖, 𝑡) 𝑔(𝑡) 

𝑓𝑝(𝑖, 𝑗, 𝑡) 𝐸𝑚𝐼𝐶𝐸𝑉𝑠0
(𝑡) 

𝑃(𝑘, 𝑡) 𝐸𝑚𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) 

𝐶𝐼 (𝑘) 𝐸𝑚𝐸𝑉𝑠(𝑡) 

𝑔(𝑡0) 𝐸𝑚𝐸𝑉𝑠,𝑒𝑙𝑒𝑐𝑡(𝑡) 

𝑑(𝑖, 𝑡) , 𝑑(𝑗, 𝑡) 𝐸𝑚𝐸𝑉𝑠,ℎ𝑦𝑏(𝑡) 

𝑐𝐼𝐶𝐸𝑉𝑠(𝑖, 𝑡) 𝐸𝑚𝑇(𝑡) 

𝑒𝑚𝑊𝑡𝑊(𝑖) 𝑔𝑙𝑖𝑚(𝑡) 

𝑥𝑒𝑙𝑒𝑐𝑡(𝑗, 𝑡) 𝑠(𝑡) 

𝑐𝑒𝑙𝑒𝑐𝑡(𝑗, 𝑡) 𝐿𝑅𝑆𝐼(𝑓) 

𝑥ℎ𝑦𝑏(𝑗, 𝑡)  

𝑐ℎ𝑦𝑏(𝑗, 𝑡)  

𝑒𝑚𝑊𝑡𝑊(𝑗)  

𝑠𝑟𝑒𝑓 (𝑡)  

 226 
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 227 

 228 

 229 

 230 

Figure 2. Flowchart of the proposed methodology. 
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Once the total urban fleet evolution in the considered time period is defined (eq.(1)), the 231 

methodology distinguishes two different situations. The first one is a conservative case where the fleet 232 

includes only ICEVs without any EVs penetration. This fleet is given by eq. (2)  233 

𝐹(𝑡) = ∑ 𝐹(𝑖, 𝑡 − 𝛥𝑇)

𝑖

· 𝑟(𝑖, 𝑡) (1) 

𝐹𝐼𝐶𝐸𝑉𝑠0
(𝑡) = 𝐹(𝑡) 

(2) 

 The second situation reflects the introduction of EVs in the urban fleet. Therefore, it would 234 

include the remaining quantity of ICEVs (eq. (3)) together with the different types of EVs introduced 235 

(eq. (4)): Battery Electric Vehicles (BEVs), Hybrid Electric Vehicles (HEVs) and Plug-in Hybrid Electric 236 

Vehicles (PHEVs) [7]. Finally, eq. (5) determines the total fleet in this situation: 237 

𝐹𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) = ∑ ∑ 𝐹(𝑡)

𝑖

· (1 − 𝑓𝑝(𝑖, 𝑗, 𝑡))

𝑗

 (3) 

 

𝐹𝐸𝑉𝑠(𝑡) = ∑ ∑ 𝐹(𝑡)

𝑖

· 𝑓𝑝(𝑖, 𝑗, 𝑡)

𝑗

 (4) 

 

𝐹𝑇(𝑡) = 𝐹𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) + 𝐹𝐸𝑉𝑠(𝑡) (5) 

The second stage of the methodology calculates the total CO2 emissions generated by the two 238 

above-mentioned urban fleets in order to deduce the impact on carbon emissions due to the 239 

penetration of EVs. It results of utmost importance to clarify that CO2 emissions calculated in this 240 

section correspond to the real emissions, not to the equivalent CO2 emissions remaining to greenhouse 241 

gases. 242 

The Well-to-Wheel (WtW) method is used to assess these carbon dioxide emissions [7,41]. The 243 

WtW analysis comprises two consecutive stages: the Well-to-Tank stage (WtT), where the emissions 244 

due to the processes for extraction, transportation, treatment and provision of the required fuel 245 

(electricity in the case of EVs) to be used by the fleet are calculated, and the Tank-to-Wheel stage 246 

(TtW), which determines the emissions while driving the vehicles. Table 3 reflects the flowchart of the 247 

WtW method. 248 
Table 3. WtW method. 249 

Stages 
 

ICEVs 
 

EVs 

Well to Tank 

Extraction and processing of raw materials 

Transportation and storage 

Gasoline / diesel refining Electricity generation 

Power delivery system  
(truck, pipelines) 

 

Power transmission and 
distribution (power grid) 

Tank to Wheel 
Driving process 

(fuel combustión) 

 

Driving process 
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Therefore, depending on the vehicle characteristics, both WtT and TtW emissivity acquire 250 

different values [10]. For vehicles depending totally on fossil fuels, like ICEVs, or partially as HEVs and 251 

PHEVs, their WtT and TtW emissivity depends on the type of fuel used: gasoline or diesel. For vehicles 252 

depending on electricity, exclusively in the case of BEVs and partially for the PHEVs, WtT emissivity 253 

depends on the emissivity of the electricity system (eq. (6)). Moreover, it is the only factor to consider: 254 

TtW emissivity acquires null value in this case since driving process involves zero-emissions [1,4,26]. 255 

𝑔(𝑡) = ∑ 𝑃(𝑘, 𝑡) · 𝐶𝐼

𝑘

(𝑘) (6) 

 256 

Eq. (7) determines the emissions generated by the urban fleet transport based exclusively on 257 

ICEVs: 258 

  𝐸𝑚𝐼𝐶𝐸𝑉𝑠0
(𝑡) = ∑ 𝐹𝐼𝐶𝐸𝑉𝑠0

(𝑖, 𝑡)𝑖 · 𝑑(𝑖, 𝑡) · 𝑐𝐼𝐶𝐸𝑉𝑠(𝑖, 𝑡) · 𝑒𝑚𝑊𝑡𝑊(𝑖) (7) 

