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Abstract: The aim of this study is to comprehensively evaluate the energy consumption in the
automotive industry, clarifying the effect of its productive processes. For this propose, the material
flow of the vehicles has been elaborated, from mining to vehicle assembly. Initially, processes where
each type of material was used, and the relationship between them, were clarified. Subsequently,
material flow was elaborated, while considering materials input in each process. Consequently, the
consumption of energy resources (i.e., oil, natural gas, coal, and electricity) was calculated. Open data
were utilized, and the effects on the Japanese vehicle market were analyzed as a case study. Our results
indicate that the energy that is required for vehicle production is 41.8 M]/kg per vehicle, where mining
and material production processes represent 68% of the total consumption. Moreover, 5.23 kg of raw
materials and energy resources are required to produce 1 kg of vehicle. Finally, this study proposed
values of energy consumption per mass of part produced, which can be used to facilitate future
material and energy analysis for the automotive industry. Those values can be adopted and modified
as necessary, allowing for possible changes in future premises to be incorporated.

Keywords: vehicle; productive process; energy consumption; material consumption

1. Introduction

Climate change is considered to be one of the major social drawbacks of the last decades.
To combat it, the Paris Agreement on climate change was established in December 2015, for which
195 nations have unified its environmental goals and agreed to maintain a global temperature increase
well below 2 °C [1]. In this sense, different strategies and studies regarding the efficient use of energy
are continuously conducted by governmental as well as private entities, demonstrating a global
conscience and strong necessity to change the current high energy and resource consumption of society.

The transportation sector accounts for 25% of global energy consumption [2], and it is one of the
most challenging sectors for fulfilling the proposed goals. Therefore, several studies centered on the
fuel consumption of the vehicle have been conducted over the past few decades. New technologies,
such as alternative propulsion methods (hybrid electric vehicles, battery electric vehicles, plug-in
hybrid electric vehicles, and fuel cell vehicles) and lightweight materials, have also been developed.

A widely known method to assess the environmental effect of a vehicle is through its life cycle,
and previous studies estimate that the production phase constitutes 7-22%, and the use phase 78-93%,
of the energy consumption and CO, emission of a vehicle’s life cycle [3,4], whereas the end-of-life
vehicle (ELV) phase is considered to be almost negligible. Thus, improving the energy efficiency of
the use phase of the vehicle was prioritized and the production and ELV phases have usually been
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considered less important. However, comprehensively understanding the environmental impact of the
transportation sector is also indispensable for correctly evaluating the impact of both phases [5].

Nemry et al. [3] evaluated possible environmental advantages of the transportation sector
in Europe, O'Reilly et al. [6] proposed a lightweigh optimization method, Sato et al. [5,7] evaluated the
environmental impact of the ELV phase, Lane [8], and Vinoles-Cebolla et al. [9], Messagie et al. [10],
and Yang et al [11] evaluated the environmental impact of electric vehicles, all using life-cycle
assessment (LCA). However, even those studies included the effect of the production phase, basing its
analysis on external energy consumption or CO, emission constant coefficients; in some cases, even the
precedence of the data used for the calculations were clarified. Those coefficients are usually presented
as an approximation of the energy that is required to produce a vehicle part and defined per unit
of mass of the material that composes it. However, they are usually close values and, in this sense,
premises considered, the processes included in their calculation did not make the level of accuracy of
the proposed values transparent [12-15]. It is worth mentioning that the International Organization for
Standardization [16,17] specifies the necessity of clarifing the sytem boundary and also lists data-quality
requirements to ensure the transparency of the LCA.

This study aims to comprehensively evaluate the energy consumption in the automotive industry,
clarifying the effect of its productive processes. This study focuses on developing a process-by-process
breakdown analysis and elaborates the material flow of vehicle production, from raw material mining
to vehicle assembly. Moreover, the results obtained for energy and material consumption have been
assessed per unit of produced vehicle as well as per mass of product. This approach is based on
open data, and the effects on the Japanese vehicle market were analyzed as a case study.

The results presented in this study allow for a comprehensive understanding of the production
phase of the vehicle and proposed values of energy consumption that can be used for upcoming
vehicle life-cycle studies, contributing to the improvement of future vehicle production and
recycling assessments. Moreover, those values can be adopted and modified, depending on necessity,
allowing for possible changes in premises to be incorporated.

