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Abstract 

Decisions made at the design stage have a far-reaching effect on the product’s entire life cycle. The present paper proposes a 
method, from which a tool is further developed, to support designers of industrial electric vehicles in making informed decisions. 
The eco-design method and tool can be applied to the design of different electric vehicles such as autonomous guided vehicles and 
shuttles, which are widely used for improving logistics in Industry 4.0 contexts. The goal is to make the designer more aware of 
the consumption of material resources and able to configure a use phase more efficiently in energy resource consumption. Unlike 
existing literature, this method contemplates all the product lifecycle stages and provides qualitative results. The method is intended 
for the design of electric vehicles and evaluation of choices from the environmental point of view; nevertheless, it can be further 
adapted for other products and economic evaluations. 
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1. Introduction 

The issues relating to environmental pollution, climate change, and natural resource scarcity underline the need for 
a drastic change of direction at both social and industrial levels, to preserve natural ecosystems and human existence. 
Nevertheless, this must cope with the constant technological development that is pervading private and industrial 
contexts. With the fourth industrial revolution, multiple tools have popped up in shopfloors, i.e. cobots, (collaboration 
robots), Automatic Guided Vehicles (AGVs), and highly automated lines.  
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Their contribution to process optimization is not under discussion, however, these solutions need electricity to run 
and may require critical materials for their construction. It is, therefore, necessary to review the design and production 
of these products, focusing on sustainable development. Early design decisions can have a very significant impact on 
sustainability. These not only relate to material and manufacturing choices but have a far-reaching effect on the 
product’s entire life cycle [1], including End of Life (EoL), logistics, and maintenance. Environmental impacts of a 
product's life cycle should be considered in the evaluation of the concept feasibility together with other traditional 
design criteria (e.g., operational performance and costs). This requires the design team to be able to evaluate the 
environmental performance of many alternative concepts early in the design process [2]. To support designers in 
making informed decisions several tools have been developed; among the most used, is the Life Cycle Assessment 
(LCA) methodology. The present paper focuses on a method to support the design of Electric Vehicles (EV), which 
represent a product category significantly affected by the environmental issue. The EV emissions are not eliminated 
but are allocated upstream of the fuel cycle and downstream on materials, production, and EoL processes [3]. Several 
environmental sustainability analyses focus only on the use phase or battery life, excluding materials, maintenance, 
and EoL phases [4]; [5]. In addition, there are also comparative analyses between traditional and electric cars[6]. Moro 
et Helmers proposed a hybrid method that keeps the main hypotheses of the Well-to Wheel (WTW) methodology but 
integrates them with LCA data restricted to the Global Warming Potential (GWP) occurring during the manufacturing 
of the battery pack. The life cycle suggested in the work possesses narrower boundaries compared to usual LCA 
studies of electric cars. Also, it is restricted to carbon footprint quantification. The authors are aware that the 
quantification of other impact categories can lead to adverse results [7]. Nordelof et al. review 79 works with the 
purpose to investigate the usefulness of different types of LCA studies of EVs to provide robust and relevant 
stakeholder information. They distinguish WTW studies, complete LCAs, and battery LCAs; they also classified the 
main research field and what the different groups of studies cover in terms of vehicle technology and impact 
assessment. They outlined a strong focus on light passenger vehicles and greenhouse gas emissions [8]. In addition to 
that, any purpose for supporting the design phase has not been highlighted. It is thus clear that there is a lack of 
methodologies whose purpose is to provide information and sustainability hints in the design phase; moreover, 
literature should widen the range of analyzed products, because electrification is a topic that is pervading many sectors 
and products not only with passenger vehicles. Urges also the need for research that includes all stages of the life cycle 
and is simultaneously suitable for the early stage of design.  To be suitable for the first stage of design, a tool must be 
able to handle very little data and nevertheless return consistent results. Raugei et al. [4] propose a complete and fully 
consistent LCA-based comparison of a range of light weighting options for compact passenger vehicles. Through their 
flow diagram of the main steps in the manufacturing of a complete Li-ion battery pack Raugei et al. [5] only focus on 
the battery lifecycle for electric vehicles. On the other side, Petrauskiene et al. [6] rely on the data of common products 
already released on the market to collect data for their inventory. Similarly, Marmiroli et al. [8] compare the impact 
of electric, compressed natural gas and diesel light-duty vehicles knowing the main features of the products. It is clear 
how studies related to the evaluation of the environmental impact of electric vehicle and their comparison with a 
traditional combustion engine are available, but the methods proposed are not intended for the early design stages 
when little data are available. In this way, it is not possible to support designers in decision making and goodness 
evaluation of their choices when it is still possible to make changes, nor the designers can obtain a complete overview 
of the environmental impacts throughout the lifecycle, under different circumstances, also comparing them to 
traditional vehicles. The literature needs a streamlined environmental evaluation tool for the early stages of the design 
process. In this context, the goal of the paper is to provide a simplified and flexible predictive method for 
environmental analysis that considers every phase of the whole life cycle and supports the designers in quantitatively 
evaluating the consequences of their choices. Thus, the method aims to provide support to the designer in the early 
design phase, estimating the environmental burden of an EV. The proposed approach overcomes the existing literature 
filling two main gaps: i) the need for tools able to handle few data and thus be suitable for the very early stage of 
design and ii) the chance is given to designers the possibility to assess and compare alternatives head in time in the 
product lifecycle. In addition to that, firstly, all lifecycle phases are accounted and secondly, the derived tool is meant 
to be adapted to a wide range of electric vehicles, that encompasses also vehicles employed in industrial contexts.  The 
tool allows for to implement of a personalized driving cycle of the vehicle in terms of speed, distance and slope 
required, as well as to define different scenarios related to the workload; in this way, it will be possible to configure 
the best strategy in detail the Use Phase of the vehicle to make it more efficient in the consumption of energy resources. 
The paper is structured as follows: Section 2 describes the proposed method, Section 3 introduces the tool developed 
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from the method for the design of EVs and critically discusses it; Section 4 shows the result of the first implementation 
of the tool, and the conclusion briefly summarizes the work. 

