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Abstract 

The European Commission adopted Regulation number (EU)2019/631, setting new EU fleet-

wide CO2 emission targets for 2025 and 2030, for newly registered passenger cars. Automotive 

manufacturers must determine their targets for CO2 targets based on their fleets’ weight in 

2021. These standards, which will become stricter by 15% in 2025 and 35% compared to 2021, 

cannot be achieved without fleet electrification. This study compares ICEVs fleet replacement 

effects by BEVs and PHEVs on CO2 compliance and production costs. To address this tradeoff, 

we minimized the production costs of replacing ICEVs with BEVs and PHEVs for 12 scenarios: 

4 vehicles Segments and three years: 2021, 2025, 2030. Results show that for all vehicles 

Segments, the introduction of BEVs and PHEVs into the vehicle fleet reduces the costs of CO2 

compliance relative to a pure ICEV scenario. Automotive manufacturers must sell required 

quotas identified in this study, depending on the vehicle’s Segment, BEVs, and PHEVs, to 

ensure minimum costs. Results show that it is more beneficial for automakers to respect the 

CO2 engagement than to pay penalties. Generally, the minimum costs are achieved favouring 

PHEVs rather than on BEVs, regardless of the Segment, because of the fewer battery installed. 

Finally, we analyse the results and compare them to the directive of the European Commission. 

We recommend future research to consider the vehicle’s real fuel consumption instead of 

standard cycle fuel consumption.  

 

Keywords: Alternative Powertrains, Battery Electric Vehicles, CO2 fleet emissions, CO2 

European Standards, Plug-in Hybrid Electric Vehicles, Portfolio Transformation 
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1. Introduction 

In order to reach ambitious climate change mitigation targets, the Intergovernmental 

Panel on Climate Change (IPCC) called for a reduction of greenhouse gas emissions (GHG) 

emissions, especially in the energy and transportation sectors that are currently heavily fossil-

fuel dependent [1,2]. The transportation sector, responsible for 20% of global CO2 emissions, 

of which 72% are emitted by road transportation, should become emission-free by 2050 to reach 

world ambitions [2]. 

To achieve an intermediate target of at least 55% net reduction in GHG emissions by 

2030 and a climate-neutral EU by 2050, there are regulatory targets regarding CO2 fleet 

emissions of sold vehicles. The European Parliament and the Council adopted Regulation 

number (EU)2019/631, setting new EU fleet-wide CO2 emission targets for 2025 and 2030, 

both for newly registered passenger cars and for newly registered vans [3]. Figure 1 represents 

a schematic illustration of a new car average CO2 emission levels in the EU in 2000–2030. In 

2021, EU car manufacturers should fix their CO2 targets based on their new sold fleets' weights. 

CO2 limits regulations become stricter for the long term, explicitly reducing 15% and 37.5% 

compared to 2021 must be achieved for 2025 and 2030 respectively [3].  In the case of non-

respect of these targets, manufacturers have to pay a penalty of €95 per gram CO2 of 

exceedance per sold car [3]. 

 

Figure 1 Schematic illustration of a new car average CO2 emission levels in the EU in the 2000–2030 (Source: European 

Commission [3]) 
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To reach CO2 targets, car manufacturers are challenged to develop new solutions and 

improve their existing ones to limit their associated emissions. Several solutions, technical and 

non-technical, could be applied. First, technical solutions, such as higher efficiency of 

combustion engines and lightweight design, could decrease a medium ICEV’s (Internal 

Combustion Engine Vehicle) emissions from 140 gCO2/km to 70 gCO2/km until 2030 [4]. 

Second, fleet hybridisation and electrification, i.e. selling more electric and hybrid vehicles, 

proves to be one of the promising solutions to achieve strict CO2 targets [5]. While technical 

improvements could considerably reduce fleet’s CO2 emissions, long-term emissions targets 

could hardly be achieved. Therefore, car manufacturers have already initiated the electric 

vehicles' market introduction [4]. 

Electric vehicles (EVs), including Battery EVs (BEVs) and Plug-in EVs (PHEVs), have 

the potential to improve the environmental impact of personal-road transportation because of 

their non-  and partial-fossil-fuel dependency [5]. According to the EU standards, BEVs emit 0 

gCO2/km tank-to-wheel emission. On the contrary, since PHEV partially depends on fossil 

fuel, these vehicle's emissions, which is not equal to zero, are determined based on the 

combustion and electric engines' emissions and depend on the vehicle design. 

Meeting the strict CO2 regulations comes with additional costs per vehicle on the 

automotive manufacturer. First, automakers have developed vehicles to meet these strict CO2 

regulations by technical improvements, leading to high production costs for the manufacturer 

and higher vehicle’s prices for the clients [4,6,7]. Also, fleet hybridisation and electrification, 

an inescapable solution for meeting long-term CO2 standards, apply supplementary costs to the 

automakers’ budget and the customer. Indeed, the production costs of electric vehicles outpace 

those of ICEVs, due to the high battery packs price [4,6]. 

Recently, the discussion regarding the cost-effectiveness of CO2 regulations has been 

modernized due to the stricter CO2 targets, pushing researchers to evaluate the cost implication 

of technical improvements on both the client and the automotive manufacturer. These studies 

proved that limiting CO2 emissions influences the vehicle purchasing price and the client’s 

choice regarding the client. Other articles concerning the automotive manufacturer showed that 

stricter CO2 regulations are responsible for improving the fleets’ fuel economy, fleet 

composition, and job displacement [8]. 
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Moreover, policymakers, such as gouvernments and public and local authorities, offer 

several financial incentives for newly BEV/PHEV adopters. The maximum amount of subsidies 

varies from a country to another: 4000€ in Germany and Belguim, 5000€ in The United 

Kingdom, 5700€ in Sweden, and 11000€ in France [9]. These policymakers aim to evaluate the 

cost-effectiveness of CO2 regulatory compliance using non-technical solutions, i.e. 

hybridisation and electrification, which help reach emissions targets faster. Indeed, various 

articles zoomed into the value of PHEV towards the customers [10]. Until now, studies 

evaluating the value of PHEVs to automotive manufacturers and policymakers to achieve 

emissions targets remain limited. To the best of our knowledge, only [8] studied whether 

PHEVs can offer a cost value in helping an automobile manufacturer comply with US CO2 

standards, considering different PHEV scenarios in terms of sizes, fuel economy, and costs. 

