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Abstract

To achieve climate neutrality ambitions, greenhouse gas emissions from the transport
sector need to be reduced by at least 90% by 2050. To support industry and policy
makers on mitigating actions on climate goals it is important to holistically compare
and reduce life cycle environmental impacts of road passenger vehicles. A web-based

sustainability assessment tool named battery electric vehicle sustainability impact

tom.ligthart@tno.nl . . . .
assessment model, BEVSIM, is developed to assess the environmental, circularity, and

Editor Managing Review: Lynette Cheah economic performance of the materials, sub-systems, parts, and individual compo-

o . nents of battery electric vehicles and internal combustion engine vehicles. This tool
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allows to measure and compare impacts resulting from recycling technologies, end-
of-life scenarios, and future scenarios resulting from changes in grid mixes. This paper
explains the purpose of the tool, its functionality and design as well as the underlying

assumptions.
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1 | INTRODUCTION

Transportation is a major contributor to several environmental issues, including air pollution and climate change. The International Energy Agency
reported that 15% of the total greenhouse gas (GHG) emissions in Europe resulted from use of passenger cars, compared to 4% from aviation
(IEA, 2019). The EU has set ambitious long-term goals to tackling GHG emissions by the transport sector. GHG emissions from the sector will need
to be reduced by 90% by 2050 to reach climate neutrality (European Parliament & Council, 2022). It is of utmost importance to have a better
understanding of the environmental impacts of road vehicles over their entire life cycle to support the industry and policy makers on mitigating
actions for the automotive sector. Several studies have addressed the environmental impacts of automotive passenger transport using different
system boundaries, life cycle inventories (LCls), use phase methodology, level of detail in data collection, and modeling assumptions (Pero et al.,
2018). Some research strived to have an overview of different parameters which affect the life cycle assessment (LCA) by designing tools such as
GREET (Dai et al., 2015), VehiReLCA (Tu & Hertwich, 2021), “The European Aluminum/IAl Life Cycle Model for Cars” (Bertram & Bayliss, 2015),
and UCSB Automotive Energy and Greenhouse Gas Model (Bulzer, 2018). Although these tools benefit from a large database and are designed by
experts in different fields, they lack up-to-date LCls, and they are not user-friendly for business managers, sustainability managers, and non-LCA
experts. Further, these tools do not include life cycle cost (LCC) and material circularity assessments, thereby limiting their use to only life cycle
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FIGURE 1 Schematic representation of battery electric vehicle sustainability impact assessment model capabilities.

environmental impacts. While GREET provides the user with a better overview on the sub-system/part level compared to the UCSB tool, both use
an approach which involves materials and processes on an aggregated level. For instance, the process efficiencies are fixed and independent on the
sub-system/part. Therefore, results are also on an aggregated level and do not provide insights on the individual sub-system/part level. In terms
of life cycle stages, although GREET and UCSB tools focus on the use phase methodology, that is, driving cycles, they exclude vehicle maintenance
and apply weak modeling for the end-of-life (EoL) stage. The waste treatment of materials, in these tools, also excludes the reuse fractions of the
parts and the EoL scenarios are limited to disposal and mechanical recycling. Finally, the recycled content and a consistent allocation approach for
materials going for recycling are missing in all these tools. To address these issues, we designed and developed a simplified tool named the battery
electric vehicle sustainability impact assessment model (BEVSIM) for the automotive sector. The tool addresses several limitations of the existing

application-specific tools and facilitates sustainability assessments for the automotive sector.