In the case of a fleet with EVs in different penetration levels, eq.(10) determines the total CO2 259 

emissions. It includes the emissions due to the remaining quantity of ICEVs (eq.(8)), and the 260 

corresponding to the EVs (eq.(9)) with two components: the electrical behaviour of BEVs and PHEVs 261 

partially and the hybrid behaviour of HEVs and PHEVs partially. 262 

𝐸𝑚𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) = ∑ 𝐹𝐼𝐶𝐸𝑉𝑠𝐹

(𝑖, 𝑡)

𝑖

· 𝑑(𝑖, 𝑡) · 𝑐𝐼𝐶𝐸𝑉𝑠(𝑖, 𝑡) · 𝑒𝑚𝑊𝑡𝑊(𝑖) (8) 

𝐸𝑚𝐸𝑉𝑠(𝑡) = ∑ 𝑥𝑒𝑙𝑒𝑐𝑡(𝑗, 𝑡) · 𝐹𝐸𝑉𝑠(𝑗, 𝑡)𝑗 · 𝑑(𝑗, 𝑡) · 𝑐𝑒𝑙𝑒𝑐𝑡(𝑗, 𝑡) · 𝑔(𝑡) +

∑ 𝑥ℎ𝑦𝑏(𝑗, 𝑡) · 𝐹𝐸𝑉𝑠(𝑗, 𝑡)𝑗 · 𝑑(𝑗, 𝑡) · 𝑐ℎ𝑦𝑏(𝑗, 𝑡) · 𝑒𝑚𝑊𝑡𝑊(𝑗) = 𝐸𝑚𝐸𝑉𝑠,𝑒𝑙𝑒𝑐𝑡(𝑡) +

 𝐸𝑚𝐸𝑉𝑠,ℎ𝑦𝑏(𝑡)  

(9) 

𝐸𝑚𝑇(𝑡) = 𝐸𝑚𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) + 𝐸𝑚𝐸𝑉𝑠(𝑡) (10) 

The introduction of EVs is intended for a decarbonisation of the transport sector. However, 263 

the presence of high-CI sources in the electricity generation system could produce the opposite effect: 264 

an increase in CO2 emissions. The methodology calculates the allowable maximum value of the 265 

electricity system emissivity (glim , eq. (12)), below which there will be a positive effect in the reduction 266 

of CO2 emissions. This parameter indicates the upper boundary for the electricity system emissivity of 267 

the country under study that ensures a net CO2 emissions introduction of EVs. This value is deduced 268 

by imposing a null value to the CO2 emission balance given by eq.(11) as the difference between the 269 

emissions saved by the EVs penetration and the produced ones by the electricity consumption. 270 

{𝐸𝑚𝐼𝐶𝐸𝑉𝑠0
(𝑡) − [𝐸𝑚𝐼𝐶𝐸𝑉𝑠𝐹

(𝑡) + 𝐸𝑚𝐸𝑉𝑠,ℎ𝑦𝑏(𝑡)]} −  {𝐸𝑚𝐸𝑉𝑠,𝑒𝑙𝑒𝑐𝑡(𝑡)} = 0 (11) 

𝑔𝑙𝑖𝑚(𝑡) =
𝐸𝑚𝐼𝐶𝐸𝑉𝑠0

(𝑡) − 𝐸𝑚𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) − 𝐸𝑚𝐸𝑉𝑠,ℎ𝑦𝑏(𝑡)

∑ 𝑥𝑒𝑙𝑒𝑐𝑡(𝑗, 𝑡) · 𝐹𝐸𝑉𝑠(𝑗, 𝑡)𝑗 · 𝑑(𝑗, 𝑡) · 𝑐𝑒𝑙𝑒𝑐𝑡(𝑗, 𝑡)
 

(12) 

 271 

The degree of sustainability due to the substitution of ICEVs by EVs can be determined by the 272 

relative reduction in CO2 emissions, which is calculated by eq. (13): 273 
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𝑠(𝑡) =
𝐸𝑚𝐼𝐶𝐸𝑉𝑠0

(𝑡) − 𝐸𝑚𝐼𝐶𝐸𝑉𝑠𝐹
(𝑡) − 𝐸𝑚𝐸𝑉𝑠,𝑒𝑙𝑒𝑐𝑡(𝑡) − 𝐸𝑚𝐸𝑉𝑠,ℎ𝑦𝑏(𝑡)

𝐸𝑚𝐼𝐶𝐸𝑉𝑠0
(𝑡)

 
(13) 

  274 

The methodology includes an iterative process in order to verify at any time two constraints: 275 

first, to determine an electricity generation system with an emissivity below the maximum value and, 276 

in the second place, given a certain level of emissions reduction, find the corresponding electricity 277 

generation system. 278 

 279 

 280 

3. Case study: Spain by the mid-term future 281 

This paper applies the previously explained methodology to the Spanish case study by the mid-282 

term future: from 2016 to 2040. Spain foresees an ever-increasing electrification of the urban fleet in 283 

the medium-term, together with a stepped introduction of renewable sources in the electricity system 284 

[34]. This chapter describes the effect of both implications regarding EVs introduction, namely BEVs, 285 

PHEVs and HEVs.  286 

 287 

3.1. Fleet evolution 288 

The research focuses the methodology on the Spanish urban transport fleet, including 289 

therefore three types of vehicles: cars, motorcycles and urban buses. Although in different proportion, 290 

the three types of vehicles have traditionally used fossil fuels like gasoline or diesel (ICEVs). In 2015, 291 

