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Article 
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1 Dipartimento Energia “Galileo Ferraris”, CARS@Polito, Politecnico di Torino, c.so Duca degli Abruzzi 24, 
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Leonardo da Vinci 32, 20133 Milano, Italy 

* Correspondence: antonella.accardo@polito.it 

Abstract: A cradle-to-grave life cycle assessment focused on end-of-life (EoL) was conducted in this 

study for three configurations of a light-duty commercial vehicle (LDCV): diesel, compressed natu-

ral gas (CNG), and battery electric vehicle (BEV). The aim is to investigate the impact of recycling 

under two EoL scenarios with different allocation methods. The first is based on the traditional 

avoided burden method, while the second is based on the circular footprint formula (CFF) devel-

oped by the European Commission. For each configuration, a detailed multilevel waste manage-

ment scheme was developed in compliance with the 2000/53/CE directive and ISO22628 standard. 

The results showed that the global warming potential (GWP) impact under the CFF method is sig-

nificantly greater when compared to the avoided burden method because of the A-parameter, which 

allocates the burdens and benefits between the two connected product systems. Furthermore, in all 

configurations and scenarios, the benefits due to the avoided production of virgin materials com-

pensate for the recycling burdens within GWP impact. The main drivers of GWP reduction are steel 

recycling for all of the considered LDCVs, platinum, palladium, and rhodium recycling for the die-

sel and CNG configurations, and Li-ion battery recycling for the BEV configuration. Finally, the EoL 

stage significantly reduces the environmental impact of those categories other than GWP. 

Keywords: waste management treatment of vehicles; end-of-life (EoL) of vehicles; life cycle assess-

ment (LCA); light duty commercial vehicles; avoided burden approach; circular footprint formula; 

ELVS 

 

1. Introduction 

1.1. Context 

The life cycle assessment (LCA) is an acknowledged method for assessing the envi-

ronmental impacts of vehicles over their entire life cycle. Due to its inner nature, the LCA 

comprises evaluating the environmental impacts related to the end-of-life (EoL) stage. 

Nevertheless, the assessment of the EoL stage raises a methodological issue in the 

LCA regarding the system boundary definition [1]. Quantifying the benefits and burdens 

from material production and recycling at the EoL stage necessitates addressing the issue 

of their allocation between connected product systems. Unfortunately, several allocation 

methods are used in the literature to solve this issue, resulting in a high degree of uncer-

tainty on the effect of EoL on the cradle-to-grave impact. 

At the same time, increasing regulatory requirements for material recovery is making 

end-of-life vehicle (ELV) management a global concern in the automotive industry [2–5]. 

With reference to road vehicles, starting from 1 January 2015, the 2000/53/CE directive of 

the European Union set the objective for ELVs to be reused and recovered for at least 95% 

of their mass, with no more than 10% of that mass being recovered as energy [6]. Moreo-

ver, since landfill disposal poses a substantial environmental risk due to the presence of 

Citation: Accardo, A.; Dotelli, G.; 

Miretti, F.; Spessa, E. End-of-Life  

Impact on the Cradle-to-Grave LCA 

of Light Duty Commercial Vehicles 

in Europe. Appl. Sci. 2023, 13, 1494. 

https://doi.org/10.3390/app13031494 

Academic Editor(s): Apostolos  

Giannis 

Received: 7 December 2022 

Revised: 13 January 2023 

Accepted: 20 January 2023 

Published: 23 January 2023 

 

Copyright: ©  2023 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Appl. Sci. 2023, 13, 1494 2 of 22 
 

 

polycyclic aromatic hydrocarbons (PAHs) and volatile organic compounds (VOCs) in the 

biogas produced by landfilled compounds [7], no more than 5% of the ELVs mass should 

be landfilled as the last preferred option. In accordance with the 2000/53/CE directive and 

the ISO 22628 standard [8], ELVs should be processed through a three-step waste man-

agement scheme: depollution, dismantling, and shredding. A fourth stage, which we re-

ferred to as the postshredding stage, was included in this study. According to [7], at the 

end of the third stage, 20–25% of the output consists of the so-called automotive shredder 

residue (ASR). Although the ASR was largely landfilled prior to 2015 due to its heteroge-

neous and complex matrix [7,9], in more recent years, to meet the requirements of the 

2000/53/CE directive, postshredder technologies were prioritized in an effort to improve 

the recovery of materials and energy from ASR [7].  

Due to the need to be compliant with a mandatory waste management scheme, the 

existence of several allocation methods, the complexity of the vehicle material breakdown, 

and the scarcity of primary data, modeling the EoL stage is one of the main challenges in 

the LCA of vehicles. 

1.2. State of the Art and the Contribution of the Present Study 

Regarding ELVs, according to the most recent literature review conducted by [2], the 

existing literature mainly regards waste management, reverse logistic network design, 

and economic assessment. Regarding waste management, many works [3,4,9–14] exist 

and can be useful in supporting an LCA study, though they do not calculate environmen-

tal impacts. Examples of reverse logistic network studies are [5,15–18], while examples of 

economic assessments are [19,20]. In addition, some works focus on specific aspects that 

concern ELVs. The authors of [7,21–26] focus on the specific treatment of the ASR fraction, 

while [27–30] focus on plastic and steel recovery from ELVs. The authors of [31] focused 

on rare earth element recovery from ELVs, while [32] focuses on the recovery of the 

bumper. Finally, the authors of [10,33] conduct a scenario analysis, varying the level of 

deconstruction. 

According to [34], few publications concerning the LCA of vehicles include the EoL 

stage, and for those that do, even fewer of them evaluate environmental impact categories 

other than GWP. According to [35], assessing the environmental profile of a vehicle based 

only on GWP would lead to unrealistic conclusions, as the load of further impact catego-

ries could be mainly located in the EoL stage. Among the usually neglected categories, 

resource depletion is rarely analyzed, even though it should be of primary importance in 

the assessment of the effect of the EoL stage since it considers the speed rate at which 

resources are consumed, and ELVs are one of the most valuable sources of secondary raw 

materials. In addition, more than 95% of the papers analyzed in [34] cover passenger cars, 

disregarding other means of transport, such as light-, medium- and heavy-duty commer-

cial vehicles. 