2. Materials and Methods 

Being conscious of the current literature gaps, a simplified and flexible method intended to make the designers aware 
of the most impactful lifecycle phases of an EV has been developed. The method is general and therefore can be used 
for a wide range of EVs, i.e.  AGV, cars, minibus, bus, etc. It is intended to support the designer who is not provided 
with much product lifecycle information to obtain an overall picture of how environmental impacts are spread 
throughout the lifecycle; this will be helpful to provide feedback on the made choices. For higher usability in the first 
stages of design, when few data characterize the product, the method expects standard values to be used, although the 
grade of detail decreases.  The method is for different types of EVs, industrial vehicles among them. The proposed 
method ( Fig. 1) is based on the development of a simplified and modular structure where, for each life cycle phase, 
the main product parameters are included.  
 

 

Fig. 1. Life cycle phases and parameters considered by the method 

For the Material Phase, the required parameters are the itemization of materials and components employed and their 
masses. For the Use Phase, the parameters required arise from the formulation at the base of the calculation of energy 
consumption, the fade model of a lithium-ion cell's capacity, and the modelling of the specific electricity grid mix. 
For estimating energy consumption, three approaches can be found in the literature: values declared by manufacturers, 
detailed technical models, and empirical values [7]. The willingness to consider and compare different use scenarios 
led to the choice of technical models in this study. Empirical values are not available in the first stage of design. 

2.1. Material Phase Model 

The method focuses on EVs whose structure can be divided into two macro groups [3]: 
• Electronic Assembly (EA): all components related to the electronics of the vehicle, namely battery pack, 

electric motor and electronic components; 
• Frame Assembly (FA): all the materials the vehicle is made of, excluding those of the EA. 

The approach followed for the modeling of the EA consists in describing its modules and components; also with the 
support of the most well-known commercial databases [8]. The FA contains the set of all parts and materials that have 
not been defined in EA [3]; not only the structural part of the vehicle but also all the components that belong to the 
dynamics, aerodynamics, bodywork, and interior of the vehicle are indicated. 

2.2. Use Phase Model 

The use phase model concerns the impact due to the use of the vehicle. Its two main contributions are the emissions 
related to energy consumption and particulate emissions. The first is proportional to the average consumption of the 
vehicle [kWh/km], the distance traveled during its lifetime [km], and the reference country electricity grid mix where 
the vehicle is recharged. The first is calculated through the application of a kinematic model [8] - [13] of the vehicle 
to a specific driving cycle. A driving cycle prescribes a speed versus time profile [14]. It expresses the speed required 
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for the vehicle during its use on a chosen route, with a time resolution of one second. The driving cycles recommended 
in this study are part of the Worldwide harmonized Light vehicles Test Procedure (WLTP) [15]. The overall distance 
traveled may require the battery to be substituted once or more in a lifetime. It is estimated that a battery pack is 
replaced when it reaches 80% of the initial nominal energy [16]. The battery pack life prediction model is based on 
empirical formulas deriving from the observation of the results of a lithium-ion cell capacity fade analysis, as 
suggested by Wang et al. [17]. The calculation of the precautionary life of the battery pack considers the most stressful 
driving cycle and maximum transport load.  The particulate emissions refer to the consumption of wheels, brakes, and 
the road; their environmental impact is significant; thus, they must not be neglected. The parameters required for this 
calculation are mass and distance traveled by the vehicle. 