43% of the cars were gasoline cars and 57% diesel cars, whereas diesel urban buses and gasoline 292 

motorcycles had a presence of 99% each [33]. Following historical data [33], shown on Figure 3, a linear 293 

extrapolation was made to estimate the expected rate of growth of these ICEVs until 2040 (Table 4). 294 

This fleet does not include the introduction of EVs and conforms the first case fleet (Case 1). According 295 

to the methodology, this fleet would also match the total urban fleet evolution and consequently, the 296 

rate of growth of ICEVS would also match the rate of growth of the total fleet. Due to the 297 

unrepresentative influence of gasoline urban buses and diesel motorcycles, they are not considered in 298 

this research. 299 
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 300 

 301 

Table 4 . Spain ICEVs initial fleet and rate of growth. Case 1. 302 

  Gasoline car Diesel car Gasoline motorcycle Diesel bus 

2016 Initial fleet 9820553 13038663 3201831 14986 

2020 

Rate of 
growth 

(%) 

11.6 11.6 11.3 4.5 

2024 6.6 6.6 11.1 4.3 

2028 6.5 6.5 10 4.1 

2032 5.8 5.8 9.1 4.0 

2036 5.5 5.5 8.3 3.9 

2040 5.2 5.2 7.7 3.7 

 303 

Regarding EVs, in 2018 electric cars, electric urban buses and electric motorcycles represented 304 

just a 1%, 1.7% and 0.4% of their corresponding fleet respectively [33,42]. Despite this small influence, 305 

their registrations have experienced a large increase since 2014 [37,43], like Figure 4 shows: 306 

Figure 3. Spain ICEVs’ historical data. (a) Cars. (b) Motorcycles. (c) Urban buses. 

(c) 

(b) (a) 
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                                                                                                             307 

This trend forecasts a high penetration of EVs in the Spanish fleet for the medium-term future, 308 

also motivated by the environmental policies documented on [34,35] and the aged current fleet of 309 

LEVs (12.4 years) [37] and partially urban buses (8 years) [44]. The draft, proposed by the Ecological 310 

Transition Spanish Ministry, forbids the sale and registration of light vehicles producing CO2 emissions 311 

by 2040, and their driving by 2050. Considering both phenomena, we propose the second case fleet 312 

(Case 2), which contemplates the introduction of EVs with different rates of penetration. These rates 313 

are now defined and Figure 5 details them. 314 

Regarding cars, BEVs are expected to suffer an exponential growth in the coming years. Despite 315 

their slow growth of registrations during last years (Figure 4 (a)), the above mentioned prohibition  316 

would make BEVs cars the only legal ones to be sold and registered by 2040 and to be driven by 2050, 317 

so that an exponential increase of their fleet is awaited. Referring to HEVs cars, their current trend of 318 

registration (Figure 4 (a)) together with their wide proven technology forecasts a considerable and 319 

almost linear penetration of this kind of cars for the coming years. However, as they generate CO2 320 

emissions, their contribution to the fleet is expected to decrease in the last years of the studied period 321 

due to [34,35] environmental restriction. With reference to PHEVs cars, their rate of registrations 322 

during last years is similar to the BEVs’ (Figure 4 (a)), so we consider their introduction would match 323 

BEVs’ one for the first period considered. Nonetheless, as PHEVs cars also generate CO2 emissions, 324 

their sale and later driving prohibition would determine the decrease of their fleet during the last years 325 

(a) 

Figure 4. Registrations of EVs in Spain. (a) Cars. (b) Motorcycles. (c) Urban buses.  

(c) 

(b) (a) 
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of the period. Finally, the penetration levels of BEVs, HEVs and PHEVs cars would be higher replacing 326 

diesel ICEVs cars than gasoline ones. This consideration relates to the recent environmental policies 327 

restricting the use and registration of diesel cars [34] due to the air quality damaging NOx particles 328 

that they generate.  329 

When talking about electric motorcycles, only BEVs should be considered [43]. Their expected 330 

growth follows a similar behavior to that of BEVs cars’, since they are also light vehicles and restriction 331 

[34] affects them too. Therefore, an exponential introduction of BEVs motorcycles is forecasted. 332 

However, it would be stronger than BEVs cars’ since this type of EVs is the only one expected for 333 

motorcycles (Figure 4 (b)).  334 

Referring to urban buses, the above described prohibition would not affect them since they 335 

are heavy vehicles. On the one hand, this situation would make HEVs buses fleet increase in a linear 336 

way during all the period, considering their registration historical data trend. On the other hand, BEVs 337 

buses would experience a highNoer introduction than HEVs due to their independence on fossil fuels 338 

and the increasing environmental concerns, despite their slow registration growth in the recent years 339 

(Figure 4 (c)). With regard to PHEVs, currently there are not urban buses of this nature. Nevertheless, 340 

their good performance in the pilot project of Gothenburg (Sweden) [45] enhanced our decision on 341 

considering their slow and linear introduction in the studied period. 342 

                 343 

Figure 5. Rates of EVs penetration. (a) Cars. (b) Motorcycles. (c) Urban buses. 