In the following, there are examples of LCA studies that include the EoL stage and a 

wide range of environmental impact categories. Although LCA is performed in [36], 

which considers three EoL scenarios that vary by technology level, the study is limited to 

passenger cars and the Chinese context. It was found that the main environmental impact 

category that affected EoL is the human toxicity potential and that, when enhancing the 

recovery of the engine, the nonmetallic and ASR fractions would effectively improve the 

environmental benefits [36]. The LCA methodology is used in [9] in order to evaluate the 

environmental performance resulting from three different ELV waste management sce-

narios considering a dismantler plant in Portugal. It was found that the scenario that in-

cludes the supplementary dismantling of the components is the only one that allows for 

the accomplishment of the target imposed by the European Union [9]. Both in [35] and 

[37], the comparative LCAs between the different cars are performed with varying vehicle 

configurations (conventional and electric). Despite the fact that the focus of [35] is not on 

EoL, it was found that the impact of EoL is surprisingly negligible in all the impact cate-

gories considered [35]. In [37], the incidence of different allocation methods was 
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evaluated. It was found that the allocation method has a significant influence on the LCA 

results [37]; nevertheless, the study heavily relies on secondary data. Moreover, [9,35,37] 

are limited to passenger cars. Despite referring to a non-European context, a series of note-

worthy publications [3,38,39] focus on the LCA of ELVs. These studies distinguish be-

tween vehicles that have reached the end of their useful life and those that have been 

involved in accidents [3,38,39]. It was found that the latter achieve greater parts and/or 

materials recovery since they are the ones “lightly used” [3]. Even though useful LCIs 

based on the primary data of a North American dismantler can be found in [39], in 

[3,38,39], the environmental impacts are not calculated, and no difference is made between 

vehicle configurations. 

This paper reports the results of a cradle-to-grave LCA of three light-duty commer-

cial vehicles (LDCV) configurations: diesel, compressed natural gas (CNG), and battery 

electric vehicle (BEV). For each configuration, the environmental benefits and burdens of 

the EoL stage were evaluated. 

This is one of the few studies to have considered a type of vehicle different from the 

passenger car and to have focused on the transport of goods rather than passengers. Ur-

ban freight transport (UFT), in fact, is a growing market sector, especially due to e-com-

merce [40]. Moreover, the COVID-19 pandemic has highlighted the importance of urban 

logistics since it further accentuated the expansion of e-commerce and instant deliveries 

[41]. 

Another aspect of the novelty of this study concerns the investigation of the recycling 

effect on its impact under two different allocation methods, which we will refer to as the 

EoL scenarios. In fact, the environmental impacts calculated through the avoided burden 

method were compared to the ones calculated with the circular footprint formula (CFF). 

While the avoided burden method is the most used approach in the literature, the CFF is 

highly relevant because it was developed within the PEF method of the European Com-

mission, with the aim of standardizing the allocation of burdens and benefits in the EoL 

stage [42]. 

Unlike many other studies, a significant number of primary data have been used in 

this paper: the bill of materials (BOM) of the vehicles, the data of the manufacturing plant, 

and the data of the supplier locations have been provided by the vehicle manufacturer. 

Materials and methods are reported in Section 2, which is divided into three para-

graphs. First, a brief description of the LCA methodology is reported in subsection 2.1. 

Second, for each vehicle configuration, the waste management scheme is described in sub-

section 2.2. Finally, the two EoL scenarios are explained in subsection 2.3. 

2. Materials and Methods 

2.1. LCA Methodology 

The LCA methodology applied in this work follows the recommendations of ISO 

14040 and ISO 14044 [43,44]. 

2.1.1. Goal of the Study and System Boundary 

The aim of this study is two-fold. First, this study contributes to addressing a well-

known LCA methodological issue concerning the allocation method to be used if the EoL 

stage is included in the system boundary. Two EoL scenarios were considered for this 

purpose, each dealing with the allocation of burdens and benefits between connected 

product systems in a different way. Specifically, the environmental impacts calculated 

through the avoided burden (or 0:100) method were compared to the ones calculated with 

the circular footprint formula (CFF). To prevent double counting of burdens and benefits, 

the avoided burden method permits the inclusion of the recycling process in the system 

boundary and prohibits the inclusion of secondary material as input. The CFF method, 

instead, permits the inclusion in the system boundary of both the recycling and the sec-

ondary material (as input), preventing double counting through an economic allocation 
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factor A. For a broader understanding of the outcomes, the following vehicle configura-

tions characterized by different propulsion systems were considered: 

• Diesel oil internal combustion engine vehicle (DIE-ICEV); 

• Compressed natural gas internal combustion engine vehicle (CNG-ICEV) 

• BEV. 

The second objective of this study is to evaluate the relevance of the EoL stage to the 

overall cradle-to-grave life cycle. For this purpose, this study also includes the cradle-to-

grave LCA results of the three LDCVs considered. For each vehicle configuration, the fol-

lowing LCA stages (detailed in Appendix A) are constant as the EoL scenario assumed 

variations in 

• Manufacturing; 

• Distribution; 

• Use; 

• Maintenance; 

• Collection at EoL. 

In Figure 1, the system boundary is reported, wherein the EoL stage is highlighted in 

yellow. At the end of the manufacturing stage, the DIE-ICEV, CNG-ICEV, and BEV refer-

ences of this study are characterized by a curb weight of 2700 kg, 2845 kg, and 2876 kg, 

respectively. 

 

Figure 1. System boundary. 

Regarding the EoL stage, for each vehicle configuration, an LCI based on a detailed 

multilevel waste management scheme was developed in compliance with the 2000/53/CE 

directive and the ISO 22628 standard to chiefly investigate the environmental emissions 

of the EoL stage and their effect on the overall life cycle. For each EoL scenario, the depol-

lution, dismantling, shredding, and postshredding stages were considered, along with the 

following fates of the materials: recycling, reuse, incineration with energy recovery, and 

landfilling. More detail regarding the other LCA stages can be found in the authors’ pre-

vious works [40,45]. 

2.1.2. Functional Unit and Reference Flow 

In this study, the functional unit is 1 vehicle reaching the EoL when the assessment 

is limited to the comparison of the EoL scenarios. The functional unit is 1 km of the driving 

mission when the assessment is expanded to the entire cradle-to-grave LCA. Since it was 

supposed that the three configurations of the LDCVs were used in an urban logistic sce-

nario, a specific driving mission was chosen for the use phase, which includes a trip from 

the warehouse to the distribution locations (payload equal to 50% of maximum load con-

dition) and back to the warehouse (null payload condition). The lifetime considered for 

the three configurations under study is 240,000 km, as proposed by the manufacturer. 

2.1.3. Data Sources 
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Life cycle inventories (LCIs) were compiled with the data provided by the vehicle 

manufacturer. All the background processes involved in the production of the vehicles 

were included in the LCIs: mining and transforming of the raw materials, production and 

distribution of electricity and heat through the national grids, and transportation emis-

sions during the distribution of the vehicles from plant to retailers. The Ecoinvent 3.6 da-

tabase was used as the background database. Environmental impacts of the BEV configu-

ration strongly depend on the electricity mix used. In this study, it was assumed the Eu-

ropean electricity mix was characterized by 117 gCO2eq/MJ. 