2. Methodology

Figure 1 shows the boundary of this study, where material and energy consumption from
raw-material mining to vehicle assembly were considered. Moreover, this study considered the seven
main materials (i.e., steel, iron, plastic, glass, rubber, aluminum, copper) that represent 85-96% of a
vehicle’s mass in the analysis [4,18-20].
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Figure 1. Analysis boundary of the vehicle production supply chain.



Energies 2020, 13, 2396 30f18

Initially, processes where each type of material used is clarified and material flow elaborated,
considering materials, were input. Consequently, energy consumption by energy resource (i.e., oil,
natural gas, coal) and electricity were calculated in each phase of the flow. Finally, the results were
analyzed and compared for discussion to create an in-depth understanding of the industry.

2.1. Material Flow Elaboration

Firstly, the part production processes were analyzed, and Figure 2 was elaborated based on previous
studies [5,18,19] while considering the material composition of a generic vehicle (Honda Accord,
Internal combustion engine vehicle, 2011 [18]). Here, the mass percent of the material composition of
the vehicle and the principal part production process they are subjected are clarified. The mass of the
vehicle parts made by determined processes can be calculated through Equation (1):

Gm,z' = Gyep * GRy GRm,ir (1)

where G, ; is the mass of vehicle parts made by material m and formed through productive process i,
Guery 1s the mass of the vehicle, adopted as 1481 kg [18], GRy; is the mass ratio of material m of a vehicle,
and GR,, ; is the mass ratio of material m of a vehicle that is subjected to part production process i.
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Figure 2. Material composition of a vehicle and its principal part production process.

Moreover, the material that is consumed in each analyzed part of the production process is
calculated through Equation (2):
GMCm,i = Gm,i *Mcm,i/ )

where GMC,, ; is mass of material m consumed in productive process i, MC,, ; is the mass of material
m consumed in production process i per mass of product (process output), as shown in Table 1.
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Table 1. Material and energy consumption of each production process.

Material Consumption Per Mass of Process Output Energy Consumption Per Mass Of Process Output (MJ/kg)

(Kg/Kg)
Flow Process Internal
Material Amout Ref. 0Oil Natural Gas Coal ElectriCity P . Ref.
rocess
Steel Iron ore extraction and processing 0.206 0.186 1.327 (e)
Limestone mining 0.019 0.004 (b)
Lime production Calcium carbonate 2.072 (b) 0.119 0.244 3.489 0.221 (b)
Coke Production, Sintering, Blast Furnace, Basic R Lime 0.060 (b) 1.192 0.356 16258 1.256 —1477 (b)
Oxygen Furnace and On-site Generation processe Calcium carbonate 0.050 (®)
Iron ore 1.150 (b)
Hot rolling Slab 1.031 (a) 0.665 0.743 1.399 (e)
Skin mill Hot rolled strip 1.015 (a) 0.044 0.035 (e)
Cold rolling Hot rolled strip 1.054 (a) 1.477 0.622 (e)
Galvanizing Rolled sheet 1.000 (a) 0.734 1.364 (e)
Stamping Rolled sheet 1.000 (a) 4.545 1.208 (e)
Rod and bar mill Billet 1.000 (a) 2.275 1.137 (e)
Forging Billet 1.000 (f) 40.404 1.357 (o)
Machining Bar, rod, others 1.000 (a) 0.628 (0)
Iron Iron recycling 1.314 0.099 (a)
Coke production 37.314 0.398 —4.472 (e)
Forging Scrap iron/steel 1.000 (b) 34.415 1.248 (a)
. Scrap iron/steel 1.000 (b) (a), (b)
Casting Coke 0.840 @)
Machining Iron 1.000 (b) 0.570 (a)
Plastic Plastic fabrication 15.136 36.007 1.275 (e), (f) **
Injection molding Pellets 1.139 (a) 1.207 0.858 7.546 (©)
Extrusion Pellets 1.002 (a) 0.692 0.039 1.944 (c)
Compression molding Pellets 1.000 (a) 1.501 (©)
Blow molding Pellets 1.000 (@) 6.152 (c)
Calendaring Pellets 1.155 (a) 0.239 0.156 1.822 (o)
Molding thermoset Resin 1.000 (a) 1.501 (©)
Glass Limestone mining 0.019 0.004 (b)
Dolomite mining 0.158 0.010 (b)
Trona mining 0.206 1.327 (f) ***
Sodium carbonate production Trona 0.907 (b) 0.442 4.220 (b)
o Sand 0.721 (a) 13.143 0.875 ©)
Float glass fabrication Calcium carbonate 0.099 (a)
Dolomite 0.183 (@)
Sodium carbonate 0.232 (a)
Rubber Styrene-butadiene rubber fabrication 19.771 19.771 0.395 (b)
Molding rubber Styrene-butadiene 1.000 (@) 5.265 2.365 (c)
Injection molding Styrene-butadiene 1.031 (a) 8.150 4.950 (c)
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Table 1. Cont.