(c) 

(b) (a) 
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The forecasted penetration of EVs hereby presented answers also to the European regulations 344 

in terms of electric mobility. The legislation stablishes the maximum emissions limit in 95 g CO2/km for 345 

new vehicles from 2020 [46]. From 2025, the minimum share of EVs for manufactures will increase up 346 

to 25% and in 2035 the sale and registration of EVs will be forbidden. According to this general 347 

framework, some European countries have fixed future objectives about the penetration of EVs in their 348 

societies, for example Norway and Germany.  349 

On the one hand, Norway stands as the first country to have stablished a 100% electric mobility 350 

plan for the coming future [47], where the EVs’ sales represented a 52.17% of the market share in 351 

2017. Their mobility plan stablishes that all the light vehicles and urban buses should be transformed 352 

to EVs before 2025. The hereby-presented study for Spain follows the same trend (a complete 353 

transformation of light electric vehicles and urban buses into EVs), but stablishes this objective by 354 

2040. Authors considered this further scenario concerning the low percentage of EV’s sale in 2017 355 

(0.69% of the market share) [37]. 356 

On the other hand, Germany also stands as another European country with an ambitious plan 357 

to achieve electric mobility. The German Government initiated the National Development Plan [48] in 358 

2009, with the target of achieving one million of EVs in 2020. This goal was finally delayed to 2023. 359 

Moreover, the German Government has recently approved a financial package of 130.000 million of 360 

euros to boost the purchase of BEVs (PHEVs and HEVs are not included). This measure drives the 361 

development of BEVs, since these EVs are the only ones to produce zero emissions while riding, unlike 362 

HEVs or even PHEVs. This aim matches the general trend of the study presented in this paper, where 363 

the introduction of BEVs increases in the highest percentage.  364 

 365 

3.2. Fleet input parameters  366 

The application of the methodology to the case of Spain requires the definition of the fleet 367 

input parameters: consumption data, rate of electrical and hybrid contribution, annual travel distances 368 

and WtW emissivity.  Moreover, this research distinguishes between the nature of the vehicles, taking 369 

cars, motorcycles and urban buses into consideration due to their ever-increasing electrification in 370 

urban environments [16,49,50]. 371 

Consumption data for the vehicles were obtained after an extensive scientific review: [51–54] 372 

for cars and motorcycles and [55–58] for urban buses. Regarding ICEVs, studies [59] and [60] revealed 373 

the significant difference between certified consumption values and the real ones due to high 374 

demanding conditions of current roads, showing an increasing divergence between them along the 375 

years. Specifically, these researches showed the evolution of both certified and real consumption data 376 

of a broad range of ICEVs along these last years, also affected by the enhancement of engine 377 

technologies. Finally, a linear extrapolation made on such data allowed authors to stablish an increase 378 

of 35% in the certified fuel economy of ICEVs for 2040. Regarding EVs, studies [52,54] also reflected 379 

the higher consumption of such vehicles under real conditions in comparison with laboratory 380 

conditions. However, the improvement of the technologies for EVs is not expected to happen in a wide 381 

range  due to its innovative character [18,53], which led to a final increase of 45% in the certified 382 

consumption data for EVs. Table 5 reflects these consumption data, for both ICEVs and EVs, expressing 383 

fuel consumption in l/100 km and electrical consumption in kWh/100 km. Additionally, authors 384 

reflected these data in equivalent units (kWheq/100km) in Table 6 to enable the comparison of 385 

consumption values, according to [61].  386 
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Referring again to EVs, particularly to PHEVS, their double behaviour determines the necessity 387 

of defining the rate of electrical and hybrid contribution to the consumption of each vehicle. In this 388 

paper, we have assumed an homogenous hypothesis, where both the hybrid and electric operation 389 

have the same weight: 50% [7]. Table 5 b shows this parameter. 390 

The average annual travelling distances for each type of vehicles (cars, motorcycles and urban 391 

buses) corresponded to official registered data. Hence, Spanish databases [62] and [44] were used to 392 

determine light EVs and urban buses’ annual travel distances respectively. Lastly, Table 5 reflects these 393 

data. 394 

Table 5. Fleet parameters. Note: l/100 km for fuel consumption and kWh/100 for electrical consumption. 395 

    Distance 
 (km/year) 

          Consumption 
 

 

  ICEV gasoline 
 (l/100 km) 

ICEV diesel 
  (l/100km) 

BEV 
(kWh/100 km) 

HEV gasoline 
(l/100km) 

HEV diesel 
(l/100km) 

PHEVb  
(kWh/100 km) (l/100km) 

Cars 12500 9  5.7  20 5.1 -a        20.0                   5.1 
Motorcycles 6300 4.2 - a 9.1 - a - a          -a                        -a  
Urban Buses 143000 -a         37.1 160 - a 27.5        160                   27.5 

a: not considered due to its irrelevant presence [37,43]. 396 

b: assuming 50% for both the hybrid and electric operation [7].  397 

 398 

Table 6. Fleet parameters. Note: kWheq/100 km for consumption data. 399 

    Distance 
 (km/year) 

          Consumption (kWheq/100 km) 
 

 

  ICEV gasoline 
 

ICEV diesel 
 

BEV 
 

HEV gasoline 
 

HEV diesel 
 

PHEVb  
(electric) (fuel) 

Cars 12500 82.3  56.8  20 46.6 -a        20.0                   46.6 
Motorcycles 6300 38.4 - a 9.1 - a - a          -a                        -a  
Urban Buses 143000 -a         370 160 - a 274.2        160                   274.2 

a, b: equal to Table 5. 400 

Emissions for vehicles dependent on fossil fuels (ICEVs, HEVs and PHEVs partly) just depend on 401 

the kind of fuel used: gasoline or diesel. Research [10] made a thoughtful study  of JEC’s Well-to-Wheel 402 

CO2 emissions data [63] to determine such parameters. JEC arises as one of the most complete and 403 

updated source, since it compiles European data and researches from different European entities: 404 