2.1.4 Impact Assessment 

For the impact categories considered in the present study, almost all were assessed 

using the August 2016 updated version (v. 4.7) of the CML baseline method, while cumu-

lative energy demand (CED) was accounted for by referring to the CED method. 

2.2. Waste Management Scheme 

For both the EoL scenarios, for each vehicle configuration, a detailed multilevel waste 

management scheme was developed in compliance with the 2000/53/CE directive and the 

ISO 22628 standard. All the relevant waste management stages involved were identified: 

depollution, dismantling, shredding, and postshredding. As a summary, a flowchart of 

the material and components recovered for each vehicle configuration is reported in Fig-

ure 2. The assumptions that have guided the subdivision of the material flows are detailed 

hereafter. 

The first step of the waste management scheme is the depollution stage (referred to 

as pretreatment in the ISO 22628). This stage is mandatory to remove hazardous compo-

nents, which could hinder some of the subsequent EoL stages (in the case of airbags, for 

example, the hazardous components, if not removed during the depollution stage, might 

hamper the subsequent shredding process) [7]. Components removed in this stage are 

mainly reused or are characterized by dedicated recycling routes (e.g., batteries). Lead-

acid and Li-ion batteries, CNG tanks, and all types of fluids and airbags are assumed to 

be removed in this stage. As can be seen in Figure 2, a significant part of the weight is 

removed in the depollution stage for the CNG-ICEV (254 kg) and BEV (483 kg) configu-

rations due to the CNG tanks and Li-ion batteries, respectively. 

 

Figure 2. Flowchart of the waste management scheme of the three vehicles. 
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The second stage of the waste management scheme is the dismantling stage, which 

aims at removing the components and parts to be recycled. The following components are 

assumed to be removed in this stage: electric and electronic components, metal compo-

nents containing copper, aluminum, and magnesium (e.g., steering shaft, brake disc, 

shock absorber, steering wheel, antilock braking system, seats, gearbox, clutch control, 

engine, and all the components containing magnesium alloys), tires, exhaust systems, BEV 

powertrain, glass, and all components that could represent a source of income (e.g., spare 

parts). In addition, Directive 2000/53/EC also mentions plastic components from “bump-

ers, dashboard, fluid containers” to be removed in this stage. According to [46], the 

amount of plastic and elastomers removed in the dismantling stage corresponds to the 2% 

of the total ELV weight; thus, this value was used. 

At this point, the remaining wrecks are shredded. A detailed description of the shred-

ding material breakdown is provided in [10], in which three campaigns of deconstruction 

were conducted on 90 ELV samples. 

According to [10], considering the C3 campaign (maximum removal share of compo-

nents), it was assumed that the share of ASR in the output of the shredding process cor-

responds to the 24.9% in weight of the shredding input mass. As can be seen in Figure 2, 

the remaining part of the shredding input (75.1%) is constituted by ferrous and nonferrous 

metal fractions. 

The ASR fraction is finally involved in a postshredding stage to further promote re-

cycling. It was assumed, in this stage, that the ASR fraction is divided into three parts: 

metallic, polymeric, and nonidentified (mainly constituted by textiles and fines). Percent-

age by weight of the metallic ASR fraction was based on [10] and is reported in Table 1. 

Consequently, the percentages by weight of the polymeric and nonidentified ASR frac-

tions are estimated and reported in Table 1. 

Table 1. Percentage by weight of the ASR fractions. 

ASR Fraction % by ELV Weight % by ASR Weight 

Metallic 2.4 12 

Polymeric 5.3–7.7 31–39 

Nonidentified 9.8–12.2 49–61 

Percentages by weight of material removed in each stage for each vehicle configura-

tion are reported in Table 2. The role of the depollution stage is particularly significant for 

the CNG and BEV configurations due to the removal of the CNG tanks and Li-ion batter-

ies. The role of the postshredding stage also appears to be significant. The contribution of 

both the shredding and postshredding stages is about 64-72%, depending on the configu-

ration chosen. This is in line with [7]. 

Table 2. Contribution to material removal of each EoL stage in mass percentage 

EoL Stage DIE-ICEV CNG-ICEV BEV 

Depollution 1% 9% 17% 

Dismantling 27% 24% 19% 

Shredding 54% 51% 48% 

Post-shredding 18% 17% 16% 

2.2.1. Material Fate 

After the division of the material flows, it is necessary to assume material fate. In 

compliance with the 2000/53/EC directive, there are 4 possible fates: reuse, recycling, in-

cineration with energy recovery, and disposal (Figure 2). Another term is reported in the 

directive: “recovery” and it includes both material (recycling) and thermal (incineration 

with energy recovery) valorizations. 
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Some components were identified as possible spare parts, and they are assumed to 

be reused. Other components necessitating selective collection for easier recycling (e.g., 

tires, batteries, and plastic parts) [47] were assumed to be disposed of with special treat-

ments. In Table S2 the assumed fates are reported for all components based on [45,48,49]. 

Before directive 2000/53/EC, the ASR fraction was largely landfilled, but to reach the 

targets imposed, new postshredding technologies have been developed [7]. For this rea-

son, it was assumed that the metallic and polymeric fractions of the ASR were successfully 

separated and recycled [50], while the nonidentified fraction are partially incinerated with 

energy recovery and partially landfilled. 

As explained previously, directive 2000/53/EC requires that a specific percentage of 

the weight must be recycled [47]. The rate of both reuse and recovery is set at a minimum 

of 95%. For each ELV, Figure 3 shows the rates of recycling, reuse, landfill, and incinera-

tion with energy recovery obtained (with the waste management scheme described in the 

previous paragraph). The rates of reuse and recycling are 88%, 87%, and 89% for DIE-

ICEV, CNG-ICEV, and BEV configurations, respectively. The rates of reuse and recovery 

are 96%, 95%, and 96%. This is possible if the ASR nonidentified fraction, which consists 

mainly of textiles and fines, is incinerated with energy recovery for 65% of its weight and 

landfilled for 35%. 

 

Figure 3. Rates of recycling, reuse, and incineration with energy recovery and landfilling for each 

ELV. 

2.3. EoL Scenarios 

Reuse, recycling, landfilling, and incineration with/without energy recovery, as well 

as the use of secondary materials as recycled content, leads to questions on how to allocate 

the benefits and burdens between the two connected product systems. Several approaches 

for the EoL stage have been broadly discussed within the LCA community [34] to deal 

with the identification of the boundary between the two connected life cycles and to solve 

how the benefits and burdens of generating and using recycled material should be shared 

between the two [51]. From a legislative point of view, the question surrounding EoL is 

whether the focus is more on promoting recycling or the use of secondary materials [34]. 