2 | THE BATTERY ELECTRIC VEHICLE SUSTAINABILITY IMPACT ASSESSMENT MODEL

BEVSIM is a sector and application-specific web-based tool developed as a part of the European project, Advanced Light Materials and Processes
for the Eco-Design of Electric Vehicles (ALMA). BEVSIM contains LCA models for materials production, processing, the use phase, EolL fate, and
recycling processes. The LCA tool is customizable to the level of the sustainability study, it can model a full car, a sub-system, that is, body, chassis,
powertrain, interior, electrical, closure, or exterior or a part, BEVSIM offers integrated assessments by measuring environmental life cycle impacts,
life cycle costing, and circularity assessments. The comparison is facilitated between battery electric vehicles (BEV) and internal combustion engine
vehicle (ICE) passenger cars within the segment C and D categories, according to the definition by Oostvogels (2017). BEVSIM can in principle also
be used for the full range of segments, from A to SUVs. The BEVSIM tool is designed for early screening of design alternatives in the research and
development phase and for full LCA, LCC, and circularity assessment of acommercial product (Figure 1). The tool is designed for the following target
value chain players and user groups: automotive manufacturers (OEMs), Tier 1-2 suppliers, materials manufacturers (Tier 3), service companies,
research institutes and universities, automotive engineers, product developers, product designers, sustainability, and LCA experts.

The main benefits of the BEVSIM tool are significant savings in effort and time for performing LCA studies, consistency across LCA, LCC, and
circularity assessment studies, lower total cost of ownership compared to full suite LCA software that requires LCA experts. BEVSIM can perform
the following types of impact assessments: life cycle hotspot analysis, environmental impact assessment, circularity assessment using the material
circularity indicator (MCI) and LCC analysis of the Ellen MacArthur foundation.

The BEVSIM tool allows to measure and compare impacts resulting from: design alternatives such as light weight designs, material choice, sub-
system choice, process types and changes or choice, change in product lifetime, and change in recycled content of plastics. It also allows to compare
impacts resulting from change in the allocation method for plastics going into recycling stream (cut-off, avoided product, 50:50 approach), recy-
cling technologies for plastics and composites (mechanical, pyrolysis, and solvolysis), and EoL scenarios. As choice of grid mix is expected to have a
major impact on BEV life cycle impacts, grey and green electricity grid mixes for 15 relevant countries are included together with future electricity

scenarios for EU. Most up-to-date LCls gathered from industry and literature for specific materials and processes.
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3 | METHODS
3.1 | Functional unit

BEVSIM takes a consistent functional unit approach that allows comparison of the user design with reference design based on comparative func-
tionality performance. The functionality comparison or equivalence principle is a key attribute when performing a life cycle assessment study. The
functional unit is use of a segment C or D passenger car (BEV or ICE), its sub-system, or a part for its service life. For consistent comparison across
the LCA studies, BEVSIM considers a default functional unit for comparison of the passenger cars. The functional unit can be changed in BEVSIM
based on the vehicle or part lifetime. The default functional unit for comparison is defined as 245,000 km of vehicle, segment C or D car, driven
in Western Europe with an average vehicle lifetime of 15 years. If the part or sub-system has a different individual lifetime, part-specific lifetime
is selected to match the functionality equivalence, for example, car tires have approximately 40,000 km lifetime (Zhu et al., 2021) and must be
replaced four to five times during the vehicle life.

The bill of materials and processing of the designs could be changed depending on the selected design. For consistent comparison of unique
designs, it is assumed that the same number of sub-systems is compared in both user and reference design. It is also assumed that safety require-
ments and specifications of the studied design are the same and do not change. The user needs to ensure that the functionality equivalence is indeed

valid and supported by design data, technical datasheets, or industrial test data.

3.2 | Impact assessment methods

In BEVSIM, three environmental impact assessment methods are used, namely ReCiPe 2016 Midpoint (H), Cumulative Energy Demand V1.11,
and IPCC 2013 GWP 100a version 1.03. Climate change is the most understood impact category and the characterization factors come from the
inter-governmental panel on climate change (IPCC).

For certain materials, specific EoL allocation methodologies are applied based on guidelines, or recommendations from industry associations.
For BEVSIM, wherever required, we have aligned with respective industry guidelines and best practices. For plastics, the choice of cut-off, avoided
product, and 50:50 approach exist in the tool. For plastics in BEVSIM we use the default and recommended allocation method, a form of system

expansion—avoided product—including recyclate quality consideration.