EUCAR (European Council for Automotive R&D), JRC (Joint Research Center of European Comission) 405 

and CONCAWE (CONservation of Clean Air and Water in Europe). Hence, [10] establishes that WtW 406 

emissivity for gasoline is 2778.2 g CO2/L (WtT: 2314.4 g CO2/L  and TtW: 463.8 g CO2/L) and for diesel 407 

it rises until 3241.3 g CO2/L (WtT: 2676.9 g CO2/L and TtW: 564.4 g CO2/L). Table 7 finally summarizes 408 

WtW emissivity for each kind of vehicle dependent on fuels. 409 

Table 7. WtW emissivity for vehicles dependent on fossil fuels (g CO2/L). 410 

  ICEV gasoline ICEV diesel HEV gasoline HEV diesel PHEVb 

Cars  2778.2 3241.3 2778.2 -a 2778.2 
Motorcycles  2778.2 - a - a - a - a 
Urban Buses  - a       3241.3 - a 3241.3 3241.3 

a: not considered due to its irrelevant presence [37,43]. 411 

b: partly dependent on fossil fuels. 412 
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Conversely, WtW emissivity for vehicles dependent on the power system (BEVs and PHEVs 413 

partly) vary with the structure of the electricity generation system. Hence, section 3.3 describes 414 

different configurations for the system depending on the degree of renewable sources introduction. 415 

 416 

3.3. Levels of renewable sources introduction in the electricity mix 417 

Unlike vehicles dependent on fossil fuels, the configuration of the power system directly 418 

affects emissions for vehicles dependent on electricity: BEVs and PHEVs partly. In this research, we 419 

propose five different levels of renewable sources introduction (LRSI) in the Spanish power system to 420 

achieve a net decrease in CO2 emissions by the introduction of EVs. Hence, the configuration of the 421 

system moves from the current one to a total renewable configuration. This evolution answers to the 422 

forecasted composition of the power system considering the environmental policies proposed by the 423 

Spanish Government [35]. This plan aims to achieve a 74% renewable sources introduction in the 424 

electricity generation mix by 2030 and a 100% renewable one by 2050. Moreover, the decision making 425 

process for each LRSI lies not only in the just mentioned draft, but also  in the historical evolution of 426 

electricity generation and primary sources contributions to the Spanish electricity system [32], 427 

represented by Figure 6 and Figure 7 respectively. 428 

 429 

 430 

 431 

Figure 6. Evolution of electricity generation in Spain. 

Figure 7. Evolution of primary sources contribution to the Spanish electrical mix. 
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The first level of renewable sources introduction (LRSI (1)) that we studied corresponds to the 432 

current and real one for Spain, with a 27.1% of renewable sources contribution.  433 

LRSI (2) includes an electricity mix derived from the first LRSI where coal resource has null 434 

influence, being its contribution supported by the rest of the power sources in a balanced way, except 435 

for nuclear. Therefore, renewable sources have a presence of 38.8%. This LRSI (2) reflects the 436 

decreasing trend of coal contribution (Figure 7), mainly caused by the expected progressive close of 437 

thermal power plants. The process matches European Environmental Requirements 2010/75/UE [64] 438 

together with the higher CO2 right of emission price [39] and gradual decarbonization of Spanish 439 

electricity generation system [34,35]. Moreover, the exclusion of nuclear power plants in redistribution 440 

of coal’s influence among other sources is in line with no increasing nuclear power plants generation, 441 

also reflected in the static growing of nuclear contribution to the mix (Figure 7). Besides, Ecological 442 

Transition Spanish Ministry and main electric companies reached an agreement of gradually closing all 443 

nuclear power plants in the country  [40].  444 

Hence, LRSI (3) reflects this situation with an electricity mix derived from the second LRSI, 445 

where also nuclear generation is removed by the year 2028. Its contribution would be covered by 446 

renewable resources, which would follow their increasing trend in the Spanish primary sources 447 

contributions (Figure 7). This growth answers to the long-term objective of achieving a complete 448 

renewable electricity generation mix in a stepped way and also to the first proposed percentage of 449 

renewable sources introduction: 74%. 450 

In line with this trend, LRSI (4) derives from the third LRSI and eliminates oil contribution to 451 

the electricity mix, being renewable sources responsible for covering its contribution.  452 

Finally, LRSI (5) arises with a 100% renewable sources contribution, achieving a total 453 

descarbonizated electricity generation mix [34,35].  454 

Table 8 reflects all the Spanish environmental policies hereby presented.  455 

 456 

Table 8. Spanish environmental policies for the ecological transition. 457 

Gradual introduction of renewable sources in the electricity mix 

Spanish climate change draft law [35] 

2030: 74% of renewable contribution to the mix 
2050: 100% renewable contribution to the mix. 

 

Gradual close of thermal power plants 

European Environmental Requirements 
2010/75/UE [64]  

European Emissions Trading Scheme [65] 

Restrictive limits for the industrial 
emissions of thermal power plants. 
Adaptation before 2020. 

Restrictive CO2 right of emission prices. 

  

Gradual close of nuclear power plants 

Agreement between Ecological Transition Spanish Ministry and main electric 
companies [40] 
Progressive close until 2040.  