In fact, while the most common EoL approaches promote, respectively, recycling (avoided 

burden approach or 0:100 approach) or the use of secondary materials (cut-off approach 

or 100:0 approach), the CFF method aims at partitioning the burden and benefits through 

A, an economic allocation factor promoting both [51]. In this study, the avoided burden 

approach and the CFF approach were compared. Since, in the cut-off approach, no bur-

dens or benefits are assigned to recycling and incineration with energy recovery, this ap-

proach was excluded from the comparison as it was not suitable for the purpose of this 

study. 

2.3.1. Avoided Burden Method 

In the avoided burden method, the system boundary is expanded to two connected 

product systems. Materials coming from the first life cycle are assumed to be recovered 

and consumed again in the subsequent life cycle. In this study, one of the two EoL scenar-

ios is based on the avoided burden method. According to this, the benefits are assigned to 

each 
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• product/material that produces a share of recycled; 

• product that is reused. 

The environmental impacts of each vehicle are credited, taking into account the re-

cycling rate of each material, as it is assumed that secondary materials, obtained through 

recycling or reuse, will be used in the subsequent life cycle, thereby avoiding additional 

environmental releases from their primary production [47]. Since only virgin materials 

are considered as input, benefits are credited only at the last stage of the life cycle: the EoL 

stage [49]. The LCIs of this EoL scenario are reported in Table S3 for each ELV. Materials 

and components involved in recycling and reuse are listed in the section “Avoided prod-

ucts” in Table S3. 

Regarding incineration with energy recovery, the conversion of nonrecyclable waste 

materials into usable heat and electricity through combustion generates a renewable en-

ergy source and reduces GHG emissions by offsetting the need for energy from fossil fuel 

sources and reduces methane generation in landfills [52]. Since there is a lack of guidelines 

on how to calculate the avoided burdens that result from energy recovery, in this study, 

the calculation proposed in the CFF method was assumed for both of the EoL scenarios. 

2.3.2. CFF Method 

The European product environmental footprint (PEF) method has been developed 

with the aim of increasing comparability and reducing the flexibility of methodological 

choices when the impact categories of different products within the same product cate-

gory are evaluated [42]. Within ISO, no formula or approach is defined to model the EoL 

stage [42], while within the PEF method, the CFF was introduced to standardize and pre-

define the specifications for the modeling of the EoL stage [42]. The current PEF guide [53] 

requires the use of the CFF to deal with multifunctionality in recycling, re-use, and energy 

recovery situations. The formula is a combination of three parts, defined as “material part” 

reported in (1), “energy part” reported in (2), and “other disposal part” reported in (3) 

[53]. The “material part” (1) can be further portioned in equation (1a), (1b), and (1c). The 

“material part” (1) is further divided into three parts: the so-called “CFF material part 

primary” reported in equation (1a) is the share of impact allocated to the primary material 

production, the “CFF material part secondary” reported in equation (1b) is the share of 

impact allocated to the secondary material production, while the “CFF material part recy-

cling” reported in equation (1c) is the share of impact allocated to the recycling process 

minus the benefit for the avoided primary material production. 

(𝟏 − 𝑹𝟏)𝑬𝒗 + 𝑹𝟏 × (𝑨𝑬𝒓𝒆𝒄𝒚𝒄𝒍𝒆𝒅 + (𝟏 − 𝑨)𝑬𝒗 ×
𝑸𝒔𝒊𝒏
𝑸𝒑

) + (𝟏 − 𝑨)𝑹𝟐 × (𝑬𝒓𝒆𝒄𝒚𝒄𝒍𝒊𝒏𝒈𝑬𝒐𝑳 − 𝑬𝒗
∗
𝑸𝒔𝒐𝒖𝒕
𝑸𝒑

) (1) 

(𝟏 − 𝑹𝟏)𝑬𝒗 (1a) 

𝑹𝟏 × (𝑨𝑬𝒓𝒆𝒄𝒚𝒄𝒍𝒆𝒅 + (𝟏 − 𝑨)𝑬𝒗 ×
𝑸𝒔𝒊𝒏
𝑸𝒑

) (1b) 

(𝟏 − 𝑨)𝑹𝟐 × (𝑬𝒓𝒆𝒄𝒚𝒄𝒍𝒊𝒏𝒈𝑬𝒐𝑳 − 𝑬𝒗
∗
𝑸𝒔𝒐𝒖𝒕
𝑸𝒑

) (1c) 

(𝟏 − 𝑩)𝑹𝟑 × (𝑬𝑬𝑹 − 𝑳𝑯𝑽 × 𝑿𝑬𝑹.𝒉𝒆𝒂𝒕 × 𝑬𝑺𝑬,𝒉𝒆𝒂𝒕 − 𝑳𝑯𝑽 × 𝑿𝑬𝑹,𝒆𝒍𝒆𝒄 × 𝑬𝑺𝑬,𝒆𝒍𝒆𝒄) (2) 

(𝟏 − 𝑹𝟐 − 𝑹𝟑) × 𝑬𝑫 (3) 

The A factor shall be in the range 0.2 ≤ A ≤ 0.8, and it allocates the burdens and ben-

efits between the two life cycles, reflecting market realities (0.2 for a low offer of recyclable 
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materials and high demand, and 0.8 for a high offer of recyclable materials and low de-

mand) [53]. It was assumed that the A factor was equal to 0.2 for metals and 0.5 for the 

other materials. 

The B factor is used as an allocation factor for the energy recovery processes but in 

order to avoid double-counting, it is equal to 0 as default [53]. 

The two quality ratios, 𝑄𝑠𝑖𝑛 𝑄𝑝⁄  and 𝑄𝑠𝑜𝑢𝑡 𝑄𝑝⁄ , capture the downcycling of a material 

compared to the original primary material, considering the quality of both the ingoing 

and the outgoing recycled materials [53]. It was assumed that quality factors are equal to 

1 for metals and 0.9 for the other materials. 

𝑅1 is the share of the recycled content in the input at the production stage and it is a 

primary data provided by the manufacturer. 

𝑅2 is the share of product that will be successfully recycled; in fact, it takes into ac-

count the collection and recycling efficiency, while 𝑅3 is the proportion of the material 

used for energy recovery [53]. When available, EUROSTAT data were used for the 𝑅2 

and 𝑅3 factors. In the other cases, Annex C of the PEF guide was used [54]. 

𝑋𝐸𝑅.ℎ𝑒𝑎𝑡 , 𝑋𝐸𝑅,𝑒𝑙𝑒𝑐 are the efficiencies of the energy recovery process for both heat and 

electricity, and they were assumed to be 0.3 and 0.15, respectively. The lower heating val-

ues (LHV) assumed are based on the literature. 