3.3 | Life cycle inventories

BEVSIM includes 294 environmental profiles (result of each impact category for a certain process or material per respective unit, e.g., 3.19 kg
CO,/kg ABS) on material, processes, assembly, use phase, and EoL treatment. Most of the life cycle environmental impacts profiles are taken from
Ecoinvent 3.6, a well-known global LCA database. For the raw materials phase, Industry 2.0 LCI database is used for plastics, while for steel and
aluminum, World Steel (World Steel, 2021) and European Aluminum Association (EAA, 2018) are used, respectively. Material processing phase
includes environmental profiles of typical processes for processing of raw materials such as plastics, steel, aluminum, and glass into finished parts.
Paint processing and manufactured part processing are also included in the processing phase. The data on the processing of SMCs and steel is
provided by Ford and BATZ. The data for recycling technologies such as mechanical recycling (Volk et al., 2021), solvolysis (La Rosa et al., 2018), and
pyrolysis (Fivga & Dimitriou, 2018) were collected from literature. The rest of the LCl was collected from literature (see Supporting Information).
The use of different inventories for different materials was chosen to use the most recent and relevant data. However, to a certain extent this may
lead to differences in the way secondary materials are being treated in the inventories and in differences in cut-off rules. We assume that these
differences have a limited impact on the results and should be seen as part of the uncertainty in the LCI data, because of this small uncertainty,
<20%, differences in vehicle alternatives should be seen as less significant. All the emission factors per 1 kg (unless stated otherwise) are estimated
in SimaPro and are used as datasets in BEVSIM. The emission factors are then multiplied by the amount/kg based on the user input.

BEVSIM considers a set of raw materials including commodity plastics (e.g., polyolefins) as well as engineering plastics (e.g., SAN, polycarbonate,
and so on), different steel grades (e.g., hot dipped galvanized, HDG), and aluminum (e.g., extruded aluminum, automotive grade) products, and a
large list of manufactured parts. This includes but is not limited to brake rotor, brake pad, exterior lightening, cables, fluids, lead-acid battery, nickel-
manganese cobalt and lithium ion manganese oxide (NMC/LMO) battery, NMC111 battery, inverter, traction motor, tire, fuel tank (steel), and fuel
tank (plastic). The references for the material LCl can be found in the Supporting Information. The user can choose a specific material depending on
the applicability to a certain part. Moreover, for plastics, it is possible to choose a certain recycled content.

To model the processing of material until the gate stage, BEVSIM includes the life cycle profile for plastic processing (e.g., injection molding,),
steel processing (cold stamping, hot stamping), aluminum processing (stamping), and the production of the manufactured parts (see Supporting

Information).
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For the assembly operations, the energy consumption is estimated based on the literature (Giampieri et al., 2020). The corresponding contribu-

tion per sub-system is based on the weight percentage of the sub-system in the overall design. The total energy required for assembly operations
consists of 36% painting and 74% for the rest of the processes. The HVAC, lighting, and heating during the assembly phase are also included based on
the literature (Sato & Nakata, 2020) and their contribution is also allocated proportionally to the weight fraction of the studied part (see Supporting
Information).

The LCC has two perspectives, the first is that of the consumer and includes the costs for buying the vehicle acquisition, its use and maintenance
plus EoL costs; the second perspective is that of the producer and includes design and manufacturing (materials, processes, and assembly) costs,
distribution costs, and costs during the use of the vehicle such as take back costs. Data for the consumer perspective were among others based for
purchase/registration tax and road tolls and vignettes on Schroten et al. (2019) and for insurance, repair, and maintenance and ownership tax on
Peplow, & Eardley (2021). For the electric vehicle, the price of electricity was based on that for medium size households in 19 European countries
for 2020 weighted by the population size (Eurostat, 2021). Fuel prices for the consumer were taken from the weekly Oil Bulletin (European Com-
mission, 2021) and also weighted for population size of the member states. Data for the producer’s perspective are for other than the material costs
very scarce and even for the material costs few producer-specific cost data, for example, Khoonsari (2009), were available. Websites with material
prices were used for more general prices, that is, LME (2021) and Plastiker (2015). Material and process costs in BEVSIM are therefore only a first

indication, users can edit the prices in BEVSIM, for details see cost tables in the Supplementary Materials, to make these specific for their own case.