While Al-Alawi and Bradley [8] made significant improvements in this field, questions 

remain on several assumptions: (1) the effect of European regulations on the automotive 

manufacturers’ portfolio, (2) the value of BEV and PHEV in estimating the costs of the CO2 

regulations, and (3) the tradeoff between paying the CO2 penalty or increasing the BEV/PHEV 

sales shares. Our study aims to close the research gaps in the literature and evaluate the effect 

of electrification, both BEV and PHEV, on the automotive manufacturer while neglecting the 

clients’ choice. This study develops a model of the CO2 compliance for automakers for the 

model years 2021, 2025, 2030, taking into account different segments of BEV and PHEV 

emerging technologies and considering European regulations. 

Our paper is structured as follows: Section 2 presents the literature review. Section 3 

discusses the methodology and, in Section 4, the data and the techno-economic parameters. The 

results of the study and the discussions are presented in Section 5. The conclusions and future 

researches are drawn up in Section 6.  

2. Literature Review 

Numerous studies have debated the cost-effectiveness of CO2 standards in effectively 

improving fleet fuel economy and its impact on the automotive manufacturer and the customer, 

considering technical and non-technical solutions. 

First, the impact of respecting CO2 standards on vehicle fleet attributes, i.e. technical 

specifications and vehicle’s price, received widespread attention in the literature. These techno-
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economic or econometric studies mainly evaluated the United States' case, considering CAFE 

(Corporate Average Fuel Economic) regulations, based on technology-specific cost and fuel 

economy estimates. Regarding the automotive manufacturers, higher CO2 standards are 

responsible and effective for improving fleet fuel economy by increasing the rate of 

technological improvements in new passenger cars [11]. Also, several studies found that strict 

CO2 standards have unintended consequences to fleet makeup, such as smaller engine and a 

decrease in interior volume [7,12], job displacement [8], and novel portfolio planning [4]. 

Besides, despite results on required technical improvements to reach long-term CAFE standards 

-which is not the paper's goal -, researchers deduced that respecting CO2 emissions comes with 

additional cost on the automotive manufacturer; and, thus, on the client by higher vehicle price. 

Luk et al. [7] concluded that expected technology cost reductions over time would be 

insufficient to offset the costs of other fuel efficiency technologies that could be used to meet 

the 2025 fuel economy target while maintaining other vehicle attributes (acceleration and 

interior volume). Their results showed that a 66% increase in fuel economy from 2012 to 2025 

could be achieved apply a 10% ($2070) vehicle price increase. The National Highway 

Transportation Safety Administration [13] concluded that vehicle prices would increase by 

$1870–2120 in response to 2012–2025 fuel economy targets as automakers add fuel efficiency 

technologies to vehicles maintaining size and acceleration. Overall, respecting strict CAFÉ 

engagement, while improving technical specifications, comes with a cost on both the 

automotive manufacturer and the client due to the fuel economy technologies costs and could 

affect the customer’s choice. 

Second, achieving long-term fuel economy by 2030 is challenging since automakers are 

required to respect strict CAFÉ standards. Hybridinisation and electrification are two 

unescapable solutions to achieve these standards. Several studies have quantified the cost and 

benefits of purchasing a PHEV/BEV to the customer, using several techno-economic 

approaches, such as Total Cost of Ownership (TCO) [10] and Equivalent Annual Cost (EAC) 

[13]. To date, a few studies have considered the cost implication of PHEVs to automotive 

manufacturers, considering updated electrification costs. Indeed, Cheah and Heywood 

evaluated the cost implication of electrification by considered only one PHEV design and its 

compliance costs with other HEV technologies' costs [14]. They concluded that achieving an 

increase in fuel economy by 2030 is also challenging but more feasible because the US 

automotive manufacturer will have more time to respect their CAFE engagements. More 

rigorous quantification of PHEVs' value to the automaker is provided by Al-Alawi and Bradley 
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[8] by estimating the cost of CAFE compliance with two-design PHEVs as a component of the 

domestic passenger and light-truck vehicle fleet. They concluded that for many US automakers 

(Fiat-Chrysler, Ford, and General Motors) and various PHEV designs scenarios, passenger car 

PHEVs reduce CAFE regulation compliance costs for the US automakers. 

While Al-Alawi and Bradley [8] made significant improvements in this field, questions 

remain regarding several hypotheses. First, they considered only PHEV as a mean to achieve 

CO2 standards, neglecting the fact that BEVs is a promising solution because of their non-

dependency on fossil fuels and their zero CO2 emissions. Yet, BEV comes with a higher 

production cost than PHEV due to the high battery capacity. Second, they considered the CAFÉ 

regulations associated with the US standards. Our paper aims to close these research gaps. 

Based on this understanding of the field, the purpose of this study is to evaluate the economic 

value of electrification, both BEV and PHEV, on the automotive manufacturer. This study 

describes a model of the CO2 compliance to meeting 2021-2025-2030 targets for European 

automakers. We consider four segments of PHEV/BEV, of different sizes battery capacities, to 

evaluate the tradeoff between the production costs and penalty costs for on-respecting the 

standards. 