Definitions of the specific emissions and resources consumed, 𝐸𝑖, are reported in Ta-

ble A4. 

To deal with allocation, all the products/materials are considered as closed-loop 

product systems or open-loop product systems, where no changes occur in the inherent 

properties of the recycled material in compliance with [44]. In the specific case in which 

recyclable material substitutes the same virgin material (thus, in cases where the closed-

loop allocation procedure can be applied) [53], 𝐸𝑣 = 𝐸𝑣
∗ and 𝐸𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 = 𝐸𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔𝐸𝑜𝐿. The 

avoided burden scenario and the CFF scenario have, in common, the amounts of material 

recycled, 𝑅2, the amount of material used for energy recovery, 𝑅3, and the specific emis-

sions and resources consumed, 𝐸𝑖. To avoid incorrect comparisons, the same values of the 

quality factors 𝑄𝑠𝑖𝑛 𝑄𝑝⁄  and 𝑄𝑠𝑜𝑢𝑡 𝑄𝑝⁄  have been assumed in the two EoL scenarios. 

3. Results 

3.1. Comparison of the Two EoL Scenarios 

In this section, two EoL scenarios are compared. The two scenarios are based on the 

two distinct allocation methods: CFF and avoided burden; these only apply to the raw 

material acquisition, processing, and EoL stages, while the manufacturing and use stages 

fall outside of their scope. Consequently, this section shows the results of the following 

life cycle stages: raw material acquisition, processing, and EoL. In Figure 4, the GWP im-

pacts for each vehicle configuration are compared under the CFF (green) avoided burden 

(grey) methods. In all vehicle configurations, the GWP impact under the CFF scenario is 

significantly higher than that under the avoided burden scenario. In more detail, the net 

GWP impact of the CFF method is 19% greater for DIE-ICEV, 18% greater for CNG-ICEV, 

and 14% greater for BEV when compared to the avoided burden method. This can be ex-

plained as follows: 

• In the CFF scenario, the benefits of recycling are partitioned between the two 

connected product systems; therefore, the product system under study re-

ceives lower benefits (−16% for DIE-ICEV, −15% for CNG-ICEV, and −18% 

for BEV); 

• In the CFF scenario, the product system under study benefits from the intro-

duction of a certain percentage of recycled content as input at the manufac-

turing stage, while in the avoided burden scenario, only the primary materi-

als are considered as inputs. Consequently, in the CFF scenario, the GWP 



Appl. Sci. 2023, 13, 1494 10 of 22 
 

 

impact of the raw material acquisition and processing stage is reduced by 

around −4% for DIE-ICEV and −3% for CNG-ICEV and BEV. 

 

Figure 4. Comparison of the GWP impacts in the raw material acquisition, processing, and EoL 

stages of the three vehicle configurations adopting the CFF and avoided burden scenarios. 

In Figure 5, for each vehicle configuration, the GWP impact of the EoL stage under 

the avoided burden scenario is compared with the sum of the following parts of the CFF: 

“CFF material part recycling” (1c), “energy part” (2), and “other disposal part” (3). For 

each vehicle, the GWP impact of the EoL stage includes a share of burdens (with a positive 

sign) and a share of benefits (with a negative sign). The burdens are due to the recycling 

processes (red bars) and to other disposal methods, which, in this graph, have been con-

sidered separately to highlight their impacts on the total (e.g., treatment of polymers (yel-

low bars), tires (orange bars), platinum, rhodium, and palladium (purple bars), batteries 

(magenta bars), and the ASR non identified fraction (light blue bars)). The benefits are due 

to the avoided impacts of virgin material production from material recycling (blue bars) 

and reuse (green bars). 
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Figure 5. GWP impact of the EoL stage of the three vehicle configurations adopting the CFF and 

avoided burden scenarios. 

As can be seen in Figure 5, in all the three vehicle configurations and in all the EoL 

scenarios, the benefits due to the avoided virgin production of materials reduce the total 

GWP impact, compensating the burdens. As far as the BEV configuration is concerned, 

the burdens are greater than those of the conventional ones (by a factor of two in the CFF 

scenario and by 66–83% in the avoided burden scenario), mainly due to the impacts re-

lated to the treatment of the Li-ion batteries. 

In addition, significant differences can be found if the EoL scenarios are compared 

within the same configuration. Although the specific emissions, 𝐸𝑖 , and mass of materi-

als in both scenarios are the same, the net GWP impacts (black scatters in Figure 5) of the 

CFF scenario are 33, 29, and 24% higher than those of the avoided burden scenario for 

DIE-ICEV, CNG-ICEV, and BEV, respectively. These significative differences are due to 

the A parameter, which largely influences the results [55]. The A parameter, for which the 

range is between 0.2 and 0.8, aims to allocate the burdens and benefits between the two 

connected product systems; consequently, as also highlighted in [42], the benefits allo-

cated to the product system under study are reduced. According to [42], for CFF, only a 

maximum of 80% of the benefits can be allocated to the product system under study, 

whereas in the avoided burden scenario, the product system receives 100% of the benefits. 

In this study, the CFF scenario reduces the total benefits by 19, 17, and 22% for the DIE-

ICEV, CNG-ICEV, and BEV configurations, respectively. This outcome is in line with [42]. 

The avoided GWP impacts resulting from recycling are illustrated in Figure 6. It can 

be seen that steel recycling (dark blue bars) has a significant impact on conventional vehi-

cles, accounting for approximately 50% of the total benefits for DIE-ICEV and 40% for 

CNG-ICEV. Aluminum recycling (light blue bars) accounts for approximately 15% of the 

total benefits for DIE-ICEV and 20% for CNG-ICEV. The recycling of the polymers ac-

counts for less than 10% for both DIE-ICEV and CNG-ICEV, while the recycling of plati-

num and palladium in the DIE-ICEV configuration (approximately 20% of the total bene-

fits, red bars) and the recycling of platinum and rhodium in the CNG-ICEV configuration 

(approximately 30% of the total benefits, red bars) significantly reduce the impacts. 
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Figure 6. Avoided impacts of the two EoL scenarios studied for the three vehicle configurations. 

The share of benefits due to steel recycling in the BEV configuration is comparable to 

those of the conventional configurations (approximately 40% of the total benefits). A sig-

nificant reduction in the GWP impact is due to the avoided impact on the production of 

virgin materials involving the Li-ion batteries (approximately 30% of the total benefits). 

The avoided impact of primary polymer production accounts for approximately 10% of 

the total BEV benefits, while approximately 8% is the share of benefits due to electronic 

equipment recycling. Less significant are the avoided impacts due to aluminum and cop-

per recycling. 