3.4 | Use phase methodology

The use phase of the ICEs and BEVs in BVSIM are modeled based on the existing literature, following the MILE21 project conducted by TNO
(de Ruiter et al., 2019). Both the real-world fuel consumption and the real-world electricity consumption of data for 900,000 vehicles were col-
lected from the Dutch fuel card and charge pass provider Travelcard Nederland BV. In this subset there are 226,000 petrol vehicles, 273,000 diesel
vehicles, 26,000 petrol hybrid vehicles, 7000 petrol plug-in hybrid vehicles, 2000 diesel plug-in hybrid vehicles, and 3100 full electric vehicles.

341 | ICE

The use phase energy consumption for the ICE vehicle is modeled using multiple linear regression. The factors are combined to give the preliminary
CO, prediction.

0.75 x (aW + b (t))

(23.7 x 100) (1)

For petrol — based ICE vehicles, the fuel consumption in kg petrol per km drivenis equal to =
where, a is the mass factor (0.0812 1/km), b(r) (53.8 g CO,/km) is the build year contribution (which depends on the year the vehicle is built), W is
the vehicle mass, and 0.75 is the density of petrol (kg/L) (Speight, 2011).

0.85 x (aW + b (t))

(26.5 x 100) @

For diesel — based ICE vehicles, the fuel consumption in kg diesel per km equals to =
where, a =0.1194 1/km), b(z) (20.9 g/km) (Speight, 2011).
The 2370 and 2650 g CO,/L are the conversion (emission) factors for petrol and diesel, respectively (de Ruiter et al., 2019). Thus, the result
shows the fuel or electricity consumption per km drive.
The above use phase exhaust emissions correlations were derived from segment C and D cars sold and operated in Europe. The exhaust emissions
for European geography, during the use phase are based on Ecoinvent for a small size EURO 5 passenger car (emissions, petrol, EURO 5 {RER}|
transport, passenger car, small size, petrol, EURO 5 | APOS, U).

342 | BEV

For BEV, the electricity consumption (low voltage) including charging losses in kWh per km driven is calculated as:

aW + b (CdA) + cPC +d
100

Electricity consumption (kwh/km) =
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TABLE 1 BEV electricity consumption factors used (de Ruiter et al., 2019)

Factor Value Unit

a 0.0118 kWh/kg km
b 8.27 kWh/km m?
c —-0.0982 1/km

d -0.44 kWh/km

TABLE 2 Maintenance of the parts needed during the use phase of the battery electric vehicles and internal combustion engine vehicles.
Numbers represent the number of necessary replacements during one life cycle

Maintenance item Replacements per life cycle (BEV) Replacements per life cycle (ICE) Comment

Paint 1 1

Battery 1 -

Battery (acid) 3 3

Tires 6 6

Bumpers 1 1 Due to accident

Lights (headlight/taillight bulb) 1 1 Due to accident

Air conditioner refrigerant 2 2

Coolant/antifreeze 4 4

Windshield wiper fluid 37 37

Brake pads 4 4

Brake rotors 2 2

Brake fluid 7 7

Glass 1 1 Due to accident

Panels 1 1 Due to accident

Motor oil - 8

Power steering fluid — 6

Material Amount per lifetime Unit Comment

Wax 0.30 kg This assumes 10 g per
application and twice a year

Water 12,300 kg Around 12.3 m® water is

needed per life cycle

where, Wis vehicle mass (kg), CdA is aerodynamic drag area (m?2) = 0.52, cPC is net (usable) power capacity of the battery (kWh) = 47.5, the factors
a, b, and c can be found in Table 1.

These energy consumption formulas were also used in the LCC to calculate the energy costs during use of a vehicle.

In the BEVSIM tool, appropriate electricity grid models can be chosen as per the BEV use phase country and grid mix (see Supporting
Information). The tool also allows scenario analysis using in-built future electricity grid mix datasets for different geographies.