2.3. Maintenance Model 

The maintenance phase examines the replacement of the battery pack for EVs. Its environmental burden consists of 
the emissions due to standard control operations during the life and the possible replacement of the battery pack. The 
prediction of the number of replaced battery packs expects the distance that can be traveled by the battery pack before 
being replaced to be evaluated. The new battery is only produced for replacing the old one; thus, the material and EoL 
phases of the new battery are attributed to the maintenance phase. In this way, it will be possible to compare the impact 
of the maintenance phase when the replacement takes place and does not. In the maintenance phase related to the 
vehicle, the impacts related to the maintenance workers of the cooling system and wheel change are also considered. 

2.4. End of Life Model 

EoL phase modeling consists of defining which, how much and how materials and components are managed and/or 
disposed of.  Despite a possible use for a second life, the total environmental impact of the replaced battery pack is 
allocated to its first life, as suggested by Faria et al. [18]. The considered parameters concern the mass percentages of 
the components and materials sent to a specific treatment.  The percentages of materials/components that remain or 
that do not undergo any treatment are sent to landfills. 

2.5. Environmental impacts calculation 

The classification of the life cycle stages is the basis of the data acquisition; thanks to this, it is then possible to 
calculate the environmental impacts. Multiple methods are available, nevertheless, as suggested by Schau et al. [22], 
it is advisable to rely on recommended and satisfactory characterization models and associated characterization 
factors. Consequently, the categorization factors selected in this study belong to the two highest levels of 
recommendation. Five impact categories were selected to analyze the impact of the EVs on the environment, human 
health, and consumption of natural resources; in particular, the categories are: Climate change [kg CO2 eq], Human 
toxicity [kg 1,4-DB eq], Ionizing radiation [kBq U235 eq], Metal depletion [kg Fe eq] and Fossil depletion [kg oil 
eq].  The focus is on these five categories to carry out an accurate analysis, which considered different aspects of 
environmental impact but is still simple and immediate to be used in the early design phase. These categories of impact 
have been considered the most relevant, as suggested by Petrauskienė et al. [6]. Climate change is the most common 
environmental indicator used for EVs environmental impact due to its simplicity and overall impact comprehension 
[19]; Human toxicity and Ionizing radiation make it possible to consider the impact on human health; in Ionizing 
radiation, consistent considerations on the electricity grid mix are involved; Metal and Fossil depletion allow 
considerations on resources consumption; in recent years, Metal depletion is acquiring an increasingly important role; 
the second is important in the comparison with Internal Combustion Engine Vehicle (ICEV). 

3. Tool 

The proposed method has been applied and then a tool has been developed. This is useful to increase the designers’ 
awareness concerning both the environmental impact of EVs and the consequences of their choices. The tool can be 
employed very early in the design stage, also when few data characterize the product; in fact, standard values are 
proposed by default and may be used in the calculation when any more specific information is not available. The tool 
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vehicle [kWh/km], the distance traveled during its lifetime [km], and the reference country electricity grid mix where 
the vehicle is recharged. The first is calculated through the application of a kinematic model [8] - [13] of the vehicle 
to a specific driving cycle. A driving cycle prescribes a speed versus time profile [14]. It expresses the speed required 
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for the vehicle during its use on a chosen route, with a time resolution of one second. The driving cycles recommended 
in this study are part of the Worldwide harmonized Light vehicles Test Procedure (WLTP) [15]. The overall distance 
traveled may require the battery to be substituted once or more in a lifetime. It is estimated that a battery pack is 
replaced when it reaches 80% of the initial nominal energy [16]. The battery pack life prediction model is based on 
empirical formulas deriving from the observation of the results of a lithium-ion cell capacity fade analysis, as 
suggested by Wang et al. [17]. The calculation of the precautionary life of the battery pack considers the most stressful 
driving cycle and maximum transport load.  The particulate emissions refer to the consumption of wheels, brakes, and 
the road; their environmental impact is significant; thus, they must not be neglected. The parameters required for this 
calculation are mass and distance traveled by the vehicle. 