Material Consumption Per Mass of Process Output Energy Consumption Per Mass Of Process Output (MJ/kg)

(Kg/Kg)
Flow Process Internal
Material Amout Ref. 0il Natural Gas Coal ElectriCity P . Ref.
rocess
Aluminum Sodium brine production 0.116 0.717 0.232 (b)
Sodium hydroxide production Sodium brine 5.830 (b) 0.002 8.141 0.663 6.978 (b)
Bauxita mining 0.592 0.017 (a)
Limestone mining 0.019 0.004 (b)
Lime production Calcium carbonate 2.072 (b) 0.119 0.244 3.489 0.221 (b)
Alumina production Bauxita 2.881 (b) 3.105 13.624 1.412 0.677 (a)
Sodiun hydroxide 0.306 (a)
Lime 0.078 (a)
Alumina reduction Alumina 1.935 (b) 49.354 (a)
Ingot casting Aluminium 1.020 (b) 0.146 0.695 0.221 (a)
Srap preparation Aluminium scrap 1.010 (b) 0.791 0.369 (b)
. . Aluminium scrap 0.970 (b) 4.347 0.359 (b)
Secondary ingot casting Aluminium 0.080 (b)
Hot rolling Aluminum ingot 1.035 (b) 3.457 0.371 (a)
Cold rolling Aluminum ingot 1.000 (b) 1.993 1.195 (a)
Stamping Rolled sheet 1.000 (a) 4.545 1.208 (c)
Extrusion Aluminum ingot 1.000 () 0.692 0.039 1.944 (©)
Shape casting Aluminum ingot 1.000 (f) 27.495 8.046 (c)
Machining Aluminium 1.000 (a) 0.628 (0)
Copper Copper ore mining 0.006 0.007 (e), (f), (d)
Copper production Copper ore 169.586 (d) 1.452 9.075 3.448 6.897 (e)
Wire drawing Copper 1.000 (b) 0.887 0.021 1.711 (e)

Refereces:
(a) GREET Excel model platform [21]
(b) GREET 2018 Net software [22]
(c) Sullivan, 2010 [19]

(d) Ophardt, 2003 [23]
(e) Keoleian, 2012 [24]
(f) Author estimation

* Blast furnace and coke oven gas; not considered
in the energy consumption calculation
** Considered values of Polypropilene
*** Considered same as Iron ore mining
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It is worth mentioning that 6.2% of the stamped and 54.7% of the forged steel parts; 95.8% of the
casted and 100% of the forged iron parts; and, 91.4% of the casted and 3.4% of the extruded aluminum
parts were also subjected to a machining process [19].

Secondly, the material flow of the material production processes was analyzed. Figure 3 was
elaborated based on Sullivan et al. [19], GREET Excel Model Platform [21], Greet 2018 Net software [22],
Ophardt [23], and Keoleian et al. [24], Brunham et al. [25]. The left side of the figure indicates the
upstream of the productive supply chain (mining), where its output (raw material) is subjected to
material productive processes before entering part production processes and it is finally assembled as
a part of a vehicle in the assembly plant. This flow is quantified when considering both equations
proposed above and through the following ones. The materials used to produce parts could be supplied
by different material production processes, as indicated by Equation (3). Moreover, different quantities
of raw materials are required to produce each material, as indicated by Equation (4).

GMC,y,; = 2,- GMP,, 3)

GMCn,]' = GMPm,]' *MC,I,]-, (4)

where GMP,,, ; is mass of material m produced in productive process j, GMC,, ; is mass of material n
consumed in productive process j, and MC ; is the mass of material n consumed in productive process
j per mass material produced (process output), as shown in Table 1.

In the same way, the flow is extended upstream to cover all of the productive processes of the
materials. Pressed steel parts are produced by hot rolling, cold rolling, and galvanized steel sheets.
The first one represents 21.1%, the second one 19.1%, and the last one 59.8% of the final product
mass [21]. Moreover, casted aluminum and iron parts, such as engine blocks, engine/exhaust
components, and brake rotors, were used for its production recycled material. Here, it is considered
that 85% of casted aluminum parts and the total of casted iron parts contain recycled materials.