3. Methodology 

Evaluating the tradeoff between increasing BEV and PHEV sales is conducted based on 

a three-step methodology, as mentioned in Figure 2. Regarding the aggregation level, a 

differentiation per vehicle’s Segment is proposed [4,6]. First, we determine the CO2 targets 

based on the weight of sold vehicles. Second, we determine the BEV and PHEV sales while 

minimizing the total costs that include the incremental cost - i.e. difference in production costs 

between a BEV/PHEV and an ICEV of the same type - and the penalty if applicable and 

respecting the CO2 standards - i.e. with a zero penalty. Finally, we compared the results in order 

to address the tradeoff. We repeat this methodology considering four vehicle’s segments and 

for 2021, 2025, and 2030. 
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Figure 2 Methodology overview 

3.1. Calculation of CO2 targets 

In the European Union, there are regulatory targets regarding CO2 fleet emissions of 

newly sold passenger vehicles. In 2014 in the EU, average new-car CO2 emissions were 123 

gCO2/km when measured in type-approval tests using the New European Driving Cycle 

(NEDC). In 2017, a new test procedure that accounts for real CO2 emissions, the Worldwide 

Harmonized Light Vehicles Test Procedure (WLTP) was introduced to replace the NEDC 

standard. The transition to the WLTP should reduce the gap between official and real-world 

CO2 emission levels to about 23% [15]. 

In 2021, European vehicle manufacturers are required to determine their short and long-

term CO2 emissions targets, based on Figure 1. Table 1 details the variables and their 

significations. For 2021, this target is determined based on sold vehicles' weight, as mentioned 

in Equation 1 [3]. For medium and long-term targets, a further emission reduction by 15% and 

37.5% compared to 2021 must be achieved for 2025 and 2030, respectively. The specific CO2 

emission target will be relaxed if its share of ZLEV (Zero- and Low- Emissions Vehciles) 

registered in a given year exceeds the following benchmarks: 15% ZLEV from 2025 on and 

35% ZLEV from 2030 on. A ZLEV is defined as a passenger car with CO2 emissions between 

0 and 50 g/km. For calculating the ZLEV sales share in a manufacturer’s fleet, an accounting 

rule applies, giving greater weight to BEV than PHEV (𝛼𝐵𝐸𝑉 = (1 −
0.7∗min(𝑒𝑃𝐻𝐸𝑉,50)

50
) ∗

𝛼𝑃𝐻𝐸𝑉). A BEV will be counted as 30% of a PHEV that emmits 50 gCO2/km. Indeed, a one 

percentage point exceedance of the ZLEV benchmark will increase the manufacturer’s CO2 
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target by one per cent. The target relaxation is capped at a maximum of 5% to safeguard the 

regulation's environmental integrity. 

𝑇𝐶𝑂22021 = 121 + 0.0333 ∗ (∑𝛼𝑖𝑚𝑖 −𝑚0) 

𝑇𝐶𝑂220𝑥𝑥

= {
(1 − 𝑟20𝑥𝑥) ∗ (1 + 𝛼𝑍𝐿𝐸𝑉20𝑥𝑥 − 𝑇𝑍𝐿𝐸𝑉,20𝑥𝑥) ∗ 𝑇𝐶𝑂22021; 𝑖𝑓 (1 + 𝛼𝐵𝐸𝑉,20𝑥𝑥 + (1 −

0.7𝑒𝑃𝐻𝐸𝑉
50

) ∗ 𝛼𝑃𝐻𝐸𝑉,20𝑥𝑥 − 𝑇𝑍𝐿𝐸𝑉,20𝑥𝑥) < 1.05

1.05 ∗ (1 − 𝑟20𝑥𝑥) ∗ 𝑇𝐶𝑂22021;  𝑖𝑓 (1 + 𝛼𝐵𝐸𝑉,20𝑥𝑥 + (1 −
0.7𝑒𝑃𝐻𝐸𝑉
50

) ∗ 𝛼𝑃𝐻𝐸𝑉,20𝑥𝑥 − 𝑇𝑍𝐿𝐸𝑉,20𝑥𝑥) ≥ 1.05

 

(1) 

 

 

 

With: 

- 𝑖= type of the vehicle: BEV, PHEV, or ICEV 

- 𝛼𝑍𝐿𝐸𝑉20𝑥𝑥 = 𝛼𝐵𝐸𝑉20𝑥𝑥 + 𝛼𝑃𝐻𝐸𝑉20𝑥𝑥 

Table 1 Variables Definition 

Variable Description Unit 

𝑇𝐶𝑂220𝑥𝑥 CO2 Targets for the year 20𝑥𝑥 gCO2/km 

𝑟20𝑥𝑥 Emissions reduction for the year 20𝑥𝑥 - 

𝑇𝑍𝐿𝐸𝑉20𝑥𝑥 BEV and PHEV quota for the year 20𝑥𝑥 - 

𝛼𝑖,20𝑥𝑥 BEV, PHEV, or ICEV Sales Share for the year 20𝑥𝑥 - 

𝑒𝑃𝐻𝐸𝑉 CO2 emissions of the vehicle gCO2/km 

𝑚𝑖 Weight of the vehicle ‘𝑖’ kg 

3.2. Determination of PHEV/BEV sales share 

To determine the BEV and PHEV sales share, using Equation 2, we minimize the total 

costs that include the incremental cost per vehicle type and the penalty, if applied. Table 2 

details the variables and their significations. We also determine the sales share when respecting 

the CO2 targets; thus, no penalty is applied. We solve these equations by simulation procedure: 

we variate the PHEV sales share from 0% to 100%, with a step of 1%, and we dedicate the 

associated BEV sales share. 