3.2. Insight into the Avoided Burden Scenario 

Figure 7 shows the environmental impacts of EoL for different environmental impact 

categories other than GWP. The results are reported for each vehicle configuration, and 

the avoided burden scenario is assumed as the EoL scenario. 
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Figure 7. EoL stage environmental impacts under the avoided burden scenario for different impact 

categories: ozone layer depletion; abiotic depletion; photochemical oxidation; acidification; eutroph-

ication; cumulative energy demand. 

Considering the abiotic depletion category for each vehicle configuration, the bene-

fits outweigh the burdens. In conventional vehicles, the main contributor to the share of 

avoided impacts (blue bars) is the avoided production of lead (about 60% of the total share 

of avoided impacts for DIE-ICEV and about 45% for CNG-ICEV). Moreover, the avoided 

impacts related to aluminum production account for about 30% of the total avoided im-

pacts for DIE-ICEV and about 40% for CNG-ICEV. For conventional vehicles, a significant 

share of the avoided impacts is due to reused spare parts (orange bars). Spare parts are 

mainly composed of metal components, for which aluminum and steel production emis-

sions are avoided (as reported in Table S2, it was assumed that the 36% in weight of the 

metal components is reused). 
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For ozone layer depletion and cumulative energy demand, the results are particu-

larly different between the conventional and BEV configurations. When considering 

ozone layer depletion, it can be seen that although conventional vehicles show a benefit 

for the EoL stage, the BEV configuration presents high burdens due to Li-ion battery re-

cycling. This outcome was obtained in [45,56] also, where the life cycle assessment of the 

battery showed that the benefits do not compensate for the recycling burdens for the 

ozone layer depletion category. When considering cumulative energy demand, it can be 

seen that the BEV configuration requires more energy in the EoL stage with respect to 

conventional vehicles due to Li-ion battery recycling. 

On the contrary, the EoL stage of the BEV configuration is characterized by signifi-

cantly greater benefits than the other vehicle configurations for photochemical oxidation, 

acidification, and eutrophication. This is due to the impacts avoided by recycling the Li-

ion batteries and CNG tanks. 

3.3. Comparison of the Cradle-to-Grave LCA of the Three Vehicles under Study 

In Figure 8a, the entire cradle-to-grave GWP impact for each vehicle under study is 

reported in gCO2eq/km. Although the EoL stage (light green bars) reduces the total GWP 

impact, the reduction is not significant. In fact, it accounts for −3.6% for both the DIE-ICEV 

and BEV configurations and −5.3% for the CNG-ICEV configuration. Nevertheless, as is 

shown in Figure 8b, the role of the EoL stage is significant in the following impact catego-

ries: 

• Abiotic depletion accounts for −59%, −78%, and −35% of the DIE-ICEV, CNG-ICEV, 

and BEV configurations, respectively; 

• Human toxicity accounts for −33%, −31%, and −48% of the DIE-ICEV, CNG-ICEV, 

and BEV configurations, respectively; 

• Freshwater aquatic ecotoxicity accounts for −48%, −49%, and −35% of the DIE-ICEV, 

CNG-ICEV, and BEV configurations, respectively; 

• Marine aquatic ecotoxicity accounts for −32%, −30%, and −27% of the DIE-ICEV, 

CNG-ICEV, and BEV configurations, respectively; 

• Photochemical oxidation accounts for −13%, −24%, and −23% of the DIE-ICEV, CNG-

ICEV, and BEV configurations, respectively; 

• Acidification accounts for −24%, −34%, and −18% of the DIE-ICEV, CNG-ICEV, and 

BEV configurations, respectively; 

• Eutrophication accounts for −23%, −28%, and −11% of the DIE-ICEV, CNG-ICEV, and 

BEV configurations, respectively. 
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(a) (b) 

Figure 8. (a) Cradle-to-grave results for global warming for the three vehicles analyzed; (b) Cradle-

to-grave results for the impact categories other than global warming for the three vehicles analyzed. 

4. Discussion 

One of the main outcomes of this study is that, for all the configurations, GWP impact 

under the CFF method is significantly greater than under the avoided burden method. 

This outcome highlighted that a proper allocation method is fundamental in the LCAs of 

vehicles, not only for the practical calculation of the EoL stage environmental impacts but 

also to ensure comparability when different products are compared. In order to accom-

plish this goal, the introduction of widely accepted guidelines that limit flexibility in the 

calculation is necessary. 

In addition, it is important to underline that neither the avoided burden nor the CFF 

methods consider the number of times a material has been recycled. Avoiding the virgin 

production of a material that is recycled once carries the same burden/benefit as avoiding 

the virgin production of a material that is recycled several times [42]. All of the amount of 

aluminum considered in this study was assumed to be recycled. Actually, aluminum is 

composed of wrought alloys and cast alloys. The latter can be successfully remelted and 

recycled, while the former needs the recycling process to change to avoid losses. A similar 

consideration can be made for plastic materials. In the automotive sector, plastic compo-

nents are improbably composed of a monotype plastic material. Noncontaminated mon-

otype plastic materials can be recovered by primary recycling, as reported in the standard 

ISO 15270, while a mix of plastics can be recovered but with a lower quality. Although 

Annex C of the PEF [54] includes the R1, R2, and Qs/Qp factors for different types of plas-

tics, they are mainly suitable for the building, construction, and electronic sectors. The 

automotive sector is not included, and there are no guidelines for the estimation of the 

recyclability and quality rates of plastic materials. 
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5. Conclusions 

The present study evaluates the cradle-to-grave LCA of the following powertrain 

configurations of LDCVs: DIE-ICEV, CNG-ICEV, and BEV. Two EoL scenarios were con-

sidered to differently handle the allocation of burdens and benefits between the connected 

product systems. The two EoL scenarios are based on two distinct allocation methods: 

CFF and avoided burden, and their scope is limited to the following stages: raw material 

acquisition and processing and EoL. 

Considering only the life cycle stages within the scope of the two allocation methods 

and GWP, when compared to the avoided burden method, the net impact of the CFF 

method is 19% greater for DIE-ICEV, 18% greater for CNG-ICEV, and 14% greater for 

BEV. 

Considering only the EoL stage and GWP, even though the burdens for the BEV con-

figuration are greater than those of the conventional ones, in all the vehicle configurations 

and in all the EoL scenarios, the benefits due to the avoided virgin production of the ma-

terials outweigh the GWP burdens. 

Considering only the EoL stage and categories other than GWP, ozone layer deple-

tion and cumulative energy demand showed particularly different results between the 

conventional and BEV configurations. In these two impact categories, the benefits due to 

Li-ion battery recycling do not outweigh the burdens, resulting in an increase in the im-

pacts when the assessment is expanded to the entire vehicle. 