Finally, the material flow of the vehicle-assembly phase was elaborated, when considering that the
body of each vehicle is produced through the welding and painting of pressed steel parts. Subsequently,
the rest of the supplied parts were added to it in the line, before a final verification of the entire vehicle
to ensure its quality and functionality.
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Figure 3. Production flow for a vehicle.

2.2. Energy Consumption Analysis

The energy consumption for vehicle production was calculated while considering the product
(output) of each productive process. Equation (5) represents the consumption in the part
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production processes, and Equation (6) represents types of consumption, from resource mining
to material production.

ECPy; = Gy ) | ECP,, 5)

ECM,,; = GMP,,; » Ze ECM,, 6)

where ECP,, ; is the energy that is consumed in the part production process i to produce vehicle parts
made by material m, ECM,, ; is the energy consumed in the mining or material production process j
to produce material n, ECP,; is the energy resource or electricity e consumed in the part production
process i per mass of part (process output), ECM, ; is the energy resource or electricity e consumed in
the mining or material production process j per mass of product (process output), as shown in Table 1.
The total energy consumption to produce a determinate part can be calculated as the sum of the
energy that is consumed by each productive stage, from material mining to part production, as shown

in Equation (7).
TECP,,; = ECPyy; + Z]- ECM,, @)

where TECP,, ; is the total energy consumed to produce parts made from material m and formed by
productive process i.

Finally, the effect of the vehicle assembly plant was added, per unit of vehicle, based on energy
consumption data of Sullivan et al. in order to calculate the total energy consumption required to
produce a vehicle [19].

3. Results and Discussions

3.1. Results of the Energy and Material Consumption Analysis

Figure 4 shows the material flow for vehicle production elaborated in this study. Here, materials that
are necessary for the production of vehicle parts, as well as energy consumed in its production processes,
are represented. The mass of oil was considered to be 22.6 g/M], natural gas 27.5 g/M]J, and coal
34.4 g/M] [26,27]. Moreover, the mass of the electricity was estimated as 56.2 g/M]J, when considering
the Japanese grid mix, which is generated through oil (19.2%), natural gas (37.5%), coal (32.8%),
and others (10.3%) [28]. The efficiency of the generation facilities was considered to be between 42%
and 60%, depending on the energy resource utilized in transformation [28]. Plastics and rubbers were
made by raw material that were derived from crude oil, and those feedstocks are also represented in
the figure as energy resources.

The proposed flow emphasizes the necessity of a considerable amount of resources and material
for the production of a vehicle. As raw material, copper ore is the most consumed, due to its low
concentration of copper material, followed by iron ore and bauxite. On the other hand, energy resources
are mostly consumed in the production of steel and aluminum parts. Figure 5 summarizes those values,
where it can be observed that more than 7762 kg of raw material and energy resources is consumed in
order to produce a vehicle of 1,481 kg. This means that 5.23 kg of resources are necessary to produce
1 kg of vehicle. Here, copper ore has the highest percentage values, with 2.29 kg of raw material per kg
of vehicle (3391 kg per vehicle), followed by energy resources, with 1.46 kg of them being consumed
per kg of vehicle (2165 kg per vehicle). The values presented in Figure 5 are also included in Figure 4,
where the total raw material and energy resources on the left side of the figure are transformed in
stages to a final vehicle on the right.
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Figure 6 summarizes the results related to energy consumption. The total energy consumed to
produce a vehicle was calculated as 62 GJ (41.8 M]/kg of vehicle). Figure 6a shows that steel parts are
the most representative, encompassing 35% of the total. Moreover, even copper parts consume a high
quantity of raw material; due to the low concentration of copper on its ore, the energy that is required
in its production processes is not as high as could be expected. It can be observed from Figure 6b that
natural gas is the highest consumed energy resource in vehicle production, and Figure 6d shows that
its consumption is almost equally distributed in aluminum, steel, and plastic parts production, as well
as in vehicle assembly. Finally, Figure 6¢ shows that the energy that is consumed in the production
phase of a vehicle is dominated by the mining and material production processes, which represent 68%
of total consumption, followed by the part production processes, at 19%, and vehicle assembly, at 13%.