{
 
 

 
 𝑚𝑖𝑛
𝛼𝐵, 𝛼𝑃𝐻𝐸𝑉

(−∑𝛼𝑖,20𝑥𝑥 ∗ 𝐼𝐶𝑖,20𝑥𝑥 + 𝑝𝐶𝑂2 ∗ (𝐸 − 𝑇𝐶𝑂220𝑥𝑥)) ; 𝑖𝑓𝐸 > 𝑇𝐶𝑂220𝑥𝑥  

𝑚𝑖𝑛
𝛼𝐵, 𝛼𝑃𝐻𝐸𝑉

(−∑𝛼𝑖,20𝑥𝑥 ∗ 𝐼𝐶𝑖,20𝑥𝑥) ; 𝑖𝑓𝐸 ≤ 𝑇𝐶𝑂220𝑥𝑥  

 

 

(2) 

With: 
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- 𝑖= type of the vehicle: BEV, PHEV, or ICEV 

- 𝐸 = ∑𝛼𝑖,20𝑥𝑥𝑒𝑖 

 

Table 2 Variables Definition 

Variable Description Unit 

𝑇𝐶𝑂220𝑥𝑥 CO2 Targets for the year 20𝑥𝑥 gCO2/km 

𝛼𝑖,20𝑥𝑥 BEV, PHEV, or ICEV Sales Share - 

𝐼𝐶𝑖,20𝑥𝑥 Incremental Costs of BEV and PHEV for the year 20𝑥𝑥 €/veh 

𝑒𝑖 CO2 emissions of the vehicle ‘𝑖’ gCO2/km 

𝐸 CO2 emissions of the fleet gCO2/km 

𝑝𝐶𝑂2 Penalty for non-respect of CO2 standards €/gCO2/km/veh 

4. Data 

The structure of the passenger transportation sector is detailed in Figure 3. Despite air, 

ship, rail, and bus transportation methods, a passenger could use his vehicle to move, which is 

the study's scope. The passenger car sector includes four different sizes: Segment A (small 

sedan), Segment B (medium sedan), Segment C (large sedan), and Segment D (SUV). This 

study considers that each mode has three technology options: ICEV, BEV, and PHEV, 

additionally to HEV and FCEV that are not considered. 

 

Figure 3 Representation of the transportation sector’s structure used in this study (Adapted from Jeon et al. [16]). 
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4.1. PHEV and BEV Cost Assumptions 

The powertrains' technological differences, detailed in Table 3, come with economic 

implications on the automaker [4,6,17]. ICEVs are fully powered by traditional gasoline, diesel, 

biofuels, or even natural gas engines. On the contrary, BEVs have no internal combustion 

engine, emission control, nor fuel tank and run on a fully electric drivetrain powered by batteries 

that could be charged by plugging into an external power source. Regarding PHEV, this type 

of vehicle contains a hybrid drivetrain and uses both an internal combustion engine and an 

electric motor. Their battery could be charged externally by plugging into an external power 

source. When the battery is depleted, the PHEV starts acting as a regular hybrid, with the 

combustion engine taking the primary power source role. Yet, since the battery is a second 

source of power in a PHEV, its capacity is much smaller than BEV. Battery costs for modern 

lithium-ion (Li-Ion) batteries are derived from several sources, as illustrated in Figure 4: 

Berckmans et al. [18], BloombergNEF [19], Hsieh et al. [20], and Lutsey and Nicholas [21]. 

Overall, the cost for Li-Ion battery packs is expected to decrease by 43% for 2025 and 54% for 

2030. 

 

Figure 4 Li-Ion battery packs price projection 

To evaluate the cost implication of electrification, we are interested in the BEV/PHEV 

incremental cost, which the difference in costs between producing a BEV/PHEV and an ICEV 

of the same Segment. The incremental cost includes all vehicle components that are not 
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available in an ICEV, such as electric drive, electric accessories, battery, energy storage 

systems, and internal charger. The costs for each Li-Ion battery are added to the incremental 

component cost to represent the incremental cost of BEV production. Figure 5 presents the 

incremental costs of BEV and PHEV of four segments for 2021-2025-2030. The incremental 

costs present our analysis based on different sources: Islam et al. [6], Huls et al. [4], Lutsey and 

Nicholas [21], and own sources1. Producing a BEV and PHEV comes with a higher cost than 

an ICEV due to its high battery capacity. Indeed, the BEV incremental costs are higher than 

those of PHEV. Also, since the battery packs price is expected to decrease for the long-term, 

compared to 2020, the incremental costs will experience a downward for the long term.  

Table 3 ICEV, BEV, and PHEV parameters 

 
ICEV BEV PHEV 

Glider    

Emission control  
 

 

Integrated traction drive 
 

  

Combustion engine  
 

 

Electric motor 
 

  

Battery 
 

  

Generator, transmission, rest    

 

Figure 5 Incremental costs of BEV and PHEV for 2020, 2025, 2030 (Vehicles sizing is defined by the authors, Costs elements 

are defined by Islam et al. [6], Huls et al. [4], Lutsey and Nicholas [21], and own sources1) 

                                                           
1 World Automotive Powertrain Outlook (WAPO) 
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4.2. PHEV and BEV Techno-environmental Assumptions 

4.2.1. Vehicle Weight Assumptions 

As mentioned in Equation 1, the average weight of sold vehicles is mandatory to 

determine the CO2 targets for 2021. We gathered data on vehicle weight from different official 

brands. They are detailed in Table 4. 

4.2.2. Vehicle GHG Emissions Assumptions 

Vehicles emit GHG emissions through their life cycle, called Well-To-Wheel emissions 

(WTW), which focuses on the energy carrier's life cycle used to move the vehicle, such as fossil 

fuel or electricity. Figure 6 presents a simplified view of the Life Cycle Assessment of the 

production process of a vehicle.  The TWT life cycle can be divided into two stages: the Well-

To-Tank (WTT) and the Tank-To-Wheel stage. The WTT stage defines the emissions required 

to deliver energy from its source to the vehicle's storage equipment by considering all processes 

from harnessing a primary energy flow or stock to different conversion forms, distribution, and 

energy carriers' storage. The TTW stage defines the emissions where the energy carrier is used 

to move the vehicle while driving. The environmental burden of the WTT stage differs a lot, 

depending on how the energy carrier is produced. 

 

Figure 6 Simplified view of the well-to-wheels and equipment flows (a more detailed view would include, for example, recycling 

options) (Source: Nordelöf et al. [22]) 

The vehicles' emissions are based on the Life Cycle Assessment, which differs from a 

country to another, based on their energy mix. Several studies have found that TtW GHG 
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emissions present the major contributor, 70%-90% of life-cycle GHG emissions [16,23,24]. 