2.3. Maintenance Model 

The maintenance phase examines the replacement of the battery pack for EVs. Its environmental burden consists of 
the emissions due to standard control operations during the life and the possible replacement of the battery pack. The 
prediction of the number of replaced battery packs expects the distance that can be traveled by the battery pack before 
being replaced to be evaluated. The new battery is only produced for replacing the old one; thus, the material and EoL 
phases of the new battery are attributed to the maintenance phase. In this way, it will be possible to compare the impact 
of the maintenance phase when the replacement takes place and does not. In the maintenance phase related to the 
vehicle, the impacts related to the maintenance workers of the cooling system and wheel change are also considered. 

2.4. End of Life Model 

EoL phase modeling consists of defining which, how much and how materials and components are managed and/or 
disposed of.  Despite a possible use for a second life, the total environmental impact of the replaced battery pack is 
allocated to its first life, as suggested by Faria et al. [18]. The considered parameters concern the mass percentages of 
the components and materials sent to a specific treatment.  The percentages of materials/components that remain or 
that do not undergo any treatment are sent to landfills. 

2.5. Environmental impacts calculation 

The classification of the life cycle stages is the basis of the data acquisition; thanks to this, it is then possible to 
calculate the environmental impacts. Multiple methods are available, nevertheless, as suggested by Schau et al. [22], 
it is advisable to rely on recommended and satisfactory characterization models and associated characterization 
factors. Consequently, the categorization factors selected in this study belong to the two highest levels of 
recommendation. Five impact categories were selected to analyze the impact of the EVs on the environment, human 
health, and consumption of natural resources; in particular, the categories are: Climate change [kg CO2 eq], Human 
toxicity [kg 1,4-DB eq], Ionizing radiation [kBq U235 eq], Metal depletion [kg Fe eq] and Fossil depletion [kg oil 
eq].  The focus is on these five categories to carry out an accurate analysis, which considered different aspects of 
environmental impact but is still simple and immediate to be used in the early design phase. These categories of impact 
have been considered the most relevant, as suggested by Petrauskienė et al. [6]. Climate change is the most common 
environmental indicator used for EVs environmental impact due to its simplicity and overall impact comprehension 
[19]; Human toxicity and Ionizing radiation make it possible to consider the impact on human health; in Ionizing 
radiation, consistent considerations on the electricity grid mix are involved; Metal and Fossil depletion allow 
considerations on resources consumption; in recent years, Metal depletion is acquiring an increasingly important role; 
the second is important in the comparison with Internal Combustion Engine Vehicle (ICEV). 

3. Tool 

The proposed method has been applied and then a tool has been developed. This is useful to increase the designers’ 
awareness concerning both the environmental impact of EVs and the consequences of their choices. The tool can be 
employed very early in the design stage, also when few data characterize the product; in fact, standard values are 
proposed by default and may be used in the calculation when any more specific information is not available. The tool 
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is meant to be used in the design process of electric vehicles, in industrial scenarios of companies smaller in 
dimensions, than the multinational car manufacturer. For example, the first implementation regarded an enterprise 
that produces industrial, military, and electric vehicles for public purposes whose design phase is still simple and the 
market still not as wide as the multinational corporations’ market. Further implementation of the tool is expected to 
be in the case of an AGV, provided with a robotic arm. Here again, the main strength of the tool will be exploited: in 
the design process, the tool will have the role to introduce the concept of sustainability and provide a provisional 
quantitative comparison between different use and manufacturing scenarios. Although advisable, the tool is not linked 
yet to any 3D model software; thus it proposes itself as an additional tool for designers. However, its simplicity in use 
and clarity in function allows the designer to employ it very in advance of the 3D modeling phase, in the conceptual 
phase. Not all data are provided with suggestions; in addition to that, some suggestions partially adjust to the case; for 
example, the type of vehicle selected suggested changes up to the grade of the amplitude of the overall distance 
traveled by the vehicle in a lifetime; the number of cells of the battery, that is often unknown information because the 
battery is a commercial product and not produced by the EV manufacturer, is suggested according to the nominal cell 
voltage, the capacity cell voltage,  the nominal battery capacity and nominal battery voltage. The driving cycle is also 
suggested according to the motor peak power and vehicle mass. The user can choose multiple driving cycles, however, 
the suggested one should be included among those. The tool, developed in Excel, is composed of multiple sheets, few 
must be edited by the user. The first is a general guide to the tool; the input sheet follows and information about the 
vehicle must be inserted; a third sheet shows all the results. The results can be edited depending on the choices related 
to the load and the driving cycle. Most of the sheets contain support material that the user can view, but not necessarily 
edit, because they are automated; these are dedicated to the evaluation of energy consumption with customized 
transport load and guide cycle, estimation of battery duration, and environmental impacts evaluation.  