9 ~

8 i —
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27 L
E Coal Energy
< resoures
£ 6 t Natural gas
3 Oil ~
o E
5 Fluids
25 .
3 Misc.
o
g
2 4 r
.8
8
£3 L
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§ 5 ; , Calcium carbonate
S Misc. SR Calcium carbonate

auxita :
g : Dolomite
{ Cooper Coke\. .S.oc.h}n.rn.brme % Sand
- Trona
ron Scrap iron/steel
0 Calcium carbonate

Material composition of a vehicle Material and energy resource
consumption for vehicle production

Figure 5. Mass of materials and resources consumed in automobile production.

Figure 7 shows the energy consumption of each productive process of vehicle production.
The figure is divided into mining-material production, part production, and vehicle assembly processes.
It can be seen that 82% of the total coal is consumed in the steel production processes, 28% electricity in
the alumina reduction process, and 26% natural gas in the plastic fabrication processes, showing a
demand concentration of determinate resources in specific facilities.
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Figure 6. Energy consumption in vehicle production:(a) by material; (b) by energy resource; (c) by
productive phase; (d) by material and energy resource.



Energies 2020, 13, 2396

12 0f 18

Mining and material Material Energy consumption per vehicle Part production process Material Energy consumption per vehicle
production process flow (MJ/unit) flow (MJ/vehicle)
) 5000 10000 15000 5000 10000 15000

Iron ore extraction and processing Steel ' ' ' Stamping Steel ' ' '

Limestone mining Steel Forging Steel

Lime production Steel | Machining Steel

Coke Production, Sintering, etc ~ Steel cf | Machining (Forging) Steel

Hot rolling Steel Machining (Stamping) Steel

Skin mill Steel « 0il Forging Iron

Cold rolling Steel Natural gas Casting Iron

Galvanizing Steel » Coal Machining (Forging) Tron

Rod and bar mill Steel Electricity Machining (Casting) Iron

Iron recycling Iron \ Injection molding Plastic

Coke production Tron L Extrusion Plastic

Plastic fabrication Plastic L Compression molding Plastic

Limestone mining Glass Blow molding Plastic

Dolomite mining Glass Calendaring Plastic

Trona mining Glass Molding thermoset Plastic

Sodium carbonate production Glass Float glass fabrication Glass

Styrene-butadiene rubber fabricatio Rubber | Molding rubber Rubber

Sodium brine production Aluminum Injection molding Rubber

Sodium hydroxide production Aluminum Stamping Aluminum

Bauxita mining Aluminum | Extrusion Aluminum

Limestone mining Aluminum Shape casting Aluminum

Lime production Aluminum Machining (Casting) Aluminum

Alumina production Aluminum | | Machining (Extrusion) Aluminum

Alumina reduction Aluminum Wire drawing Copper

Ingot casting Aluminum Vehicle Assembly process

Srap preparation Aluminum Painting Vehicle

Secondary ingot casting Aluminum HVAC & Lighting Vehicle

Hot rolling Aluminum Heating Vehicle

Cold rolling Aluminum Material handling Vehicle

Copper ore mining Copper Welding Vehicle

Copper production Copper

Figure 7. Energy consumption in each productive process.



Energies 2020, 13, 2396 13 of 18

Finally, the first chart of Figure 8 shows the energy that is required to produce each type of vehicle
part per kg of material; those constants have generally been defined in previous studies as embodied
energy [5,15]. The proposed energy consumption values could vary widely by part, despite being
produced by the same material. More conspicuous are the parts that are made by steel, where the
energy that is required to produce forged products doubles that needed to elaborate the stamped ones.
Moreover, aluminum parts are the most energy-intensive parts. Figure 8 shows the energy that is
required to produce each type of part per unit of vehicle. It can be seen that the stamped steel parts
consume the major volume of energy (23%) necessary for the production of vehicles, followed by cast
and machined aluminum products (13%).