Hence, this study focuses on an analysis of TtW GHG emissions considered for assessing CO2 

standards in Europe. 

In the case of BEV, no CO2 emissions are released, leading to zero TtW emissions. On 

the contrary, since a PHEV is partially dependent on fossil fuels, the emissions of PHEVs are 

calculated as a combination of the combustion engine's emissions and the electric engine, 

depending on the electric driving range and with differences in the regional legislation [4]. 

Thus, its TtW emissions are positive and dependent on the vehicle’s Segment. Indeed, the 

bigger the vehicle, the more GHG emissions are emitted. Data on CO2 emissions, gathered 

from different official brands, are detailed in Table 4. 

Table 4 Weight and CO2 emissions of Passenger Car fleet used in this study (Source: Official brands sites) 

 
Example Type Mass (kg) CO2 Emissions 

(gCO2/km) 

Segment A Peugeot 108 ICEV Essence 840 109 

Segment A2 
 

ICEV Diesel 
  

Segment A Renault Twingo BEV (22 kWh) 1160 0 

Segment A3 
 

PHEV (8 kWh) 1500 26 

Segment B Peugeot 208 ICEV Essence 1090 129 

Segment B Peugeot 208 ICEV Diesel 1090 108 

Segment B Peugeot 208 BEV (50 kWh) 1455 0 

Segment B Hyundai Ioniq PHEV (8.9 kWh) 1570 26 

Segment C Peugeot 308 ICEV Essence 1203 139 

Segment C Peugeot 308 ICEV Diesel 1320 128 

Segment C Nissan Leaf BEV (62 kWh) 1791 0 

Segment C Renault Mégane PHEV (9.8 kWh) 1603 28 

Segment D Peugeot 508 ICEV Essence 1420 161 

Segment D Peugeot 508 ICEV Diesel 1430 130 

Segment D Tesla Model S BEV (72 kWh) 2100 0 

Segment D Peugeot 508 PHEV (11.6 kWh) 1720 34 

                                                           
2 An ICEV Diesel of Segment A does not exist. 
3 Until now, a Segment A PHEV does not exist on the market. Based on Gnann [25], we identified a fictitious 

vehicle. 
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5. Results  

Using the European Commission's guideline, the total costs and CO2 engagement are 

calculated, considering the emergence of BEV and PHEV technologies for the passenger car 

fleet between 2020, 2025, and 2030. In order to assess the tradeoff between producing more 

ZLEV and paying the CO2 fines for non-respect of targets, we separately determined the BEV 

and PHEV sales shares for every scenario and for both case studies: minimizing the total costs 

and respecting the CO2 targets. The total costs account for the production cost of BEV/PHEV 

compared to ICEV of the same Segment and the penalty if the CO2 standards are not respected. 

5.1. Results 

5.1.1. Determining The CO2 Targets 

Based on the legislative requirements mentioned in Section 3.1., car manufacturers are 

required to set their CO2 targets for 2021 based on the weight of the newly sold passenger cars. 

Until the year 2025 (2030), a further emission reduction by 15% (37.5%) than 2021 must be 

achieved. Therefore, automotive manufacturers are required to sell electrified vehicles that 

respect these targets. Figure 7 presents the determination of 2021 CO2 targets of different 

scenarios in gCO2/km. Selling larger vehicles come with a tradeoff: higher weight that made 

CO2 targets less strict, but higher CO2 emissions, as mentioned in Table 4. It should be noted 

that we consider an ICEV fleet composed of 60% of type Essence and 40% of type Diesel. 
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5.1.2. Minimizing The Total Costs 

Figure 8 presents the evolution of the total costs for 2020, 2025, 2030, and per vehicle 

segment. As shown, the results are similar for all scenarios and could be detailed with the same 

logic.  

For with no emergence of BEV and PHEV sales, a total cost is applicable. Indeed, CO2 

engagement is not respected for this situation due to the high emissions of ICEV fleets, the 

strict CO2 standards, and the non-emergence of ZLEVs. The amount of this total costs totally 

accounts for the fines, which refers to the penalty for non-respect of CO2 targets, and is around 

1000€/vehicle for Segment A vehicles. Since the automotive manufacturers are prompt to 

respect stricter CO2 targets for the long-term, these fines could sharply increase to 

5000€/vehicle during 2030 for Segment A vehicles. For other vehicles Segments, the fines vary 

between 1000€/vehicle (2020) and 5000€/vehicle (2030) for Segment B, 1900€/vehicle (2020) 

and 8100€/vehicle (2030) for Segment C, and 2200€/vehicle (2020) and 9500€/vehicle (2030) 

for Segment D. Since large ICEVs emit more CO2 than small ICEVs (Table 4), producing 

Segment D vehicles comes with less strict CO2 targets but higher fines than Segment A.   
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Figure 7 The determination of 2021 CO2 targets of different scenarios in gCO2/km 
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With the BEV/PHEV uptake, the total costs decrease to reach an optimum for every 

combination of BEV and PHEV sales share. As mentioned before, this paper does not consider 

the profitability margin of the automaker. Therefore, since BEV and PHEV incremental costs 

are all positive, these optimums are negative, meaning respecting CO2 targets does not 

positively impact the automaker’s budget. On the one hand, producing more ZLEV comes with 

a higher budget on the automaker due to the positive BEV/PHEV incremental costs. On the 

other hand, it helps the automaker achieve their CO2 targets; and, thus, eliminate the fines. 