3.1. Tool structure 

Three are the key elements of the tool structure, shown in Fig. 2: 
• Database (DB), which is composed of Vehicle DB and Environment DB. The first contains the driving cycles 

and the fade model of a lithium-ion cell's capacity; these, together with the data inserted by the user, are used 
in the data processing. The second contains the unitary impacts for the product lifecycle phases and enables 
the environmental analysis; 

• Admin interface, responsible for the data processing and the environmental analysis; 
• User interface, that concerns both the input data entering and the output configuration; the user can choose 

which driving cycle and load to show.  
Fig. 2 depicts examples of the abovementioned interfaces, about driving cycles and analysis output; moreover, it 
contains input and analysis data tables in a summarized version, only for demonstration purposes. Fig. 3 summarizes 
the three main steps (Input, Analysis, and Output) of the tool, described in detail in the next paragraphs. 

3.2. Input 

In the first step, the user is required to insert all the information needed for the analysis, of each lifecycle phase, as 
suggested in Section 2. Each of these categories provides data for the analysis phase.  

Not all data coming from the designer can be used directly for the calculation of impacts, but some of these must 
first be processed. For this reason, the authors distinguished the data provided by the designer (Data Collection) from 
those computed by the tool (Data Processing). If some data are not available to the designer, the tool will recommend 
input values based on the information that is added progressively. The product function collects general information 
about the function of the vehicle, i.e. type of vehicle and its use, i.e. days of service per week, years of service provided, 
the total distance traveled required during the years of service, the maximum speed required and the number of seats. 
In the product structure, the materials and components of the vehicle are defined. As suggested by the method, the 
material phase is divided into EA and FA.  
For the EA the main components are identified by specifying some of their characteristics: 

• Battery pack (mass, number of batteries inside, battery efficiency, capacity, and nominal voltage): 
• Cells (number, capacity and nominal voltage of the cell, number of cycles per replacement); 
• Houses (type of material and its masses); 

6 Author name / Procedia Computer Science 00 (2022) 000–000 

 

• Battery Management System (BMS) (mass); 
• Other internal components (mass). 

• Electric motor (number of motors, mass, efficiency, peak power); 
• Electronic components (list of the other most important components, indicating the mass and relative 

efficiency, e.g., converter, weight, and efficiency). 
For the FA, the main materials are identified and their percentage by mass of the total is reported.  
The use phase collects data necessary to estimate the energy consumption and the reference electricity grid mix. The 
first requires the average consumption of the vehicle; this parameter is calculated by the tool through the definition of 
the driving cycle (customized or standard), Cx (coefficient of aerodynamic drag), the front area of the vehicle; 
transmission efficiency; percentage of recoverable energy during braking/deceleration, function attributed to the use 
of KERS (Kinetic Energy Recovery System), Charging power. 
 

 

Fig. 2. Tool structure 

In this way it was possible to assess:   
• Average vehicle consumption [kWh/km]: it is calculated through the kinematic model to which the driving 

cycle is applied; 
• Consumption of a traditional vehicle: a vehicle with the same characteristics but with the propulsion of a 

diesel engine. 
The Maintenance phase core aspect concerns the replacement of the battery pack. The battery pack information 
previously defined is used to identify: 

• Total distance traveled without replacing the battery pack, but respecting lifetime required; 
• Prediction of battery pack lifetime: the prediction is based on the fade model of a lithium-ion cell's capacity 

and average vehicle consumption; 
• Number of battery packs to be replaced for a total distance required. 

EoL requires the definition of both the desired EoL treatment and the percentage of material sent to each treatment. 
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must be edited by the user. The first is a general guide to the tool; the input sheet follows and information about the 
vehicle must be inserted; a third sheet shows all the results. The results can be edited depending on the choices related 
to the load and the driving cycle. Most of the sheets contain support material that the user can view, but not necessarily 
edit, because they are automated; these are dedicated to the evaluation of energy consumption with customized 
transport load and guide cycle, estimation of battery duration, and environmental impacts evaluation.  

3.1. Tool structure 

Three are the key elements of the tool structure, shown in Fig. 2: 
• Database (DB), which is composed of Vehicle DB and Environment DB. The first contains the driving cycles 

and the fade model of a lithium-ion cell's capacity; these, together with the data inserted by the user, are used 
in the data processing. The second contains the unitary impacts for the product lifecycle phases and enables 
the environmental analysis; 

• Admin interface, responsible for the data processing and the environmental analysis; 
• User interface, that concerns both the input data entering and the output configuration; the user can choose 

which driving cycle and load to show.  
Fig. 2 depicts examples of the abovementioned interfaces, about driving cycles and analysis output; moreover, it 
contains input and analysis data tables in a summarized version, only for demonstration purposes. Fig. 3 summarizes 
the three main steps (Input, Analysis, and Output) of the tool, described in detail in the next paragraphs. 