Both BEV and ICE also emit certain non-CO, substances during the use phase. The non-exhaust emissions are modeled based on the literature
(Thompson et al., 2004) and includes the tire wear, brake wear, clutch wear, road surface wear, and corrosion of chassis. The abrasion and corrosion
of tires, brakes, clutch, road, and chassis can lead to the deposition of particles on the road surface.

3.5 | Maintenance
Finally, the maintenance of the car and its parts are required in both BEV and ICE cars which can be seen in Table 2. Among those, lights, bumpers,

glass, and panels are changed due to accidents. The probability of accidents per car per year is estimated based on the total accidents in Germany in

2020 divided by the number of cars in Germany on the same year (Statista, 2020), fluids (coolant/antifreeze, air conditioner refrigerant, windshield
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FIGURE 2 Product system of end-of-life vehicle treatment, based on Soo et al. (2017).

wiper fluid, brake fluid) also need regular change, whereas each car needs wax and water for polishing and washing on a regular basis (Table 2).
Replacement value 1 means one new part or material and one replacement during the use phase.

3.6 | End-of-life

The EoL treatment of the vehicles follows the process described in Figure 2. First, the fluids and batteries are dismantled (depollution). After depol-
lution, the reusable parts are stored for resale (see Supporting Information for the reuse fractions). The disassembled vehicle is then shredded for
recovery of metals, after which the residues are sorted to recover heavy metals and plastics. The residue that cannot be sorted further is sent to a
waste-to-energy plant.

For the batteries two scenarios are considered, (1) a mixture of NMC/LMO battery with stockpiling as the EoL fate and (2) NMC111 battery with
EoL treatment including hydro-/pyrometallurgy and recovery of heavy metals.

After the separation, the separated materials are recycled accordingly. In BEVSIM customizable scenarios are included, whereby plastics and
SMCs can be recovered mechanically and thermochemically (pyrolysis and gasification). Additionally, SMCs have the option of solvolysis. These
alternative recycling methods are envisioned to be more dominant in the future. The EoL treatment of six typical steel products (wires, plates, engi-
neering steel, HDG steel, finished cold rolled coil [FCRC], and pickled hot rolled coil [PHRC]) was modeled based on the data received from World
Steel (2021). The world steel data shows the net credit for recycling, which includes the environmental burdens in addition to the credits associated
with the recycling of post-consumer steel products. Each recycling method involves a set of assumptions which helps simplify the modeling. These

assumptions can be found in the Supporting Information.

4 | BEVSIM WORKFLOW

Figure 3 explains the workflow of conducting a LCA, LCC, and circularity assessment in the BEVSIM tool. In Step 1, the BEVSIM user needs to select
a user design for a new car, sub-system, or a part. The user can select his or her design either from the BEVSIM database or create a new car or part
design from entirely scratch. In Step 2, the user can edit the design called “User Design” by modifying materials and processes per part, sub-system
or at car level. In Step 3, the user is expected to select one or more reference designs from the database. The reference design can also be modified
by selecting and editing it as a user design in Steps 1 and 2 and later re-selecting it as reference design. In Step 4, the user is expected to select a
relevant use phase methodology, including geographical location for the user design and reference design(s). In Step 5, the user needs to select EoL
scenarios for different materials of the car and parts under investigation. In Step 6, the user can compare the bill of materials of the design with
reference design(s). Step 6 gives valuable information to the user to check if the created designs are correct and comparable before proceeding
forward for sustainability assessments. Finally, in Step 7, the user can evaluate sustainability impacts, that is, LCA, LCC, and circularity performance
of the user design using different impact assessment methods. A comparison is possible with reference design(s).

Figure 4 shows a selected screenshot of the user interface of BEVSIM tool for reader’s familiarity with the tool. The user can simultaneously
compare the modified and the original design and upgrade the design via changing the mass, processes, recycled content, allocation approach, and
the process efficiency. Examples of the sample results are provided in the Supporting Information to show the versatility of the impact assessment.
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FIGURE 3 The workflow of conducting a life cycle assessment, life cycle cost analysis, and circularity assessment in the battery electric vehicle
sustainability impact assessment model tool.
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FIGURE 4 Overview of battery electric vehicle sustainability impact assessment model tool; edit options for a specific sub-system/part by
modifying the material, process, mass, recycled content, allocation approach, processing efficiency, and multiple processing steps. In the same
screen on the right side, the original design is shown for comparison.