Indeed, we determined the optimum for every Segment and every year: more BEV/PHEV sales 

are needed to reach the optimum for more oversized vehicles and the long-term. For instance, 

as mentioned in Figure 8, Segment A's optimums achieved vary between 90€/vehicle and 150 

€/vehicle for 2020, and between 450 €/vehicle and 675 €/vehicle for 2030, compared to those 

of Segment D 450 €/vehicle and 1800 €/vehicle for 2020, and between 460 €/vehicle and 2380 

€/vehicle for 2030. We have various costs because these optimums are achieved for every 

combination of BEV and PHEV sales share. Also, even though the battery packs price will 

decrease by around 55 % in 2030 compared to 2020, more losses are recorded for higher BEV 

sales share than PHEV sales share.  

After reaching the minimum of costs under a specific combination of BEVs and PHEVs 

sales shares, the total costs will experience a downward trend with a massive diffusion of these 

technologies. Indeed, more ZLEV production will come with additional costs on the 

automaker’s budget. As shown in Figure 8, for 2021, due to the high price of the battery packs 

and the bigger battery capacity installed in BEV than in PHEV, a 100% BEV scenario comes 

with around 8000 €/vehicle compared to 900 €/vehicle for 100% PHEV scenario. Certainly, the 

total costs increased for other Segments because of the larger battery installed. For 2025 and 

2030, these losses sharply decreased compared to those of 2021, leading to modest variation 

compared to the minimum costs. 

Figure 9 shows the best compromise of BEV and PHEV sales shares that ensure the 

minimum costs of all the fleet to analyse the optimum values. Indeed, for all scenarios, a 100% 

PHEV sales lowest production budget on the automaker because of the battery capacity size 

and price. It is worth noted that, for Segment A and for 2025 and 2030, the best compromise 

accounts for 99% of PHEV sales share compared to 1% of BEVs.  
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5.1.3. Respecting CO2 Targets 

This section determines the BEV and PHEV sales shares that ensure the CO2 target's 

engagement. Figure 10 illustrates these results for all scenarios: the complete lines represent 

the combinations of BEV and PHEV sales shares for minimizing the total costs, and the dotted 

lines represent those that ensure the respect of CO2 targets. Results show that the minimum 

cost comes with respect to CO2 targets for all Segments and time resolutions. Therefore, 

automakers must respect the CO2 targets by selling the indispensable BEV and PHEV quotas 

to ensure the minimum losses. 

5.1.4. Trade-offs Analysis 

In each scenario (Segment choice and year) assessed, the results of the BEV and PHEV 

sales shares were determined for two case studies: (1) minimizing the total costs - i.e. BEV and 

PHEV incremental costs and penalty if applicable -, and (2) respecting CO2 targets. Comparing 

the results elaborated before ensures that, for all scenarios, there is no tradeoff between the two 

case studies: ensuring the minimum costs comes with zero fines.  

 

 

Scenario : 100 % Segment A Scenario : 100 % Segment B 
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Figure 8 Total costs (incremental costs and CO2 fines) for four vehicles Segments and for 2021, 2025, 2030 

 

Figure 9 BEV and PHEV sales shares that ensure the minimization of the costs 
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Figure 10 Combinations of BEV and PHEV sales shares that ensure the minimum cost and the respect of CO2 engagement 

(P=0) for four Segments and for 2021, 2025, 2030 

5.2. Discussions 

This study evaluates the assessment of European CO2 regulations on the automakers’ 

portfolio, considering various scenarios: four segments of vehicles and three years targets. We 

found the specific combinations of BEVs and PHEVs that ensure the minimum costs. We 

concluded that CO2 regulations could be achieved by only relying on PHEVs, which comes 

with the lowest cost on the automotive manufacturers. However, the design of our analysis has 

limitations due to several reasons.  

First, we only considered the BEV/PHEV incremental costs - i.e. production costs - and 

neglected the automakers' profitability margin. Indeed, the automakers’ revenues primarily rely 

on the European customers’ choices (Segment choice) and their willingness to pay. Also, we 

only studied privately-purchased vehicles of specific four segments, neglecting that types of 

vehicles sales, such as Light Duty Vehicles and buses, which are considered to determine CO2 
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targets. Besides, CO2 targets and emissions calculations should consider all the vehicles fleet 

of the automotive manufacturer, and not only the newly sold vehicles. Finally, our analysis does 

not consider HEV, since this type of vehicles shares similar CO2 emissions as ICEVs.  

Second, CO2 emissions of PHEVs, in WLTP needs, depend on the customer’s driving 

and charging behaviours. Most PHEVs are occupied with a 30–60 km (NEDC) and could 

electrify up to 10,000 km a year, increasing with range [26]. While PHEV can electrify a part 

of the vehicle travelled kilometres, the other part remains fossil fuel dependent. Longer trips 

rely more on the fuel tank than the battery as an energy source due to the limited battery range. 

Based on China, Europe, and North America driving profiles, Plötz et al. [26] concluded with 

noteworthy differences between theoretical and emissions values. Actually, PHEV fuel 

consumption and tail-pipe CO2 emissions in real-world driving, on average, are two to four 

times higher than type-approval values4 [26]. Also, we do not consider a variation of usage 

between private and commercial drivers.  

Finally, one of the Paris Agreement's main objectives, which is in line with the EU’s 

commitment, is the European Green Deal. Achieving a climate-neutral by 2050, an economy 

with net-zero GHG emissions, cannot be done with a 100% PHEV sales share, leading to the 

uptake of other zero-emission vehicles such as BEVs and FCEVs [27].  

6. Conclusion and future research 

Our paper presents an analysis of the relative value that electrification  - i.e. Selling 

more BEV and PHEV - can reduce an automaker’s costs of CO2 standards compliance. To 

perform that evaluation, we have developed a framework for modelling the effect of 

BEV/PHEV fleet penetration on the automaker’s portfolio, considering European CO2 

regulations. We evaluated the tradeoff between the required BEV and PHEV sales shares that 

minimised the total costs and those required to avoid the fines. The total costs account for the 

incremental costs – i.e. the difference in production costs between a BEV/PHEV and an ICEV 

of the same Segment -, neglecting the automaker's profitability margin the fines if CO2 

engagement is not respected. Also, avoiding the fines comes with the respect of CO2 targets. 