 458 

Table 9 summarizes the contribution of each energy source to the electrical mix of Spain for 459 

every LRSI. Although the total renewable generation increases with each LRSI, the contribution of each 460 
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individual renewable source to the total renewable production remains constant irrespective of the 461 

LSRI analysed. Such contribution matches current renewable sources data of [32], also represented in 462 

Figure 8. 463 

Every LRSI studied in this paper results completely achievable due to the high presence of 464 

renewable resources in the country. Specifically, south-east Spanish regions present more than 1950 465 

annual solar peak hours and vast desert zones to install solar PV systems [66], whereas more than 466 

118.000 km2 of the Spanish territory enjoy from suitable wind resources (80 m, speed > 6 m/s) and the 467 

total available potential biomass results in 18.715.358 ton/year [67]. Besides, Spain has currently 876 468 

MW of hydropower plants [68]. 469 

Table 9. Contribution of each power source. 470 

 Coal 
(%) 

Nuclear 
(%) 

Oil 
(%) 

Natural Gas 
(%) 

Renewable 
(%) 

LRSI (1) 19.6 35.1 6.7 11.5 27.1 
LRSI (2) 0 35.1 9.6 16.5 38.8 

LRSI (3) 0 0 9.6 16.5 73.9 

LRSI (4) 0 0 0 16.5 83.5 

LRSI (5) 0 0 0 0 100 

 471 

 472 

CI of each power source will determine the emissivity of the power system due to each 473 

configuration (eq. (6)), which also will match WtT emissivity for BEV and PHEV partly. A wide study on 474 

CI considering an average value for each source is available on [10,69] and Table 10 summarizes the 475 

results . The different CI for each renewable source together with its weighted contribution to the total 476 

renewable generation (Figure 8) will finally establish the CI for the total renewable generation.  477 

 478 

Table 10. CI of each power source. 479 

      Renewables 

  Coal Nuclear Oil Natural Gas Solar PV Wind Biomass Total 

 
 

Min 660 3.1 530 380 13 3 1 10.29 

CI 
(g CO2/kWh) 

Max 1370 35 890 1000 190 41 130 161.52 

 
 

Average 942.33 12.23 773.8 533.17 65.05 17.63 51.02 58.69 

Figure 8. Contribution of each renewable source to the total renewable electricity generation. 
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Table 11. Emissivity for each LRSI (g CO2/ kWh). 480 

LRSI (1) 318.1 
LRSI (2) 189.2 

LRSI (3) 205.5 

LRSI (4) 136.9 

LRSI (5) 58.7 

 481 

 482 

 483 

 484 

 485 

4. Results and discussion 486 

This section presents the results for the application of the submitted methodology to the 487 

Spanish case in the mid-term future. Two different scenarios were analyzed. On the one hand, the first 488 

one corresponds to a conservative situation where only a net emissions balance with the introduction 489 

of EVs is looked for [11,54] along the period of study. Although on-going environmental changes make 490 

this situation an almost difficult to happen in the future [34,35], it shapes an interesting point of 491 

comparison with the second scenario in regard of sustainability. On the other hand, the second 492 

scenario contemplates not only a net CO2 emissions balance, but also a considerable reduction in 493 

emissions with the penetration of EVs. We propose a progressive degree of decrease in these 494 

reductions along the period of study for scenario 2 (Table 12). 495 

Table 12. Sref (%) 496 

 Scenario 1 Scenario 2 

2016 0 
0 
0 
0 
0 
0 
0 

0 
2020 10 
2024 20 
2028 30 
2032 40 
2036 55 
2040 70 

 497 

 498 

4.1. Fleet into consideration 499 

Following the methodology proposed in this paper and the constrains presented for the case 500 

study, we can deduce the total number of vehicles conforming the urban fleet along the period of 501 

study. Figure 10.a. represents the evolution of the fleet that does not include EVs (case 1), whereas  502 

Figure 10.b. does for the fleet that considers EVs (case 2). In both cases, the total fleet presents the 503 

same linear growth where cars’ influence is the highest one, meanwhile urban buses’ influence 504 

becomes the lowest. Despite the linear growth of ICEVs for the first case, the second case indicates 505 

how this kind of vehicles decreases in almost a linear way when EVs are introduced, so that the latter 506 

would finally represent 93% of the total urban fleet by 2040. 507 

Figure 9. Contribution of each power source and emissivity for different LRSI. 
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 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

4.2. CO2 emissions and sustainability verification 532 

 533 

Scenario 1 534 

The application of the iterative methodology explained in section 2 to the first scenario, where 535 

only a net CO2 emissions balance with the introduction of EVs was looked for, indicates that the current 536 

emissivity of the system (LRSI (1)) matches this condition for the entire interval. Hence, the electricity 537 

emissivity could remain constant along the period of study.  538 

Regarding total CO2 emissions, Figure 11 illustrates the contribution of each type of vehicle to 539 

the emissions generated by the urban transport along the period of study. For the first case where no 540 

Figure 10. Fleet’s evolution. (a) Case 1. (b) Case 2. 

(a) 

(b) 
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EVs are considered (Figure 11.a), both diesel and gasoline cars would clearly generate the highest 541 

quantities of carbon dioxide emissions in a similar proportion. For the second case, which considers 542 

the penetration of EVs in the urban transportation system (Figure 11.b) again cars would have the 543 

highest contribution to the CO2 emissions, but in this case, the different nature of these vehicles should 544 

be analyzed. ICEVs cars would generate the largest quantities of CO2 emissions during almost the whole 545 

period, although with a decreasing trend due to their also decreasing rate of growth. Meanwhile, BEVs 546 

cars would increase their contribution to the emissions following their exponential rate of penetration, 547 

overtaking diesel cars’ emissions by 2034 and gasoline cars’ by 2038. PHEVs and HEVs would also have 548 

a considerable influence on emissions during the middle term of the period, following therefore their 549 

trend of penetration. Results also reflect the great influence of cars on emissions, being its contribution 550 