5 | ALPHA AND BETA TESTS

The BEVSIM tool has been tested at two levels: (1) alpha tests conducted internally by TNO experts, and (2) beta tests conducted by ALMA partners
who were not part of the BEVSIM tool development. In December 2021, TNO released the first version of the BEVSIM tool for beta testing. To verify

the BEVSIM tool, the results for alpha test 1 were compared with commercial LCA software (SimaPro V 9.2.0.1) as well as by manual calculations
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using Excel. The percentage difference between BEVSIM and SimaPro results is less than 0.06% for individual life cycle phases which proves the

accuracy and completeness of the BEVSIM simulation calculations. Furthermore, the BEVSIM tool is also tested on two other impact assessment
methods, ReCiPe midpoint (H), and cumulative energy dema (CED). The comparison of the BEVSIM results with SimaPro results for the ReCiPe and
CED impact assessments can be found in the Supporting Information. All impact categories matched with high accuracy except a few with less than
0.05% error, which may come from rounding errors. Alpha test 1 LCA study showed that assembly operation is a contributor to the overall life cycle
impacts and many times is excluded in LCA analysis due to lack of data and sufficient information. Further, LCC analysis in the alpha test 1 showed
that two perspectives are required to help different stakeholders evaluate LCCs for the BEV and ICE vehicle or parts. A general lack of automotive
cost data for the producer’s perspective limits the quality of this type of LCC, however companies can edit the data and make it suited to their own
cases.

The alpha test 2 was done for a sub-system/part of a petrol car (segments C and D) manufactured in Europe and used in France for a total of
200,000 km over a lifetime of 14 years. The EoL scenarios for plastic waste treatment consist of 60% incineration, 20% pyrolysis, and 20% mechani-
cal recycling. The alpha test 2 was performed by a TNO LCA expert not involved in the ALMA project. The TNO LCA expert, internal reviewer, judged
the performance of the BEVSIM tool with respect to SimaPro results as satisfactory. After the test was carried out the missing elements and issues
in the calculations were identified and resolved (Supporting Information S4).

The alpha test 2 results showed that the BEVSIM results and the comparison to commercial LCA software (SimaPro V 9.2.0.1) and other impact
assessment methods showed different accuracies. For example, IPCC results were comparable between the tools with a difference <0.2%, whereas
ReCiPe results are comparable between the tools, with <0.1% difference.

Beta tests 1 and 2 were conducted by BATZ and CTAG to check the user-friendliness, the methodology, and simulation workflow of the tool. The
beta testers provided several improvement suggestions which were addressed in the released version of the BEVSIM tool. Overall, the beta testers
showed satisfaction on the technical aspects, data, and quality of the BEVSIM application. However, further investigation is necessary to extend the
SMC processing steps as well as geographical scope. The latter shows its impact especially for the use phase of the BEV.

The alpha and beta testing provides quality assurance and ensures that LCA, LCC, and circular economy methodologies, datasets, and
assumptions have been implemented correctly in the BEVSIM tool. The alpha and beta tests also checked the user-friendliness of the tool.

However, there are limitations to the applicability of BEVSIM which requires further improvements. First, BEVSIM does not use driving cycles
and rather has a fixed fuel/electricity usage depending on the weight of the vehicle. This is not realistic as the energy consumption during the use
phase depends on the acceleration/brake, wind speed, slope, etc. Second, BEVSIM does not provide the user with the option of different batteries
such as LFP batteries which are growing in the market or different recycling options thereof. The non-exhaust emissions carry some degrees of
uncertainty. To the best of our knowledge, accurate and comprehensive studies are missing in this area, which capture all the emissions in the use
phase. These issues need to be considered during the use of the tool and will be studied in the future in more detail. Finally, the future research
involves two use cases of BEV and ICE vehicles to compare the full cars from cradle-to-grave using different impact assessment methods (ReCiPe
midpoint H, IPCC 100, and CED) as well as MCl and LCC.