Energy consumption per kg of part Energy consumption per vehicle

(MJ/kg) (MJ/vehicle)
0 50 100 150 0 5,000 10,000 15,000 20,000
d [}

Part

Stamped I

Stamped & machined
Forged

Forged & machined
Machined

Forged

Iron Casted

Casted & machined
Injected

Extruded
Compression molded
Blow molded
Calended

Molded

Glass Float glass
Compression molded

Oil
Natural gas
= Coal

]
Steel |

—
— Electricity !
]

Plastic

Rubber o
Injection molded

Stamped

Shape casted

Extruded

Shape casted & machined
Extruded & machined
Copper  Copper wire

Aluminum |

Figure 8. Energy required for the production of each type of vehicle part.
3.2. Energy and Material Consumption for the Entire Japanese Market

Three representative aspects were considered to estimate the total energy consumption for the
Japanese automotive industry: the average mass of a passenger car in Japan (1354 kg/vehicle) [29],
the number of passenger cars produced annually in the country (9,729,594 vehicles) [30], and the
energy that is required for the production of a vehicle (41.8 M]/kg of vehicle) calculated in this study.
It has been calculated, though the product of the above values, that the energy consumption that is
related to the automotive industry is 0.55 EJ per year in Japan. Moreover, Figure 9a compares the
obtained consumption values and the total energy consumption for different sectors. It can be seen
that the energy consumption of the automotive industry represents 15% of the energy consumption
of the Japanese industy. This also indicates that strategic decision- or policy-making through a
comprehensive analysis of this phase could generate national-level energy benefits, emphasizing
the importance of the approach that was proposed in this study. The energy consumption of the
automotive industry is included in the “transportation equipment” sub-sector of industrial demand;
however, in contrast to the values that are presented in this study, the material production processes
are not included. In the referenced report [31], those values are distributed in the respective material
production sub-sectors (i.e., material production processes of steel parts are included in the iron
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and steel sub-sector, material production processes of plastic parts are included in the chemistry
sub-sector, etc.).
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Figure 9. Effect of the automotive industry on Japanese energy and material consumption: (a) energy
consumption [31]; (b) material consumption [32]

On the other hand, the materials and resources consumed in the industry were calculated as
69 million tons per year, representing more than 9.4% of the annual imported resources of Japan,
as shown in Figure 9b.

3.3. Primary Assumptions and Limitations

Firstly, the energy required for energy resource extraction and refining, as well as the water
consumption in each productive process, have not been included in this study. Water is usually
consumed for refrigeration, and the internal reuse of it is a standard operation in the industry.
Moreover, thermal energy has been considered to be an internal process of each facility, which is
produced by the input energy resources that are listed in the study.

Secondly, this approach bases its calculation on internal combustion engine vehicles (ICEV),
which represent more than 63% of vehicle sales in Japan. Moreover, hybrid vehicles represent 31% of
the total sales. Future studies will extend this approach to electric vehicles (EV), which are even more
energy-intensive products than our base scenario. On the other hand, the material composition of the
vehicle varies depending on the model and the year of production. Thus, final energy and material
consumption values per vehicle can vary moderately, but they are also actualized when considering
the energy that is required per unit of mass, as shown in Figure 8.
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Thirdly, even this approach estimated the total energy consumption of the automotive industry
when considering the Japanese market as a case study; not all the productive processes are carried in
domestic facilities. Nonetheless, the main conclusions of this study will not change.

Finally, our analysis was centered on the seven principal materials. Miscellaneous materials are
expected to vary widely, depending on the analyzed vehicle model (i.e., leader in the case of high-spec
vehicle seats, electric and audio equipment, wood in high-end vehicles, and others).

3.4. Comparison with Results of Previous Studies

In this section, simple comparisons with previous studies are proposed in order to evaluate
the obtained energy consumption values. Our results were compared with the values calculated in
previous life-cycle approaches that were conducted by Nemry et al. [3] and Schweimer et al. [33].
The first study is a report for the European Union, which analyzed the potential ways of reducing
the life-cycle impact of the transportation sector in Europe. Here, the results of the material and part
production processes were included, but the analysis was based on external data. The second study
analyzed 1999-year Golf A4 vehicles, centering the analysis on the assembly phase. Here, inventory
data of Volkswagen plants were analyzed in detail, including material and energy inputs. However, it
did not expand, to the same degree, on the materials and part production processes.

A rough simulation of energy consumption in the use and ELV phase of the studied vehicle
was proposed. The energy that is consumed in the use phase can be calculated when considering the
fuel economy of the vehicle, as shown in Equation (8).

Eu :FE*d*égus *HHVggs (8)

where Ey; is energy consumed in the use phase, FE is fuel economy, e.g., of Honda Accord 2011,
9.046 1/100 km [34], d is the total traveled distance, 100,000 km, HHV g5 is the higher heating value
of gasoline, 46.4 MJ/kg [35], and 0gs is the density of gasoline, 0.75 kg/1 [35].
The energy that is consumed in the disposal process of the ELV is calculated while using
Equation (9).
Epry = ED * Gy 9

where Eryy is energy consumed in the ELV disposal process and ED is disposal energy, 0.602 M]/kg [36].