92% of the total CO2 emissions for urban transport. 551 
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 577 Figure 11. CO2 emissions. Scenario 1. (a) Case 1. (b) Case 2. 
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  Taking up the inherent condition to this first scenario about just searching for a net emissions 578 

balance in case 2, results from Figure 12 reveal that the current Spanish power system (LRSI (1)) 579 

ensures this condition even for an important introduction of EVs. The allowable maximum value of the 580 

electricity system emissivity (glim), decreases from 1493 to 1121 g CO2/kWh and remains higher than 581 

the real emissivity of the current system (318 g CO2/kWh) along the entire period. The restriction glim(t) 582 

> g(t) is verified along the interval, so that no increases in LRSI become necessary. Hence, the 583 

introduction of EVs in such scenario leads to a progressive reduction in urban transport CO2 emissions 584 

(Figure 13). By 2040, carbon dioxide emissions savings acquire their maximum value for this first case: 585 

56 million tons, which represent a sustainability factor of 58%.  586 

 587 

 588 

 589 

 590 

 591 

 592 

Scenario 2 593 

Scenario 2 considers a progressive CO2 emissions reduction with EVs penetration. Therefore, a 594 

stepped introduction of renewable sources into the electrical system is required to match 595 

Figure 12. Emissivity of the electricity system. Scenario 1. 

Figure 13. CO2 savings and sustainability. Scenario 1. 
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sustainability restrictions (Table 12). Finally, LRSI (5) takes place by 2040, which corresponds to a 100% 596 

renewable power system. 597 

Referring to the total carbon dioxide emissions results, Figure 14 reflects the quantity of CO2 598 

emissions generated by each type of vehicle. The results from the first case (Figure 14.a), where EVs 599 

are not considered, do not vary from scenario 1. However, outcomes from the second case, which 600 

contemplates EVs introduction into the urban fleet (Figure 14.b) remain constant for all the vehicles 601 

types except for the ones dependent on the electricity mix: BEVs and PHEVs. Besides, in this second 602 

scenario again cars contribute the most to CO2 emissions generation. Both phenomena are reflected 603 

particularly during the last years of the period in study: although the emissions of ICEVs gasoline cars 604 

are the highest during this last period, the sustainable enhance of the power system decreases the 605 

generation of CO2 emissions for BEVs cars in 82% compared to scenario 1. The same happens to PHEVs 606 

cars, although in a softer way due to its partial dependence on the electrical system, so that this 607 

reduction becomes 26%. 608 
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Figure 14. CO2 emissions. Scenario 2. (a) Case 1. (b) Case 2. 
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The current electrical system, with an emissivity of 318 gCO2/kWh, is already sustainable 631 

enough to hold the introduction of EVs in the urban fleet, like results from scenario 1 revealed (Figure 632 

12). However, the second scenario of this research studies concurrently a stepped introduction of 633 

renewable sources in the power system to match some reference degrees in emissions reduction 634 

(Table 12). Hence, the emissivity of the electricity system would become lower with every LRSI 635 

introduction, like Figure 15 reflects. Finally, LRSI (5) takes place by 2040, which corresponds to a 100% 636 

renewable power system. With this progressive enhance of the power system, emissions generated 637 

by the urban transport would experience a considerable reduction with the penetration of EVs (Figure 638 

16). The highest decrease takes place in the last year of study, 2040, where BEVs experience the largest 639 

introduction together with the most sustainable LRSI: 100% of renewable sources.  By this year, the 640 

savings in carbon dioxide emissions acquiere the value of 74 million tons, which match a sustainability 641 

factor of 77%. 642 

 643 

 644 

 645 

Figure 17 and Figure 18 finally summarize the improvements about moving towards a 100% 646 

renewable electricity mix together with the introduction of EVs in the rates of penetrations assumed 647 

in these simulations, where by 2040, 93% of EVs are expected to comprise the urban fleet. The 648 

emissivity of the electricity system would progressively reduce from 318 gCO2/kWh to 58.7 gCO2/kWh 649 

Figure 15. Emissivity of the electricity system. Scenario 2. 

Figure 16. CO2 savings and sustainability. Scenario 2. 
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in the second scenario, which represents a decrease of 82% compared with the constant value of 650 

scenario 1 (Figure 17). Besides, the penetration of EVs proposed in the second scenario leads to higher 651 

levels of CO2 emissions reduction compared with scenario 1. Particularly, the highest decrease takes 652 

place in 2040, which corresponds to a 45% and 18 millions tons of carbon dioxide emissions reduction 653 

from scenario 1. Moreover, the sustainability factor also enhances in a 33% in scenario 2 for that year 654 

(Figure 18). 655 

 656 

 657 

 658 

 659 

 660 

 661 

4.3. Implications on the reshaping of the electricity load curve and different kinds of 662 

charging  663 

The massive introduction of EVs in a society could lead to several problems in the power grid, 664 

which have been analysed in various studies. For instance, [70] demonstrates that a relevant 665 

penetration of EVs in the distribution system provokes voltage drops and voltage deviations, which 666 

reached 10.3% in the examined case study. Moreover, [71] states that charging EVs increases the 667 

distribution load and consequently the power losses. Besides, such process also increases daily peak 668 

Figure 17. Emissivity of the electricity system. Scenarios 1 and 2. 