6 | DISCUSSION

Inthis paper, we described the BEVSIM tool, a web-based sustainability assessment tool for embedding sustainability assessments in the technology
development and product design cycle. BEVSIM can be used by value chain players such as automotive manufacturers, material suppliers, service
companies, research institutes, and universities. BEVSIM is designed for simplifying sustainability assessments and related decision making for
automotive engineers, product developers, product designers, sustainability, and LCA experts. BEVSIM follows a cradle-to-grave approach which is
like comparable tools (e.g., carculator, GREET, UCSB, VehiReLCA, and the European Aluminum/IAl Life Cycle Model). However, these tools differ in
their level of detail, LCI, data quality, flexibility, and robustness of assumptions. Table 3 lists the major differences and focus of each tool. In terms
of design alternatives, BEVSIM provides simultaneous assessment (MCI, LCA, and LCC) of a considerable number of designs with a user-friendly
platform made in the Shiny application. Each automotive design can be compared to a reference design, and can be copied and modified. This can
also be done by the UCSB model which is limited in number of designs. The focus of IAl and GREET tools is on the light weight and thus the full life
cycle cannot be truly compared.

BEVSIM allows selection of the level of detail the user wants to perform the sustainability assessment for the automotive value chain. For
instance, the user can choose a full car, a sub-system, or a part. This functionality is absent in other tools. Although GREET has introduced the
sub-systems and parts in the tool, the user does not have full access on the part or sub-system level during the life cycle impact assessment (LCIA).

BEVSIM also provides the choice of material processing datasets by which the user can select up to three subsequent processes for part produc-
tion with default or customized efficiencies for individual processes. Although the USCB tool provides this option, the addition of multiple processes
is not straightforward.

The use of recycled content is particularly important for material suppliers and vehicle manufacturers to support their circularity ambitions.

BEVSIM allows the users to evaluate the sustainability impact of varying recycled content on their design alternatives. The tool also lets the user

35U801 SUOWILLIOD BAI81D 3[edt ke aU) A PauIRAoB @12 3P O 88N JO S9INJ 10y Aeic]1 ] SUIIUO AB]IM O (SUONIPUOD-PUR-SULBYLIOD" 3| 1M AReAci1 o juo//Sdi) SUORIPUOD PUe S L 24} 38S [£202/.0/G2] U ARIqi12U1IUO A8IM ‘SPLELEYIN SURILO0D) AQ STYET 921 /TTTT OT/I0p/W0d" A8 |Im AZIq jou1 U0/ LLOI ppeojumod ‘0 ‘06Z608ST



A
/) JOURNAL OF

iINpUsTRIALEcoLocy VA LEYJ_9

MEHTAET AL.

TABLE 3 Comparison of different tools for the circularity (life cycle assessment, life cycle cost analysis) assessment of road transport vehicles

# Functionality Classification GREET UCSB  VehiReLCA 1Al Carculator BEVSIM

1 Design alternatives Tool feature X2 v X X2 v v

2 Material, sub-system choice Tool feature Xe X X X X v

3 Flexibility to use user defined process Tool feature v v X X X 4
efficiencies for material processing

4 Change in vehicle lifetime Methodology v v v v v v

Change in recycled content of plastics and v v X v X v

steel

6 Change in the allocation method for plastics Methodology X v X X X v
(cut-off, avoided, 50:50 approach)

7 EoL scenarios (mechanical, pyrolysis and Methodology X X X X X v
solvolysis)

8 Number of electricity datasets Tool feature 50 7 N/A 590 Infinite 32

9 Future electricity grids (2030 and 2050) Tool feature X X X X X v

10 Most up-to-date life cycle inventories Methodology X X X X v v
gathered from industry and literature

11 Vehicle types Tool feature 5 5 3 5 4 3

12 Types of Assessments: LCA, LCC, material Methodology LCA LCA LCA LCA LCA LCA, LCC,MCI
circularity indicator

13 Number of environmental impact categories Methodology 1 2 1 1 16 20
for LCA

14 Use phase driving cycle Methodology v v X 4 4 X

2Limited to light weighting.
bIn principle it is an infinite number as the user can also modify the grid mix.
“The tool is made using the sub-systems but the result is not shown independently.

choose the EolL allocation method for plastics recycling. This function is absent in all compared tools except the UCSB tool. For the metals, such as
steel and aluminum, respective industry best practices are used for the EoL allocation.