The first column of Table 2 shows the life-cycle values that were proposed in this study. The second
and third columns compare the obtained results with previous approaches, demonstrating the
compatibility between them. It is also worth mentioning that the energy consumption per mass of
vehicle in the production phase is slightly lower when compared to previous studies. This can be
explained by the fact that the decrease in energy consumption due to the use of recycled materials
is included, and that the effects of miscellaneous materials and fluids are not included in our approach.

Table 2. Comparison of vehicle life cycle energy consumption.

Energy Consumption Values Energy Consumption Values Energy Consumption Values
Proposed in Our Approach from Nemry et al. [3] from Schweimer et al. [33]

M]/kg of vehicle Percentage M]/kg of vehicle Percentage M]/kg of vehicle Percentage

Production 41.8 16.4% 53 9% 81 26%
Use 213 83.4% 557 91% 226 73%
ELV 0.6 0.2% 0 0% - -
Total 255.4 100% 610 100% 307 100%

3.5. Application of the Results

This study presents a whole picture of the energy and material consumption of the automotive
industry, allowing for automakers, part makers as well as researchers, and government bodies to
comprehensively understand the production phase of the vehicle. Here, productive processes that
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have the highest effect in the industry can be identified. Efforts could focus on improving the efficiency
of those energy-intensive facilities and processes to elevate the energy efficiency of the industry.

Energy-consumption results tha are obtained from this approach are divided into productive
processes, but also per energy resources required for each of them. In this sense, future studies could
focus on proposing optimal energy supply systems for the industry. The potential for changing the
electricity consumed from the grid to renewable energy could be exploited to improve the environmental
aspects of the sector.

This approach also allows researchers and the automotive industry to easily calculate the total
energy impact of vehicle production, contributing to upcoming vehicle life-cycle studies and material
and energy analysis of the automotive industry. When compared to constant embodied energy values
proposed by previous studies, the values presented in this approach not only focus on the automotive
industry but also clarify the material flow and processes that are considered in it. This allows for an
easy recalculation and adjustment of the values, depending on the changes or differences in production
technologies. Moreover, understanding the material flow of the industry enables new approaches for
the industry, such as the environmental evaluation of closed-loop recycling, which can identify the
process where recyclable material comes back for reprocessing.

Finally, evaluating the automotive industry through a material flow approach also allows one
to assess the environmental impact of material required in mining and resource-extraction processes
(i.e., the devastation of mining sites, disruption of natural habitats, groundwater contamination,
and landscape changes at the extraction site [37]). Moreover, the proposed approach can be applied in
risk-evaluation analysis of materials that are supplied to the automotive industry.

4. Conclusions

This study presents a whole picture of the automotive industry in terms of energy and
material consumption, allowing for us to comprehensively understand the production phase of
the vehicle. For this study, the material flow of the automotive industry has been elaborated. The main
conclusions are listed below.

e It has been calculated that for the production of 1 kg of vehicle, at least 5.23 kg of raw materials
and energy resources are required. Copper ore has the highest percentage value of 2.29 kg/kg of
vehicle, followed by energy resources, with 1.46 kg/kg of vehicle.

e  Energy consumption for the production of a vehicle was calculated as 62 GJ (41.8 M]/kg of vehicle).
Mining and material production processes dominate consumption, representing 68% of the total,
followed by the part production processes, at 19%, and vehicle assembly, at 13%.

e Natural gas is the most consumed energy resource, representing 44% of the total energy
consumption for the automotive industry. This consumption is centered on the plastic fabrication
processes, for which 26% of this resource is required. Moreover, 82% of the total coal is consumed
in the steel production processes, and 28% of the electricity in the alumina reduction process,
showing a demand concentration of determinate resources in specific facilities.

e  The energy consumption that is related to the automotive industry is 0.55 EJ per year in Japan,
representing 15% of the industrial energy consumption of the country. Moreover, the materials
and resources consumed in the industry were calculated as 69 million tons per year, representing
more than 9.4% of the annual imported resources for Japan.

Finally, this study proposed values of energy consumption per mass of part that can be used
for upcoming material and energy analysis of the automotive industry. Moreover, these values can
be adopted and modified, depending on the necessity, allowing for possible changes in premises to
be reflected.
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