3.2. Input 

In the first step, the user is required to insert all the information needed for the analysis, of each lifecycle phase, as 
suggested in Section 2. Each of these categories provides data for the analysis phase.  

Not all data coming from the designer can be used directly for the calculation of impacts, but some of these must 
first be processed. For this reason, the authors distinguished the data provided by the designer (Data Collection) from 
those computed by the tool (Data Processing). If some data are not available to the designer, the tool will recommend 
input values based on the information that is added progressively. The product function collects general information 
about the function of the vehicle, i.e. type of vehicle and its use, i.e. days of service per week, years of service provided, 
the total distance traveled required during the years of service, the maximum speed required and the number of seats. 
In the product structure, the materials and components of the vehicle are defined. As suggested by the method, the 
material phase is divided into EA and FA.  
For the EA the main components are identified by specifying some of their characteristics: 

• Battery pack (mass, number of batteries inside, battery efficiency, capacity, and nominal voltage): 
• Cells (number, capacity and nominal voltage of the cell, number of cycles per replacement); 
• Houses (type of material and its masses); 
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• Battery Management System (BMS) (mass); 
• Other internal components (mass). 

• Electric motor (number of motors, mass, efficiency, peak power); 
• Electronic components (list of the other most important components, indicating the mass and relative 

efficiency, e.g., converter, weight, and efficiency). 
For the FA, the main materials are identified and their percentage by mass of the total is reported.  
The use phase collects data necessary to estimate the energy consumption and the reference electricity grid mix. The 
first requires the average consumption of the vehicle; this parameter is calculated by the tool through the definition of 
the driving cycle (customized or standard), Cx (coefficient of aerodynamic drag), the front area of the vehicle; 
transmission efficiency; percentage of recoverable energy during braking/deceleration, function attributed to the use 
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In this way it was possible to assess:   
• Average vehicle consumption [kWh/km]: it is calculated through the kinematic model to which the driving 

cycle is applied; 
• Consumption of a traditional vehicle: a vehicle with the same characteristics but with the propulsion of a 

diesel engine. 
The Maintenance phase core aspect concerns the replacement of the battery pack. The battery pack information 
previously defined is used to identify: 

• Total distance traveled without replacing the battery pack, but respecting lifetime required; 
• Prediction of battery pack lifetime: the prediction is based on the fade model of a lithium-ion cell's capacity 

and average vehicle consumption; 
• Number of battery packs to be replaced for a total distance required. 

EoL requires the definition of both the desired EoL treatment and the percentage of material sent to each treatment. 
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3.3. Analysis 

This phase consists in calculating the environmental impacts based on the data inserted and previously processed. 
The impacts for the EV and the comparison scenarios are calculated according to the unitary impacts derived by the 
EcoInvent 3 database and calculated in SimaPro 8.0 with the Recipe midpoint (H) method. Concerning the Material 
phase, the EA components data were derived by the available information in the DB, following the method, while the 
FA components are differently modeled: materials are classified, no matter what function they fulfill, similarly it 
happens for potential manufacturing processes considered.  The chosen impact categories are in accordance with those 
suggested by the method: Climate change [kg CO2 eq], Human toxicity [kg 1,4-DB eq], Ionizing radiation [kBq U235 
eq], Metal depletion [kg Fe eq] and Fossil depletion [kg oil eq].  
 

 

Fig. 3. Predictive eco-design tool workflow 

3.4. Output 

The main output of the tool is the total environmental impact of the EV expressed for the abovementioned indicators 
and the impact for each phase of the product life cycle. In addition, environmental impact comparison about: i) EV 
and ICEV, specifically a Diesel engine; ii) EV recharged with electricity from different grid mixes, i.e. Italian, 
European, customized (presence of private energy production systems, such as photovoltaic panels, wind turbines, 
etc); iii) Transport loads of the same EV (0%, 25%, 50%, 75%, 100%); iv) Driving cycles for the same EV; v) 
Distances traveled by the same EV. 