We modelled 12 scenarios 4 Segments of vehicles: Segment A (small sedan), Segment B 

                                                           
4 https://www.which.co.uk/news/2021/03/plug-in-hybrid-cars-use-more-fuel-than-official-figures-claim/ 
https://www.theguardian.com/business/2021/mar/02/plug-in-hybrid-cars-burn-more-fuel-than-tests-record-
says-which  

https://www.which.co.uk/news/2021/03/plug-in-hybrid-cars-use-more-fuel-than-official-figures-claim/
https://www.theguardian.com/business/2021/mar/02/plug-in-hybrid-cars-burn-more-fuel-than-tests-record-says-which
https://www.theguardian.com/business/2021/mar/02/plug-in-hybrid-cars-burn-more-fuel-than-tests-record-says-which
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(medium sedan), Segment C (large sedan), and Segment D (SUV), and for 2020, 2025, and 

2030. CO2 regulations become stricter with time, leading to high fines. Vehicles’ techno-econo-

environmental data were gathered from different sources, such as official brand websites. 

First, results showed that with 0% BEV/PHEV sales, there is no respect for the CO2 

engagement, and fines may apply from 1000€/vehicle (2021) to 5000€/vehicle (2030) for 

Segment A. Indeed, higher fines are applicable for larger vehicles. Also, we find different 

combinations of BEV and PHEV sales for every scenario and year, which ensure the minimum 

cost. To respect long-term CO2 limitations, more electrification is needed to minimize the costs. 

On the one hand, an increase in BEV/PHEV sale will respect the CO2 engagement. On the 

other hand, it comes with high costs, especially with a 100% BEV scenario than a 100% PHEV 

scenario, since a larger battery is installed in a BEV. 

Based on our assumptions, we found that the minimum costs are conditioned with three 

criteria: the evolution of regulations per year, the vehicle’s size, and the electrification type 

(BEV or PHEV). Results suggest that automotive manufacturer respect CO2 targets for all time 

resolutions. This will lead to minimizing the total cost; and thus ensuring the highest 

profitability. Generally, the minimum costs are achieved favouring PHEVs rather than on 

BEVs, regardless of the Segment, because of the fewer battery installed.  

In future work, our analysis remains limited to several assumptions. First, we 

recommend completing our analysis regarding the automaker's side by considering the 

emergence of zero and low emissions light-duty vehicles. Besides, our analysis accounts for the 

worst-case scenario of CO2 emissions; further studies are needed to evaluate Hybrid Electric 

Vehicles (HEVs) cost-effectiveness diffusion in respecting the standards. Also, we recommend 

considering the customer’s side in the analysis. First, as mentioned before, PHEVs’ CO2 

emissions highly depend on the driving and charging behaviours [26]. If the battery is not used, 

the CO2 emissions of a PHEV are approximately similar to those of an ICEV [26]. Many 

approaches could consider the actual emissions of emissions: additionally, to considering 

accurate data of PHEVs drivers’ trips, a solution is to weigh CO2 emissions per vehicle usage. 

There are two main usages for passenger cars: rural and urban ones. Since more rural drivers’ 

daily travelled kilometres are higher urban usage [13], more CO2 emissions are expected for 

PHEVs. Also, future research is needed by including the driver’s cost model and willingness-

to-pay in the analysis. Indeed, purchasing a PHEV does not come with the exact cost of a BEV, 

and it varies with the Segment’s choice [28,29]. Finally, we recommend future work to consider 
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the European Green Deal for 2050, aiming to reduce GHG emissions drastically, especially in 

the energy and transportation sectors [27]. Meeting 2050’s CO2 targets remain impossible 

without a massive penetration of zero-emission vehicles: BEV and Fuel Cells Electric Vehicles 

(FCEVs) [30]. 

 

Acknowledgements: The Armand Peugeot Chair funds this thesis under the collaboration 

between Stellantis, CentraleSupélec, and ESSEC Business School, under the ANRT-CIFRE 

contract #2018/1162. The authors would like to thank Yannick Perez for his constant 

encouragement and valuable advice.  

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsor had no 

role in the study's design; in the collection, analyses, or interpretation of data; in the writing of 

the manuscript; and in the decision to publish the results.  

References 

[1] IEA. Global Electric Vehicle Outlook 2019. IEA 2019. 

https://www.iea.org/reports/global-ev-outlook-2019 (accessed June 17, 2020). 

[2] IPCC. Allen, M.R., O.P. Dube, W. Solecki, F. Aragón-Durand, W. Cramer, S. 

Humphreys, M. Kainuma, J. Kala, N. Mahowald, Y. Mulugetta, R. Perez, M.Wairiu, and 

K. Zickfeld, 2018: Framing and Context. In: Global Warming of 1.5°C. An IPCC 

Special Report on the impacts of global warming of 1.5°C above pre-industrial levels 

and related global greenhouse gas emission pathways, in the context of strengthening the 

global response to the threat of climate change, sustainable development, and efforts to 

eradicate poverty [Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, 

P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. 

Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. 

Waterfield (eds.)]. In Press 2018. 

[3] EC. CO2 emission standards for passenger cars and light-commercial vehicles in the 

European Union | International Council on Clean Transportation. 2019. 

[4] Hüls C, Thies C, Kieckhäfer K, Spengler TS. Limiting CO2 fleet emissions in the 

automotive industry – a portfolio planning approach. Int J Automot Technol Manag 

2020;20:349–68. 

[5] Amjad M, Ahmad A, Rehmani MH, Umer T. A review of EVs charging: From the 

perspective of energy optimization, optimization approaches, and charging techniques. 

Transp Res Part Transp Environ 2018;62:386–417. 

https://doi.org/10.1016/j.trd.2018.03.006. 

[6] Islam E, Moawad A, Kim N, Rousseau A. An Extensive Study on Sizing, Energy 

Consumption, and Cost of Advanced Vehicle Technologies (Technical Report) | 

OSTI.GOV. Argonne National Lab., Arginne, Illionois; 2018. 