Figure 18. CO2 savings and sustainability. Scenarios 1 and 2. 
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load. Hence, [72] illustrates how the EVs’ demand in New Zealand would increase each year, with the 669 

consumption concentrated in peak hours. These peak loads are expected to rise until reaching a critical 670 

point in 2040, where the highest peak demand would exceed the installed generation capacity of New 671 

Zealand in 2018. Considering these issues, several researches have proposed strategies to minimize 672 

the impact of EVs in the grid. Their common purpose lies in reshaping the expected electricity demand 673 

curve, reducing peak loads and aiming to achieve an almost flat curve. For instance, [73] proposes a 674 

methodology to recharge EVs based on the use of temporal valleys and avoiding peak demand hours 675 

in the daily electricity demand to minimize the impact on the grid. This method provides a scheduled 676 

optimization of the distribution of recharge between three different recharge strategies: home, public 677 

buildings and electrical stations. [74] also proposes a timed charging strategy based on spot price for 678 

the European Nordic Region, whereas [75] focuses the reschedule of the recharging activities on 679 

dynamic pricing.  680 

Thus, integration of EVs in the grid has been widely addressed. However, there is scarce 681 

research regarding the introduction of EVs for public transportation, such as electric buses (EBs). This 682 

integration results of utmost importance, since the use of only EVs passenger cars could result in high 683 

road congestion [76]. Charging systems result vital for the introduction of EVs in public transportation. 684 

Hence, four different types of recharging methods arise for EBs: fast plug-in charging, wireless 685 

charging, battery swapping stations and pantograph systems. Plug-in charging method corresponds to 686 

the traditional method used to recharge private EVs, with three levels of recharge: slow, medium and 687 

fast. Due to the high battery capacity of EBs (around 400 kWh), EBs use fast levels of recharge. The 688 

wireless charging method allows for battery recharging without connectors, so that EBs have the 689 

opportunity to recharge fast and frequently while they are on the roads [77]. Battery Swapping 690 

Stations include stations where users can change their discharged battery for a charged one, so that 691 

the recharge becomes faster [78]. Finally, the Pantograph System allows EBs to quickly be recharged 692 

at bus stops through an automatic connecting system [79]. 693 

Some studies have developed load predictions for EBs depending on the charging method. For 694 

instance, study [80] proposes the forecasting for Battery Swapping Stations based on stochastic 695 

modelling, with statistical data of travel patterns. This research also uses neural networks, uniform 696 

distributions and Gaussian models to model the hourly number of EBs, starting charging time, travel 697 

distance and charging duration. Another study [81] used a real-time simulation to model EBs in transit 698 

networks, considering the transit constraints of Belleville, Ontario and Canada. Besides, [82] studied a 699 

short-term prediction for EBs charging stations using a hybrid model, which combined a least squares 700 

support vector machine, fuzzy clustering and wolf pack algorithm. Hence, we find in the literature 701 

strong models to deal with the different recharging methods for EBs and their load predictions. These 702 

kinds of charging and their different load curves could have an impact on the CO2 emissions of EBs, 703 

depending on the period of the day. 704 

 705 

 706 

 707 

 708 

 709 
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5. Conclusions  710 

This paper introduces a methodology that verifies the sustainable introduction of EVs in terms 711 

of CO2 emissions. By means of the “Well-to-Wheel” (WtW) tool, it makes a comparison between 712 

emissions generated by two fleets: one completely formed by ICEVs and another one that 713 

contemplates the introduction of EVs: BEVs, HEVs and PHEVs. Main contributions of this methodology 714 

are the following.  715 

 Firstly, the method determines the sustainability of the power system in question to ensure at 716 

least a net emissions balance while introducing the fleet of EVs.  717 

 Once this first step is verified, the methodology is able to establish a particular level of 718 

emissions reduction through a sustainability factor.  719 

 Lastly, this research proposes a stepped introduction of renewable sources in the power 720 

system to achieve last mentioned goals. Hence, different levels of renewable sources 721 

introduction (LRSI) take place. 722 

The methodology has been applied to the case study of Spain for the medium-term future, 723 

until the year 2040. This country is currently experimenting an ecological transition, where two 724 

environmental policies stand out: a progressive electrification of the urban transport sector and a 725 

stepped introduction of renewable sources in the electricity mix until 2050. We applied therefore the 726 

proposed methodology to the Spanish urban transport. The study proposes five different electricity 727 

generation systems, moving from the current electrical system to a total renewable one. Finally, two 728 

scenarios for the application of the methodology to the Spanish case were studied: one in which only 729 

a net emissions balance is looked for and another one in which also a particular sustainability degree 730 

in terms of emissions reductions is proposed, both regarding the introduction of EVs in the urban fleet. 731 

Results for scenario 1 indicate the following:  732 

 The emissivity of the system, 318 g CO2/kWh, remains lower than the limit one, which 733 

decreases from 1493 to 1121 g CO2/kWh along the period in study.  734 

 Although no reference degree in emissions reduction was proposed in this scenario, a final net 735 

emissions decrease would take place. The highest value is forecasted by 2040 and corresponds 736 

to 56 CO2 million tons and a sustainability factor of 58%. 737 

Despite the suitability of the current system, results for scenario 2 reveal the following: 738 

 Emissivity of the system decreases for each LRSI, so that the lowest value of 59 g CO2/kWh in 739 

2040 matches a reduction of 82% compared to scenario 1.  740 

 This improvement would directly affect EVs dependent on the power system: BEVs and PHEVs. 741 

For instance, BEVs cars’ contribution to CO2 in 2040 decreases by 82% compared to scenario 742 

1, meanwhile PHEVs cars’ does by a 26% since they only depend partly on the electrical system.  743 

 CO2 savings and sustainability factor in this last scenario acquire the value of 74 million tons 744 

and 77% respectively.  745 

Finally, this study has verified that the penetration of EVs in the Spanish society arises as a 746 

completely environmentally friendly solution in terms of CO2 savings, more effective as the renewable 747 

sources acquire more influence in the electrical mix and with the highest penetration of BEVs among 748 

EVs. Further studies will focus on the possible electrification of interurban transport, together with the 749 

possibility of replacing trucks transport by electric trains and their environmental impact. 750 
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