4. Results 

The developed tool has been applied during the design phase of an electric shuttle. The vehicle can carry a maximum 
load of 1920 kg and it has an unladen mass of 5000 kg including both the electronic assembly and the chassis assembly, 
so first the mass relative to the components of the electronic assembly was calculated; the rest of the unladen mass of 
the vehicle was used for the calculation of the material masses of the chassis assembly through the relevant 
percentages. There is no personalized driving cycle available. To conduct a broad analysis, three World-wide 
harmonized Light-duty Test Cycle (WLTC) guide cycles were chosen: WLTC class 1, WLTC class 2 v1.4 and WLTC 
class 2 [17]. The vehicle will be used for shifts of 8 hours a day for 5 days a week for 8 years of life, during which 
there is no provision for the replacement of the battery that will end its life together with the vehicle. It is estimated 
that the vehicle will be used 250 days a year. The battery pack is lithium-ion and it has been assumed that the 
replacement will take place when it reaches 80% of its capacity, or at 1500 cycles. The fade model from Wang [19] 
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is chosen. The tool can optimize the curves of the fade model to comply with the design data of the battery pack, 
which expresses the capacity of the battery pack as a function of the number of cycles. This function, hidden from the 
user, allows calculating the maximum distance that the vehicle can travel before replacing the battery pack and 
therefore the battery packs necessary during its useful life. 

A precautionary approach that considers the highest average consumption (WLTC Class 2) and the highest load 
percentage (100%) allows identifying the average distance traveled per day, which is 35 km per day or 70000 km 
traveled in 8 years. For the end-of-life phase, 85% of metals and 50% of plastics are sent to recycling; specific end-
of-life treatments have been chosen for the components of the electronic assembly; everything that is not treated is 
sent to landfill. Fig. 4 compares the results obtained for the five impact categories for the three chosen driving cycles, 
with a 100% load, with an Italian electricity grid mix and 70000 km traveled distance.   
 

 

Fig. 4. Electric vehicle impact assessment 

Fig. 5. (a) shows in detail for each impact category, which assembly (frame or electronic) has the greatest impact. Fig. 
5. (b) compares the use phase impact for three different electricity grid mix scenarios. In addition to the results in 
percentage, it is possible to obtain punctual results. 
 

       

Fig. 5. (a) Material Phase impact assessment; (b) Electricity grid mix impact assessment   

5. Discussion 

The contribution made by the systematic integration of environmental considerations throughout the design life 
cycle can be very relevant in the initial design phase and have consequences for the subsequent lifecycle phases. For 
this reason, the present paper proposes a method and applies it in developing a tool to support designers in highlighting 
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3.3. Analysis 

This phase consists in calculating the environmental impacts based on the data inserted and previously processed. 
The impacts for the EV and the comparison scenarios are calculated according to the unitary impacts derived by the 
EcoInvent 3 database and calculated in SimaPro 8.0 with the Recipe midpoint (H) method. Concerning the Material 
phase, the EA components data were derived by the available information in the DB, following the method, while the 
FA components are differently modeled: materials are classified, no matter what function they fulfill, similarly it 
happens for potential manufacturing processes considered.  The chosen impact categories are in accordance with those 
suggested by the method: Climate change [kg CO2 eq], Human toxicity [kg 1,4-DB eq], Ionizing radiation [kBq U235 
eq], Metal depletion [kg Fe eq] and Fossil depletion [kg oil eq].  
 

 

Fig. 3. Predictive eco-design tool workflow 
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The main output of the tool is the total environmental impact of the EV expressed for the abovementioned indicators 
and the impact for each phase of the product life cycle. In addition, environmental impact comparison about: i) EV 
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is chosen. The tool can optimize the curves of the fade model to comply with the design data of the battery pack, 
which expresses the capacity of the battery pack as a function of the number of cycles. This function, hidden from the 
user, allows calculating the maximum distance that the vehicle can travel before replacing the battery pack and 
therefore the battery packs necessary during its useful life. 

A precautionary approach that considers the highest average consumption (WLTC Class 2) and the highest load 
percentage (100%) allows identifying the average distance traveled per day, which is 35 km per day or 70000 km 
traveled in 8 years. For the end-of-life phase, 85% of metals and 50% of plastics are sent to recycling; specific end-
of-life treatments have been chosen for the components of the electronic assembly; everything that is not treated is 
sent to landfill. Fig. 4 compares the results obtained for the five impact categories for the three chosen driving cycles, 
with a 100% load, with an Italian electricity grid mix and 70000 km traveled distance.   
 

 

Fig. 4. Electric vehicle impact assessment 

Fig. 5. (a) shows in detail for each impact category, which assembly (frame or electronic) has the greatest impact. Fig. 
5. (b) compares the use phase impact for three different electricity grid mix scenarios. In addition to the results in 
percentage, it is possible to obtain punctual results. 
 