[7] Luk JM, Saville BA, MacLean HL. Vehicle attribute tradeoffs to meet the 2025 CAFE 

fuel economy target. Transp Res Part Transp Environ 2016;49:154–71. 

https://doi.org/10.1016/j.trd.2016.09.005. 



 

24 

 

[8] Al-Alawi BM, Bradley TH. Analysis of corporate average fuel economy regulation 

compliance scenarios inclusive of plug in hybrid vehicles. Appl Energy 2014;113:1323–

37. https://doi.org/10.1016/j.apenergy.2013.08.081. 

[9] Wavestone. Véhicules électriques : quelles incitations en France et en Europe ? 

TransportShaker 2019. https://www.transportshaker-wavestone.com/vehicules-

electriques-quelles-incitations-en-france-et-en-europe/ (accessed April 22, 2021). 

[10] Al-Alawi BM, Bradley TH. Total cost of ownership, payback, and consumer preference 

modeling of plug-in hybrid electric vehicles. Appl Energy 2013;103:488–506. 

https://doi.org/10.1016/j.apenergy.2012.10.009. 

[11] Wang Y, Miao Q. The impact of the corporate average fuel economy standards on 

technological changes in automobile fuel efficiency. Resour Energy Econ 

2021;63:101211. https://doi.org/10.1016/j.reseneeco.2020.101211. 

[12] Knittel CR. Automobiles on Steroids: Product Attribute Tradeoffs and Technological 

Progress in the Automobile Sector. Am Econ Rev 2011;101:3368–99. 

https://doi.org/10.1257/aer.101.7.3368. 

[13] Haidar B, da Costa P, Lepoutre J, Vidal F. Which combination of battery capacity and 

charging power for battery electric vehicles: urban versus rural French case studies. 

HAL; 2020. 

[14] Cheah L, Heywood J. Meeting U.S. passenger vehicle fuel economy standards in 2016 

and beyond. Energy Policy 2011;39:454–66. 

https://doi.org/10.1016/j.enpol.2010.10.027. 

[15] ICCT. Deeper reductions in car CO2 emissions are both technologically feasible and 

economical, especially if manufacturers promote electric drive—study [press release] | 

International Council on Clean Transportation. 2016. 

[16] Jeon S, Roh M, Heshmati A, Kim S. An Assessment of Corporate Average Fuel 

Economy Standards for Passenger Cars in South Korea. Energies 2020;13:4533. 

https://doi.org/10.3390/en13174533. 

[17] Proff H, Fojcik TM. Pricing and commercialisation of electric mobility - dealing with 

high market uncertainty. Int J Automot Technol Manag 2016;16:30–54. 

[18] Berckmans G, Messagie M, Smekens J, Omar N, Vanhaverbeke L, Van Mierlo J. Cost 

Projection of State of the Art Lithium-Ion Batteries for Electric Vehicles Up to 2030. 

Energies 2017;10:1314. https://doi.org/10.3390/en10091314. 

[19] BloombergNEF. A Behind the Scenes Take on Lithium-ion Battery Prices. 

BloombergNEF 2019. https://about.bnef.com/blog/behind-scenes-take-lithium-ion-

battery-prices/ (accessed April 17, 2021). 

[20] Hsieh I-YL, Pan MS, Chiang Y-M, Green WH. Learning only buys you so much: 

Practical limits on battery price reduction. Appl Energy 2019;239:218–24. 

https://doi.org/10.1016/j.apenergy.2019.01.138. 

[21] Lutsey N, Nicholas M. Update on electric vehicle costs in the United States through 

2030 | International Council on Clean Transportation. ICCT; 2019. 

[22] Nordelöf A, Messagie M, Tillman A-M, Ljunggren Söderman M, Van Mierlo J. 

Environmental impacts of hybrid, plug-in hybrid, and battery electric vehicles—what 

can we learn from life cycle assessment? Int J Life Cycle Assess 2014;19:1866–90. 

https://doi.org/10.1007/s11367-014-0788-0. 

[23] Khan MI, Shahrestani M, Hayat T, Shakoor A, Vahdati M. Life cycle (well-to-wheel) 

energy and environmental assessment of natural gas as transportation fuel in Pakistan. 

Appl Energy 2019;242:1738–52. https://doi.org/10.1016/j.apenergy.2019.03.196. 

[24] Jang JJ, Song HH. Well-to-wheel analysis on greenhouse gas emission and energy use 

with petroleum-based fuels in Korea: gasoline and diesel. Int J Life Cycle Assess 

2015;20:1102–16. https://doi.org/10.1007/s11367-015-0911-x. 



 

25 

 

[25] Gnann T. Market diffusion of plug-in electric vehicles and their charging infrastructure. 

Stuttgart: Fraunhofer-Verl; 2015. 

[26] Plötz P, Moll C, Li Y. Real-world usage of plug-in hybrid electric vehicles: Fuel 

consumption, electric driving, and CO2 emissions | International Council on Clean 

Transportation. 2020. 

[27] EC. EU climate action and the European Green Deal. Action Pour Clim - Eur Comm 

2019. https://ec.europa.eu/clima/policies/eu-climate-action_en (accessed April 7, 2021). 

[28] Björnsson L-H, Karlsson S. Electrification of the two-car household: PHEV or BEV? 

Transp Res Part C Emerg Technol 2017;85:363–76. 

https://doi.org/10.1016/j.trc.2017.09.021. 

[29] Palmer K, Tate JE, Wadud Z, Nellthorp J. Total cost of ownership and market share for 

hybrid and electric vehicles in the UK, US and Japan. Appl Energy 2018;209:108–19. 

https://doi.org/10.1016/j.apenergy.2017.10.089. 

[30] A future for hydrogen in European transportation | Nature Catalysis 2020. 

https://doi.org/10.1038/s41929-020-0438-9. 

 

 

 