EoL scenarios, including mechanical recycling, solvolysis and pyrolysis of plastics, and SMCs are extremely useful functionality for the contem-
porary progresses in plastics waste treatment. BEVSIM uses this versatile function to help the user in the selection of the best waste treatment
options. Carculator among other tools, has the advantage of more up-to-date data inventory, is web based, and provides design alternatives and
different driving cycles. Despite the level of sophistication this tool does not focus on recycling scenario or recycling content of the materials in the
vehicle. Moreover, MCl and LCC are not the focus of the tool.

The LCC using the consumer perspective can be used by car designers to estimate whether the higher acquisition costs for a BEV compared to
an ICE are balanced by lower use costs for the consumer. Energy costs and transport taxes tend to be lower for BEVs compared to ICEs in Europe.
Other tax benefits currently also occur.

One of the key interests of vehicle manufacturers is the type of electricity used by the BEVs. Depending on the location of the vehicle use phase,
the environmental impact of the vehicle can significantly change. BEVSIM is the only tool which uses predictive electricity grids in addition to 32
existing grids for BEV. Although the present scope of BEVSIM only includes BEV and ICE, its next version will include option to conduct sustainability
assessments for plug-in hybrid electric vehicle (PHEV) and hybrid electric vehicle (HEV). This can simply involve the driving cycles present in the
literature for more accurate estimation of the use phase emissions.

We demonstrated BEVSIM’s capabilities in a real-world project, generating insights and feedback to the ALMA partners, including designers,
on the environmental hotspots of the ALMA value chain. Furthermore, we generated detailed insights about the existing state of the recycling
infrastructure and environmental performance for the car as a whole and individual materials. During the development cycle and alpha and beta
testing phases, TNO shared information and ideas on improvement opportunities for increasing the circularity of the ALMA value chain for SMC
and plastics materials. In 2022, TNO launched the BEVSIM tool for ALMA partners and for public.

7 | CONCLUSIONS

A web-based sustainability assessment tool named BEVSIM has been conceptualized and developed. The unique design of this tool empowers the
LCA experts, non-experts, in academia and industry for consistent and holistic sustainability assessment of their design ideas, product designs, and

products throughout their life cycle including EoL management and recycling. In this paper, BEVSIM was compared to other road transport impact
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assessment tools (GREET, UCSB, VehiReLCA, and IAl) via 13 separate functionality parameters. BEVSIM scored equivalent or higher than the other

four studied tools except for the number of electricity datasets, number of vehicle types, and use phase driving cycle parameters. Furthermore, com-
pared to excel-based LCA tools, BEVSIM allows standardized version control and dataset updates. The web-based platform approach of BEVSIM
allows use of common database and data sharing across individual users while still allowing for restrictions for access of specific database, projects
in case confidentiality is required. These features are generally available in full suite LCA software and not in light application-specific tool, a major
advantage for BEVSIM. We performed two alpha and two beta tests on BEVSIM for quality assurance and stakeholder feedback before launching
the tool.

BEVSIM can perform the following types of impact assessments: life cycle hotspot analysis, environmental impact assessment, circularity assess-
ment using MCI and LCC. These unique features combined with the ability to analyze the effect of allocation methods, flexible recycled content,
change of electricity grid mix, EoL scenarios, and latest LCI make BEVSIM superior to existing tools for LCA of vehicles. In the next phase of BEVSIM
development, we plan to expand the tool applicability to other passenger vehicle types, commercial vehicles, other geographies, inclusion of driving

cycle in the use phase methodology and specific composite materials.
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