       

Fig. 5. (a) Material Phase impact assessment; (b) Electricity grid mix impact assessment   
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the consequences of their choices (from the environmental point of view), already when little data are available. It has 
initially conceived for the design of industrial electric vehicles; however, the approach can be applied to the good of 
different natures. Five are the main strong point of the proposed tool: 
• It allows the user to insert customized data (i.e. energy grid mix or driving cycle that carefully described the 

traveled paths). Compared to traditional tools, it is easier to use because it is customized to require only the data 
necessary for the analysis of industrial electric vehicles, to quickly obtain feedback on environmental impact 
performance; 

• It successfully addresses and overcomes the problem of scarcity of information; in fact, to carry out a simplified 
environmental assessment it is provided also with standard data that can be used when any specific information 
is not available yet for the current case; the user should give priority to the specific data of the use case when 
available. This turns out to be very advantageous for SMEs, especially for components purchased externally and 
of which often the information about processes and materials is inaccurate or absent;  

• The tool provides a simplified, preventive environmental assessment that nevertheless considers all the product 
lifecycle stages; 

• The outputs of the tool are navigable results; this enables the comparison with different scenarios; 
• The tool allows the designers to make changes and optimize critical aspects of the life cycle when it is still possible 

and not much expensive. 
The proposed tool only considers lithium-ion batteries. This aspect can certainly be improved by expanding the 

types (such as LiFePO4 [19] or LiCoO2 [23]) of batteries treated, also adding the respective capacity fade models. 
The results obtained from the tool are an approximated evaluation, not comparable in level of detail and data quality 

with a full LCA, carried out when the product is produced; nevertheless, the tool is the first step towards the 
achievement of low environmental impacts for the analyzed product and can be used when LCA is unfeasible, due to 
the lack of product/process data and information. However, it has a high potential in moving up to the design phase 
of the environmental performance evaluation. Moreover, it is feasible for all those circumstances where products are 
customized, following specific requirements, like those that arise when electric vehicles for industrial contexts are 
designed. With the advent of Industry 4.0 enterprises are providing their shopfloors with a multitude of electric 
vehicles intended for the transportation of goods within the company boundaries.  

The proposed method and tool can be extended to the economic sphere to obtain a comprehensive picture of the 
lifecycle, maintaining the same structure. Much of the information required for an economic analysis of the vehicle 
has already been calculated. Future works may also compare the environmental impacts forecast by the tool with 
results coming from a full LCA of a certain product. This allows for validating the tool and suggesting further changes 
for improving it. 

6. Conclusion 

The fast technological development that multiple countries are facing, must cope with the effects of this bloom on 
the ecosystems. Thus, the need for enabling product environmental sustainability from the very early stage of design 
led to the development of a methodology for a simplified environmental assessment. The authors overcome the current 
state of the art because they provided a tool that: i) provides quantitative feedback, ii) extends the WTW analysis to 
an LCA, iii) is meant to be used in the design stage and thus introduce matters related to sustainability in the first 
stages of the product lifecycle., iv) results are given for multiple indicators to provide a wide and complete overview. 
The method has been implemented in a tool that aims to influence the designer in the various decision-making aspects 
by calculating environmental impacts and comparing different scenarios of an EV lifecycle. Results show how future 
developments consist of making a complete LCA of the vehicle at the end of the design. The impacts of the complete 
LCA will then be compared with that of the tool, estimating the errors committed also based on the difference between 
the starting data with the actual ones at the end of the design. This will allow to make considerations related to the 
uncertainty of the result obtained by the tool with the real one and identify those parameters that need more attention 
at an early stage to obtain more accurate results. 
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The fast technological development that multiple countries are facing, must cope with the effects of this bloom on 
the ecosystems. Thus, the need for enabling product environmental sustainability from the very early stage of design 
led to the development of a methodology for a simplified environmental assessment. The authors overcome the current 
state of the art because they provided a tool that: i) provides quantitative feedback, ii) extends the WTW analysis to 
an LCA, iii) is meant to be used in the design stage and thus introduce matters related to sustainability in the first 
stages of the product lifecycle., iv) results are given for multiple indicators to provide a wide and complete overview. 
The method has been implemented in a tool that aims to influence the designer in the various decision-making aspects 
by calculating environmental impacts and comparing different scenarios of an EV lifecycle. Results show how future 
developments consist of making a complete LCA of the vehicle at the end of the design. The impacts of the complete 
LCA will then be compared with that of the tool, estimating the errors committed also based on the difference between 
the starting data with the actual ones at the end of the design. This will allow to make considerations related to the 
uncertainty of the result obtained by the tool with the real one and identify those parameters that need more attention 
at an early stage to obtain more accurate results. 
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