Considering only avoided burden and GWP, steel recycling significantly reduces the 

GWP impact in all the vehicle configurations. Platinum, palladium, and rhodium recy-

cling significantly reduces the GWP impact of the conventional LDCVs, while Li-ion bat-

tery recycling significantly reduces the GWP impact of the electric LDCVs. 

Considering all the life cycle stages (cradle-to-grave) and all the categories, it should 

be highlighted that the role of the EoL stage in reducing GWP impact is not significant. 

On the contrary, when considering the other impact categories, the role of the EoL stage 

is not only relevant but is also fundamental for the success of circular economy strategies. 

In fact, the EoL stage reduces abiotic depletion by −59, −78, and −35% for DIE-ICEV, CNG-

ICEV, and BEV, respectively. 
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Nomenclature 

ASR         

BEV         

BOM             

CNG-ICEV   

CED              

CFF               

DIE-ICEV     

Automotive shredder residue 

Battery electric vehicle  

Bill of materials  

Compressed natural gas internal combustion engine vehicle  

Cumulative energy demand  

Circular footprint formula  

Diesel oil internal combustion engine vehicle  
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ELV              

EoL 

EV               

GHG 

LDCV           

LCA              

LCI    

LHV             

PAH              

PEF               

PEFCR          

TTW             

UFT              

VOC             

WTT             

End-of-life vehicle  

End-of-life  

Electric vehicle 

Greenhouse gas emission 

Light duty commercial vehicle  

Life cycle assessment  

Life cycle inventory  

Lower heating value 

Polycyclic aromatic hydrocarbons  

Product environmental footprint  

Product environmental footprint category rules  

Tank-to-wheel  

Urban freight transport  

Volatile organic compound     

Well-to-tank 

Appendix A 

Appendix A.1. LCA models of the three vehicles 

Appendix A.1.1. Manufacturing stage 

Regarding the manufacturing stage, mining and transforming of raw materials, com-

ponents production, and vehicle assembly were included. In this stage, the consumption 

of electricity and natural gas from the grid and wastes produced by the plant are also 

included and based on primary data of a European Original Equipment Manufacturer 

(OEM). Since the vehicles contain many components, they were grouped by material fam-

ilies. The material composition of each vehicle configuration represents primary data pro-

vided by a European OEM, and it is reported in Table S1. 

Appendix A.1.2. Use stage 

Regarding the use stage, it was assumed that the three configurations are used in the 

specific context of urban logistics. Both the Well-To-Thank (WTT) emissions due to the 

production and distribution of fuels and electricity and the Tank-To-Wheel (TTW) emis-

sions due to the combustion of fuels during the driving mission were considered. TTW 

emissions were calculated using an ad hoc developed vehicle simulation model for the 

vehicles. It belongs to the class of simulation models that are generally referred to as back-

ward powertrain simulation models. Each individual powertrain component was mod-

eled using experimentally derived characteristics supplied by the manufacturer. In par-

ticular, the engine and electrical machines were characterized with fuel consumption 

and/or efficiency maps as appropriate, and the battery was modeled using an equivalent 

circuit model. 

The adopted vehicle models belong to the class of longitudinal backward simulation 

models, which are widely used to predict the emissions and energy consumption of con-

ventional and electrified vehicles [40]. These models assume that a given speed trace is 

followed exactly by the vehicles and thus determine the required operational condition of 

the prime movers and energy sources, such as the engine, the electrical machine, and the 

battery (depending on the vehicle architecture). 

The driving mission (i.e., the speed trace) is discretized into a number of timesteps. 

Then for each timestep, the vehicle model evaluates the required engine speed and torque 

to evaluate fuel consumption or the required EV battery power to update the battery SOC. 

First, the tractive load is set to overcome the sum of the resistant forces and the vehi-

cle’s inertia: 

𝐹𝑡𝑟𝑎𝑐𝑡 = 𝐹𝑟𝑒𝑠 +𝑚𝑣𝑒ℎ  𝑣𝑣𝑒ℎ (A1) 

where 𝑚𝑣𝑒ℎ is the vehicle’s mass, and  𝑣𝑣𝑒ℎ is its speed. 
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The resistant forces are divided into the tire rolling resistance and the aerodynamic 

drag resistance: 

𝐹𝑡𝑟𝑎𝑐𝑡 = 𝑚𝑣𝑒ℎ  𝑐𝑟  𝑔  𝑐𝑜𝑠(𝑠) +
1

2
𝜌𝑎𝑖𝑟  𝑐𝑥  𝐴𝑣𝑒ℎ  𝑣𝑣𝑒ℎ

2  (A2) 

where 𝑐𝑟 is the tyre rolling resistance coefficient,  𝑔  is the gravitational acceleration, 𝑠 is 

the road slope, 𝜌𝑎𝑖𝑟  is the air density in standard conditions, cx the vehicle’s aerody-

namic drag coefficient, and Aveh its frontal area. 

A third term, grade resistance, is not reported here, as it is nonzero only if the road 

slope is, and the vehicle missions used in this study do not consider road gradients. 

The wheel speed and torque are then computed with an ideal model, since all tire 

losses are included by the rolling resistance: 

𝜔𝑤ℎ𝑒𝑒𝑙 =
𝑣𝑣𝑒ℎ
𝑟𝑤ℎ𝑒𝑒𝑙

 (A3) 

𝑇𝑤ℎ𝑒𝑒𝑙 = 𝐹𝑣𝑒ℎ 𝑟𝑤ℎ𝑒𝑒𝑙  +  𝐽𝑤ℎ𝑒𝑒𝑙   𝜔̇𝑤ℎ𝑒𝑒𝑙 (A4) 

where 𝑟𝑤ℎ𝑒𝑒𝑙 is the wheel radius, and 𝐽𝑤ℎ𝑒𝑒𝑙 their inertia. 

The final drive and gearbox are characterized by their respective transmission effi-

ciencies, ηfd and ηgb, speed ratios, τfd and τgb, and inertias, Jfd and Jgb. The gearbox in-

put speed and torque are then: 

𝜔𝑔𝑏 = 𝜔𝑤ℎ𝑒𝑒𝑙𝜏𝑓𝑑𝜏𝑔𝑏 (A5) 

{
  
 

  
 
𝑇𝑔𝑏 =

𝑇𝑤ℎ𝑒𝑒𝑙
𝜏𝑓𝑑𝜂𝑓𝑑

+ 𝐽𝑓𝑑𝜔̇𝑓𝑑 

𝜏𝑔𝑏𝜂𝑔𝑏
+ 𝐽𝑔𝑏𝜔̇𝑔𝑏                     𝑖𝑓  𝑇𝑓𝑑 ≥ 0,

𝑇𝑔𝑏 =

𝑇𝑤ℎ𝑒𝑒𝑙
𝜏𝑓𝑑

 𝜂𝑓𝑑 + 𝐽𝑓𝑑𝜔̇𝑓𝑑 

𝜏𝑔𝑏
 𝜂𝑔𝑏 + 𝐽𝑔𝑏𝜔̇𝑔𝑏      𝑖𝑓  𝑇𝑓𝑑 < 0.

 (A6) 

For the DIE-ICEV and CNG-ICEV architectures, the engine speed and torque are then 

evaluated as 

𝜔𝑒𝑛𝑔 = 𝜔𝑔𝑏, (A7) 

𝑇𝑒𝑛𝑔 = 𝑇𝑔𝑏  +  𝐽𝑒𝑛𝑔   𝜔̇𝑒𝑛𝑔, (A8) 

where Jeng is the engine inertia. 

Finally, fuel consumption is evaluated using a fuel consumption map as a function 

of the engine speed and torque  𝑚̇𝑓 = 𝑚̇𝑓(ωeng, Teng); CO2 emissions can then be esti-

mated assuming complete combustion as in [40] as the mass of the pollutants is lower than 

the products of complete combustion by at least one order of magnitude. Pollutant emis-

sions are evaluated at a later simulation step as emission maps for the simulated engines 

were not available. 

For the electric battery architecture, the e-machine speed and torque are evaluated as 

𝜔𝑒𝑚 = 𝜔𝑔𝑏, (A9) 

𝑇𝑒𝑚 = 𝑇𝑔𝑏  +  𝐽𝑒𝑚   𝜔̇𝑒𝑚, (A10) 

where Jem is the engine inertia. When the e-machine torque is negative, it is assumed that 

only a fraction is absorbed by it for regenerative braking, while the remaining part is ab-

sorbed by the mechanical brakes. For simplicity, an average regenerative braking to total 

braking power fraction of 80% was assumed. 

Then, the electrical power consumption is evaluated using an electro-mechanical 

conversion efficiency map ηem = ηem(ωem, Tem). 
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{
𝑃𝑒𝑚 =

1

𝜂𝑒𝑚
𝜔𝑒𝑚𝑇𝑒𝑚        𝑖𝑓  𝜔𝑒𝑚𝑇𝑒𝑚 ≥ 0,

𝑃𝑒𝑚 = 𝜂𝑒𝑚𝜔𝑒𝑚𝑇𝑒𝑚        𝑖𝑓  𝜔𝑒𝑚𝑇𝑒𝑚 < 0.

 (A11) 

The electrical power used (or provided) by the e-machine is then used to track the bat-

tery’s state-of-charge (SOC) dynamics. The battery current is evaluated based on a simple 

internal resistance model: 

𝑖𝑏 =
𝑣𝑂𝐶 −√𝑣𝑜𝑐

2 − 4𝑅𝑒𝑞𝑃𝑒𝑚

2𝑅𝑒𝑞
 (A12) 

and then used to update the SOC as 

𝑆𝑂𝐶̇ = 𝜂𝑐
𝑖𝑏
𝐶𝑏

 (A13) 

Here, vOC = vOC(SOC) and Req = Req(SOC) are the battery open-circuit voltage and 

equivalent resistance, ηc is the coulombic efficiency, and Cb the nominal battery capac-

ity. 

After the vehicle’s behavior is simulated for the whole driving mission, two distinct 

additional steps are introduced for the conventional and BEV vehicles. 

For the conventional vehicles, pollutants emissions are evaluated based on the en-

gines’ WHTC certification-specific emissions. The specific emissions are multiplied by the 

energy provided by the engine throughout the whole mission to obtain the total emissions 

for a mission. 

For the BEV, the battery’s full recharge is simulated assuming that the vehicle is 

charged through its 22 kW on-board charger, and the energy absorbed from the grid is 

evaluated as: 

Eb,recharge = ∫ηcharger Pcharger dt = ηcharger Pcharger Δtrecharge, (A14) 

where Pcharger is the on-board charger’s constant input power (i.e., 22 kW) and ηcharger 

its efficiency. The time required for a full recharge is evaluated as 

𝛥𝑡𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒 = ∫  
𝐶𝑏
𝜂𝑐 𝑖𝑏

𝑑𝑆𝑂𝐶
1

𝑆𝑂𝐶𝑓

. 

 

(A15) 

The vehicles’ operation was simulated over a WLTC cycle. In order to ensure that all 

vehicles could perform the same driving mission, the WLTC cycle downscaling procedure 

defined in the relevant EU regulation [40] has been applied to the BEV (which has the 

lowest power-to-weight ratio of the three configurations). The mission thus obtained was 

then used for all configurations. The main results of the analysis of the use phase are the 

distance-specific energy consumption (Table A1), CO2 emissions (Table A2), and pollu-

tants emissions (Table A3). 

Table A1. Distance-specific energy consumption. 

EC, Wh/km BEV CNG-ICEV DIE-ICEV 

wltc3b, load 0% 433.2 1245.9 1073.2 

wltc3b, load 50% 446.3 1310.5 1145.3 

Average 439.8 1278.2 1109.3 
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Table A2. Distance-specific TTW CO2 emissions. 

CO2 ttw, g/km BEV CNG-ICEV DIE-ICEV 

wltc3b, load 0% 0.0 225.3 267.6 

wltc3b, load 50% 0.0 237.0 285.6 

Average 0.0 231.2 276.6 

Table A3. Distance-specific TTW pollutant emissions. 

Pollutants, mg/km CO NOx PM HC CH4 NMVOC 

CNG-ICEV 184 45.3 0.113 0 84.4 1.02 

DIE-ICEV 22 150 1.86 37.2 0 0 

Appendix A.1.3. EoL stage 

Table A4. Definitions of specific emissions and resources consumed 𝐸𝑖. 

𝑬𝒓𝒆𝒄𝒚𝒄𝒍𝒆𝒅 Arising from the recycling pro-

cess of the recycled (reused) 

material. 

𝑬𝒗
∗  Arising from the acquisition 

and preprocessing of virgin 

material assumed to be substi-

tuted by recyclable materials. 

𝑬𝒓𝒆𝒄𝒚𝒄𝒍𝒊𝒏𝒈𝑬𝒐𝑳 Arising from the recycling pro-

cess at EoL. 

𝑬𝑬𝑹 Arising from the energy recov-

ery process. 

𝑬𝒗 Arising from the acquisition 

and pre-processing of virgin 

material. 

𝑬𝑺𝑬,𝒉𝒆𝒂𝒕 Arising from the energy recov-

ery process. 

   𝑬𝑺𝑬,𝒆𝒍𝒆𝒄 Emissions that would have 

arisen from the specific substi-

tuted energy source (heat and 

electricity, respectively). 
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